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Influence of Co Content and Chemical Nature of the Co Binder on the Corrosion Resistance of
Nanostructured WC-Co Hardmetals in Acidic Solution
Reprinted from: Materials 2021, 14, 3933, doi:10.3390/ma14143933 . . . . . . . . . . . . . . . . . . 241

Małgorzata Musztyfaga-Staszuk
Comparison of the Values of Solar Cell Contact Resistivity Measured with the Transmission
Line Method (TLM) and the Potential Difference (PD)
Reprinted from: Materials 2021, 14, 5590, doi:10.3390/ma14195590 . . . . . . . . . . . . . . . . . . 258

vi



About the Editors

Artur Czupryński
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Preface

The cost of the regeneration of an element is much lower than the cost of its production. In

addition, regeneration restores its functional properties and can also increase durability several

times. The coatings used from innovative materials on elements of machines and devices operating

in conditions of abrasive, erosive, and corrosive wear are an effective technique for increasing the

element’s durability. The coating allows you to combine the beneficial properties of the core with

the wear resistance, hardness, and heat resistance coating and separate the function of load transfer

from the protection against the influence of the working environment of the element. This reprint

characterizes the methods of thermal coating application and presents the research results on coating

properties and application areas. There are two main coating method groups, cladding methods

and spraying methods. During cladding, the substrate melts. An increase in the temperature

of the welded element causes deterioration of the properties shaped by the previous treatment.

They are mixed substrate materials and the alloy, as well as an intermediate composition between

the chemical composition of the substrate and the alloy formed. The expected performance of

the properties is obtained in the case of two- or three-layer thick welds. The main advantage of

welded coatings is good adhesion to the substrate. Thermal spray technology enables the coating

production from a wide group of materials. The technology advantage is the slight heating of the

substrate during the coating application, which practically excludes microstructural transformations

and deformation of the substrate. The disadvantage of heat-sprayed coatings is their lower adhesion

and specific microstructure, which may reduce corrosion resistance. Undercoatings are used in very

diverse operating conditions. One study focuses on coatings resistant to abrasive wear, erosion

wear, and corrosion. In individual chapters, the phenomenon of abrasive wear, theoretical models

of a phenomenon, and applied experimental methods are characterized. In addition, the general

characteristics of the erosion process are given, and wear mechanisms, experimental methods, the

influence of test parameters on erosion intensity, and erosion theoretical models are discussed. The

characteristics of thermal spray processes are also included, as well as the materials used for spraying,

the microstructural structure of coatings, and technology development trends.

Artur Czupryński and Claudio Mele

Editors
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Abstract: The article discusses test results concerning an innovative surface layer obtained using the
cladding with powder plasma transferred arc welding (PPTAW) method. The above-named layer,
being a metal matrix composite (MCM), is characterised by high abrasive wear resistance, resistance
to pressure and impact loads, and the possibility of operation at elevated temperatures. The layer
was made using powder in the form of a cobalt alloy-based composite reinforced with monocarbide
TiC particles and superhard spherical particles of synthetic metal–diamond composite provided
with tungsten coating. The surface layer was deposited on a sheet made of low-alloy structural steel
grade AISI 4715. The layer is intended for surfaces of inserts of drilling tools used in the extraction
industry. The results showed the lack of the thermal and structural decomposition of the hard layer
reinforcing the matrix during the cladding process, its very high resistance to metal-mineral abrasive
wear and its resistance to moderate impact loads. The abrasive wear resistance of the deposited
layer with particles of TiC and synthetic metal–diamond composite was about than 140 times higher
than the abrasive wear resistance of abrasion resistant heat-treated steel having a nominal hardness
of 400 HBW. The use of diamond as a metal matrix reinforcement in order to increase the abrasive
resistance of the PPTAW overlay layer is a new and innovative area of inquiry. There is no information
related to tests concerning metal matrix surface layers reinforced with synthetic metal–diamond
composite and obtained using PPTAW method.

Keywords: PPTAW; cladding; deposition; abrasion; impact load; titanium carbide; synthetic metal–
diamond composite

1. Introduction

Processes taking place during the boring of oil and gas wells and the mining of rock
in underground workings are extremely complex and difficult. Among other things, the
aforesaid situation results from the mechanical properties of mined ground or rock layers
and their inhomogenous geological structure (responsible for the fast wear of drilling tools
used in the extractive industry). The necessity of the frequent replacement of worn-out
mining blades (drills, boring crowns, cone cutters, etc.) significantly increases the costs of
excavated raw materials. The properties of structural or tool materials depend both on the
microstructure of the core of a given element and the condition of its surface layer. In cases
of elements that do not transfer significant loads or are not exposed to intense abrasive
wear during operation, the condition of the surface layer is of lesser importance. However,
tools and machinery elements made of steel are exposed to abrasion combined with high
unit pressure, impact loads, a corrosive environment, and high operating temperature [1–4].
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In particular, the above-presented operating conditions affect tools being in direct contact
with abrasives such as rock, sand, clay or other hard components present, among other
things, in the ground. Globally, the aforesaid problems are present in the fossil fuels
excavation industry. Power engineering and machine-building sectors compete intensively
to develop modern technologies, making it possible to obtain a longer service life of tools
and machinery elements used in coal mines, quarries, oil rigs and climate engineering, and
during the construction of motorways. There is a high demand for spare parts of mining
machinery and in particular for drilling and geological tools, which wear quickly and,
consequently, lose their operational properties. Such tools have to be replaced very often,
generating additional and, frequently, high costs, connected not only with the purchase or
the refurbishment of new tools but, primarily, with the time needed to replace them. In
addition, the dismantling and the reassembly of tools are responsible for costly downtimes.
Presently, it is possible to observe a tendency of extending the service life of drilling and
geological tools, even at the expense of significantly higher prices. Mining concerns find
it more beneficial to buy more expensive tools characterised by higher quality than to
stop production (several times) in order to retool machinery. Being a specific abrasive,
the ground is not easy to define explicitly. This fact results mainly from the geological
and engineering conditions of a given excavation area as well as from weather conditions
present during the operation of the tool (affecting friction conditions in the ground-tool
system). Abrasive wear, to which drilling and geological tools are exposed during operation
in the ground, translates directly into the service life and the reliability of mining machinery.
The inspection and the forecasting of tool wear in the ground prove very difficult. As of
today, related engineering knowledge is limited to experimentation and the development
of the so-called neural networks. The more detailed identification of the destruction of
materials being in motion during extraction requires the combination of many elementary
wear-related phenomena.

This issue was addressed by, among others, Kenny et al., 1976; Gharahbagh et al., 2013;
Dewangan et al., 2014, 2015, Amoun et al., 2017, and Nahak et al., 2018 [5–10]. The problems
encountered by the extractive industry necessitate the search for methods making it possible
to reduce the wear of tools and machinery parts used in the extractive industry. Researchers
and engineers constantly try to develop new ranges of tools, changing both design-related
solutions and materials. However, the improvement of operational properties remains
primarily connected with the improvement of the properties of the surface layer. An
increase in hardness and abrasive wear resistance as well as surface processing involving
the use of chemical elements improving corrosion resistance enable the extension of tool
service life. It should also be noted that surface processing belongs to the most economically
effective and useful methods applied in widely defined materials engineering. The making
of layers characterised by new and unique properties may entirely change the operational
parameters of every base material. Related publications concerning the subject discuss
the obtainment of the increased abrasive wear resistance of tools primarily through the
application of ceramic materials [11–13], diffusive carbide [14–16], boride coatings [17–19]
and thermally sprayed layers [20–22]. Some of the above-named methods fail to produce
desirable results and, in addition, are both energy-consuming and laborious. The aforesaid
coatings are usually deposited on the entire surface of a given product, which is not always
economically justified. Many researchers believe that the most promising technologies
enabling the fabrication of abrasive wear resistant coatings should be based on high-energy
density methods, including plasma or laser cladding.

Presently, in developed countries such methods are used to extend the service life
of mining and drilling tools as well as to make corrosion resistant layers. The powder
plasma transferred arc welding (PPTAW) or the laser metal deposition (LMD) are used
by, among others, General Electric Oil&Gas and Honeywell International, i.e., leading
oil and gas producers [23,24], as well as by many manufacturers of plasma arc welding
systems. Various plasma arc welding methods can be applied to make surface layers using
nearly any metallic material. In such cases, a deposited material becomes the primary
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component of the surface layer and, because of high process temperature, melts along with
the substrate. Issues concerning the powder plasma transferred arc cladding process were
discussed, among others, by Khaskin et al. (2016), Brunner-Schwer et al. (2018, 2019), Xia
et al. (2010) and Gao et al. (2020) [25–29]. Recently, it has been possible to observe very
high interest in the application of plasma and laser cladding processes to make composite
surface layers on steels and alloys of non-ferrous metals. The above-named layers are
composed of the metallic matrix reinforced with hard particles of interstitial compounds.
The matrix is usually made of iron [30,31], nickel [32,33] or alloys containing the aforesaid
elements. The Ni-Cr-B-Si alloy is usually applied through thermal spraying [34]. There are
also numerous publications concerning the matrix containing cobalt and its alloys [31,35]
(e.g., stellites [36,37]). However, stellites are less frequently referred to as matrix materials
in composite layers and more often as homogenous layers. Particles reinforcing composite
surface layers are various interstitial compounds, usually carbides but also nitrides and
borides [15,17]. The most commonly used carbides include tungsten carbide (WC) [30,38],
silicon carbide (SiC), boron carbide (B4C) [39] and titanium carbide (TiC) [40].

Titanium carbide (TiC) particles are widely used to reinforce structural materials (both
as volume and surface reinforcement). The plasma arc melting of metallic powder and TiC
particles (the granularity of which was restricted within the range of 10 µm to 14 µm) on the
surface of elements made of steel AISI 304 was investigated by Bober and Grześ (2015) [41].
The use of the powder plasma transferred arc made it possible to obtain the proper joint of
the deposited material components and provided appropriate adhesion to the substrate.
Kindrachuk et al. (2016) [42] made a TiC-Co composite layer deposited on the surface of
steel 2Cr13. The layer, composed of several variedly structured sub-layers, was applied
to extend the service life of machinery elements and power generation equipment. The
substrate, affected by the plasma arc, underwent self-hardening, whereas the remaining
part of the layer contained the zone of molten material and the dilution zone. The structure
of the layer was composed of supersaturated cobalt dendrites with dispersed TiC particles.
Depending on a steel grade, it is possible to obtain its reinforcement through self-hardening.
However, in cases of superalloys, the surface layer changes its chemical composition and
structure (as a result of diffusion and dilution), which is an undesired phenomenon. The
chromium-nickel matrix is a very popular material of the MMC composite reinforced with
TiC particles. According to Onuoha (2016) [43], in the Cr-Ni alloy reinforced with TiC
particles having a granularity restricted within the range of 4 µm to10 µm and 70–90 vol%,
the larger grain size of the hard phase was responsible for increased abrasive wear. The
mechanism of the aforesaid wear consisted primarily of micro-cutting. Sakamoto et al.
(2015) [44] used 2 wt% of TiC particles to significantly improve the mechanical properties
of the Cr-Ni alloy. The TiC-Co-type composite layers were also examined by Jung et al.
(2015) [45]. The specimens were prepared through high-energy ball milling and liquid
phase sintering. The size of the TiC particles was restricted within the range of 7 µm to
10 µm. The researchers emphasized the significance of the size of the particles of the hard
phase and the type of the matrix material. It was demonstrated that fine-grained powders
based on cobalt alloys inhibited the growth of TiC grains during sintering. The work does
not contain any results of tribological tests.

Karantzalis et al. (2013) [46] made a cobalt alloy-based composite reinforced with
TiC particles [46]. The components of the composite were melted using the vacuum arc
melting method. It was found that a greater amount of the hard TiC phase favoured the
grain growth in the metallic matrix. The results of the abrasive wear test proved promising.
Another type of a sintered alloy, i.e., Co-TiC, was investigated by Jung et al. (2015) [45]. It
was revealed that the modification of the initial powder material through the addition of
cobalt nanoparticles decreased the powder sintering temperature. The obtained alloy was
characterised by favourable thermal stability and advantageous mechanical properties. In
their research, Anasori et al. (2016) [47] demonstrated that a magnesium alloy containing 5,
20 and 50 vol% of TiC and Ti2AlC sintered carbides was characterised by excellent energy
absorbability. The favourable size of the particles reinforcing the matrix was restricted
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within the range of 5 µm to 15 µm. According to the Authors, the damping effect was
obtained owing to the natural ability of materials to absorb energy, the large matrix-carbide
contact area and a different thermal expansion coefficient. However, the aforesaid factors
also contributed to an increased number of dislocations.

The above-presented research results concerning the making of metal matrix compos-
ite layers reinforced with TiC particles justified the formulation of the following conclusions:

- TiC is a very promising material reinforcing the matrix of metallic materials (MMC)
in applications requiring high abrasive wear resistance under conditions of dry slid-
ing friction. Matrix materials include many metals and alloys, e.g., cobalt, nickel,
magnesium and aluminum;

- All tests were based on the application of various combinations of the hard reinforcing
phase and the metal matrix;

- Abrasive wear resistance tests of Me-TiC-type composite layers were primarily per-
formed at room temperature and under conditions of dry sliding friction;

- In most tests, the composite material was obtained using sintering methods, where
the volume fraction of carbides was restricted within the range of 40% to 60%. The
microstructural tests revealed the proper dilution and the uniform distribution of
alloying elements and carbide particles in the matrix material;

- Depending on the type of the metal matrix and test conditions, the effect of the
high content of TiC in the composite can be both favourable [42] and disadvanta-
geous [48]. However, it should be noted that reinforcing the metal matrix with TiC
particles favourably reduces abrasive wear regardless of the type of the matrix and
the reinforcement-matrix ratio in the composite.

The analysis of related reference publications and the results of individual research
led to the conclusion that it was possible to obtain a composite surface layer in the ce-
ramic reinforcement–metal matrix system of phases, the microstructure and abrasive wear
resistance of which would be similar to those of sintered carbides [49].

2. Materials and Methods
2.1. Materials

The surface layer was deposited using the powder plasma transferred arc welding
(PPTAW) method on specimens having dimensions of 75 mm × 25 mm × 10 mm, made of
low-alloy structural steel grade AISI 4715 (Table 1). The cladding process was performed
using metal-matrix composite (MMC) powder belonging to the group of Co3 alloys (in
accordance with EN 147000:2014) [50]. The powder contained superhard phases in the
form of ceramic particles made of crushed sharp-edged titanium carbide (TiC) (see Table 2,
Figure 1a) and spherical particles made of synthetic metal–diamond composite sinter in the
tungsten lagging (PD-W) (Harmony Industry Diamond, Zhengzhou, China) (see Table 2,
Figure 1b). The components of the powder were mixed in a Turbula T2F laboratory powder
mixer-shaker (Glen Mills Inc., Clifton, NY, USA) using ceramic balls.

Table 1. Chemical composition of low-alloy structural steel AISI 4715 according to the manufacturer data (TimkenSteel Ltd.,
Canton, OH, USA).

Chemical Composition, wt.%

C Mn S P Si Cr Mo Ni Fe

0.12–0.18 0.65–0.95 ≤0.015 ≤0.015 0.15–0.35 0.40–0.70 0.45–0.60 0.65–1.00 Bal.
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Table 2. Chemical composition of Co3+TiC+PD-W powder.

Chemical Composition of Co 3 Alloy Matrix, wt.% Ceramic Reinforcement
of the Matrix, wt.%

C Si Mn Cr Ni Mo W Fe Co TiC PD-W

2.5–3 ≤1 ≤2 24–28 ≤3 ≤1 12–14 <5 Bal. 90 10

Carbide-to-matrix ratio: 60/40 (wt.%)
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with a thoriated tungsten cathode 4 mm in diameter (Figure 2) was used, mounted on 
industrial robot Fanuc R-2000iB (FANUC Ltd., Oshino-mura, Japan) arm. 

Figure 1. Components of the hard phase in the Co3+TiC+PD-W powder: (a) sharp-edged titanium
carbide, TiC (mag. ×300); and (c) synthetic metal–diamond composite in the tungsten lagging, PD-W
(mag. ×500), and diagram of the energy of scattered X-radiation with energy lines present in the area
of components: (chemical elements (ceramic particle of TiC and metal matrix)) subjected to analysis
(b) ceramic particle of TiC; (d) tungsten-coated synthetic metal–diamond composite (PD-W).

2.2. Plasma Processing

The plasma deposition process was carried out with surfacing machine Durweld 300T
PTA with a maximal current of about 300A. For experiment, the machine powder plasma
surfacing torch PT 300AUT (Durum Verschleiss-Schutz GmbH, Willich, Germany) with a
thoriated tungsten cathode 4 mm in diameter (Figure 2) was used, mounted on industrial
robot Fanuc R-2000iB (FANUC Ltd., Oshino-mura, Japan) arm.

PTA welding system Durweld 300T PTA was PLC-controlled and equipped with
a HMI-interface, gas mass flow meter and powerful water cooling unit. PLC provides
reliable operation and allows for easy integration in robot cells. The powder cladding
system consisted of a computer-controlled powder feeding system PFU 4 (4th generation
Powder Feeding Unit design) and a PTA torch integrated with a six-axis robot. Powder
feeder was intended for applications that require feeding of different powders in the weld
pool, i.e., matrix and carbides. Feeding rate step was controlled via feeding wheel speed
directly from PLC. The coaxial injection of the powder was performed using the plasma,
carrier and shielding gas. The cladding process was performed using the following gas
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flow rates: plasma gas (Ar) = 1.6 L/min, carrier gas (Ar + 5% H2) = 4 L/min and shielding
gas (Ar + 5% H2) = 12 L/min.
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Figure 2. View of the powder plasma transferred arc welding (PPTAW) processes.

The determination of the optimum range of cladding parameters required the making
of a series of weave-bead claddings using a main arc current of 40, 60, 80, 100 and 120 A; a
cladding speed restricted within the range of 1 mm/s to 4 mm/s; and a powder feed rate
restricted within the range of 10 g/min to 30 g/min. The optimal processing parameters
for robotic plasma cladding were established based on NDT and metallographic tests. The
cladding parameters identified as optimum (Table 3) were those ensuring the uniform
distribution of the powder over the entire liquid metal area in the melt pool, the proper
depth of penetration g = 1.2 mm, layer height h = 3 mm and the dilution of the base material
in the cladding amounting to D = 4.5%.

Table 3. Optimum processing parameters of robotic plasma powder transferred arc cladding of
Co3+TiC+PD-W composite powder deposition on steel AISI 4715.

Process Parameters Value of Parameter

Main arc current, Ia (A) 80
Pilot arc current, Ip (A) 15

Arc voltage, U (V) 25
Cladding speed, S (mm/s) 2.5

Powder feed rate, q (g/min) 15
Plasma gas flow rate, Qp

(1) (L/min) 1.6
Shielding gas flow rate, Qo

(2) (L/min) 12
Carrier gas flow rate, Qs

(2) (L/min) 4
Nozzle-workpiece distance, l (mm) 5

Overlap ratio, O (%) 33
Heat input, Eu

(3) (J/mm) 480

Notes: (1) Argon 5.0 (99.999%) acc. ISO 14175—I1: 2009 was used as plasma, (2) argon/hydrogen 5% H2, Ar
(welding mixture ISO 14175-R1-ArH-5) was used as shielding and carrier gas, (3) calculated acc. to the formula:
Eu = k·(U × I)/v The thermal efficiency coefficient for plasma transferred arc k = 0.6 was used.

2.3. Testing Methodology

The analysis of the morphology and the size of the composite powder (MMC) was
based on images obtained using a scanning electron microscope. The assessment of the
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quality of the layer and the detection of cladding imperfections (if any) such as cracks,
porosity, spikes, undercuts, and shape and dimension-related imperfections required the
performance of non-destructive tests, including visual tests (VT), penetrant tests (PT) and
tests concerning the roughness (Ra) of the deposited layer. The assessment of surface
properties was based on the analysis of macro and microscopic metallographic test results,
chemical composition analysis, X-ray diffraction results, hardness and roughness measure-
ment results, and results of tests concerning metal-mineral abrasive wear resistance and
impact resistance.

2.3.1. Composite Powder Morphology, and the Structure and Chemical Composition of the
Deposited Layer

The assessment of the surface and the size of the particles of the composite powder
as well as of the structure of the deposited layer were performed using a Zeiss Supra 25
scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany). The tests were
performed using a detector of secondary electrons (SE), an accelerating voltage of 20 kV
and a probe current of 5 nA. The chemical composition of the powder components and
of the deposited layer was identified on the basis of tests performed using a Zeiss Supra
25 scanning electron microscope featuring an EDS and UltraDry EDS detector (for X-ray
microanalysis) (ThermoFisher Scientific, Waltham, MA, USA). The tests were performed
on the surface of the specimens using a point or an area-based analysis.

Results of composite powder (Co3+TiC+PD-W) morphology tests are presented (in
the form of the SEM images and diagrams of scattered X-radiation) in Figure 3. The tests
revealed that the size of the powder particles was restricted within the range of 60 µm and
250 µm (mediana Q50 = 152 µm) and constituted the mixture of irregular and spherical
components. The tests were performed on the surface of the powder particles using point
or micro-area-based analysis.
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powder: (a) SEM image of the morphology of the powder particles with the area subjected to analysis
and the diagrams of scattered X-radiation with energy lines present in the area of components
(chemical elements) subjected to analysis: (b) matrix, (c) ceramic particle (TiC) and (d) tungsten-
coated synthetic metal–diamond composite (PD-W).

The mixer-shaker used for the mixing of the components of the Co3+TiC+PD-W
composite powder enabled the making of the homogenous composition of the composite
material. The use of an additional element facilitating the stirring process (i.e., ceramic balls)
precluded the segregation of the components and the formation of larger agglomerates
of the plastic phase. Methods used previously to mix the powder components, e.g., in a
conical mixer, failed to produce desirable results.

2.3.2. Non-Destructive Tests

The visual tests (external visual inspection) and the penetrant tests were performed in
accordance with the requirements specified in related standards, i.e., ISO 17637 [51] and
ISO 3452-2, respectively [52]. The visual tests involved the verification and the assessment
of the condition of the deposited layer by the unaided eye (direct visual test). Before
the test, the surface to be inspected was subjected to thorough cleaning and drying. The
penetrant tests were performed using a system of dye penetrants (System Designation Type
II, Sensitivity 2) Cd-2 PT ISO 3452-2 II Cd-2 and EN 571-1 (Figure 4). The surface roughness
measurements were performed in five areas of the deposited layer, using a Surtronic 3+
surface roughness tester (Ametek Taylor Hobson, Berwyn, PA, USA).

2.3.3. Metallographic Examination and X-ray Diffraction Analysis

The microscopic tests were performed using metallographic specimens subjected to
standard preparation. The etchant was the so-called “aqua regia”, i.e., the 3:1 mixture
of concentrated hydrochloric acid and nitric acid; the time of etching was determined
experimentally. The observation and the recording of macro and microstructural images
were performed using an Olypmus SZX9 stereoscopic microscope (Olympus Corporation,
Tokyo, Japan) equipped with a Moticam 5.0+ digital camera and a Motic Images plus 3.0
software programme as well as an Olypmus GX 71 inverted metallographic microscope
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(Olympus Corporation, Tokyo, Japan). The phase composition of the deposited layer was
determined on the basis of X-ray diffraction analysis performed using a Panalytical X’Pert
Pro MPD diffractometer (Malvern Panalytical Ltd., Malvern, UK) and the filtered radiation
(filter Kβ Fe) of a cobalt anode lamp (λKα = 0.179 nm). The diffraction patterns were
recorded in the Bragg–Brentano geometry, using a PIXcell 3D detector and the axis of the
beam deflected within the angle range of 20 to 110 (2θ) (increment = 0.05◦, counting time
per increment = 100 s). The diffraction patterns were subjected to analysis involving the
use of a dedicated Panalytical High Score Plus software programme and a PAN-ICSD
structural database. The X-ray quantitative phase analysis was performed using the
Rietveld refinement method.
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2.3.4. Density and Porosity of the Deposited Layer

The density of the surface layer was measured using the Archimedes method in
accordance with the ISO ASTM D792 standard [53]. The measurement involved the use of
a Radwag AS 220.R2 analytical laboratory balance (Radwag, Warsaw, Poland) along with a
set for Archimedes-method-based density measurements (Figure 5).
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The analysis of the surface layer roughness degree was performed using a µCT Nan-
otom 180N micro-tomograph (Ge Sensing & Inspection Technologies GmbH, Wunstorf,
Germany) equipped with an X-ray tube having a maximum voltage of 180 kV. Tomographic
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images were recorded using a Hamamastu 2300 × 2300 pixel decoder. The virtual recon-
struction of tested objects was performed using a GE datosX ver.2.1.00 software programme.
All of the tomographic images were made using a source voltage of 140 kV and 200 µA;
the element was rotated by 360◦, in 2400 steps. The time of exposure amounted to 500 ms,
exposure averaging amounted to 3, the image refresh rate amounted to 1 and the time of
scanning a single element was t = 80 min. The analysis of roughness was performed using
an MyVGL programme software.

2.3.5. Hardness Measurements

The hardness measurements concerning the external surface and the cross-section
of the surface layer and of the reference material (abrasion-resistant heat-treated steel
having a nominal hardness of 400 HBW) were performed using the Vickers hardness test
(in accordance with the procedure referred to in the ISO 6507-1 standard) [54] and a Future-
Tech FM-ARS 9000 hardness tester with an automatic measurement line and an image
analysis system (Future-Tech Corp., Kawasaki, Japan). The specimen surface hardness was
determined within the HV10 scale using a test load of 10 kgf (total test force 98 N) and
time t = 30 s. The hardness tests were performed at five test points on the surface layer
subjected to grinding. Exemplary locations of measurement points on the surface of the
abrasive wear resistant layer are presented in Figure 6.
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The microhardness testing was done using Vickers method HV0.5. The hardness
measurements concerning the cross-section of the surface layer were performed on met-
allographic specimens, at 10 measurement points, separately for the particles of the hard
phase and the matrix.

2.3.6. Abrasive Wear Resistance Tests

The metal-mineral abrasive wear resistance test of the surface layer and of the reference
material (abrasion-resistant steel grade AR400) was performed in accordance with ASTM
G 65-00, Procedure A [55], using the, “rubber wheel” machine (Figure 7).

The “rubber wheel” abrasive wear test governed by the ASTM G65 standard is the
most popular test used in materials engineering to assess metal-mineral abrasive wear
resistance. The abrasive used in the test was quartz sand, the grain size of which was
restricted within the range of 50 mesh to 70 mesh (0.297–0.210 mm); the sand was fed
gravitationally to the friction zone. The experimental tests concerning the deposited layer
and the reference material involved the preparation of two specimens having dimensions
of 75 mm × 25 mm × 10 mm. During an approximately 30-min-long test, the rubber
wheel made 6000 revolutions. The test material was subjected to a pressure force of 130 N,
whereas the feed rate of the abrasive (A. F. S. Testing Stand 50–70 mesh) amounted to
335 g/min.

Before and after the abrasive wear test, the specimens were weighed on the laboratory
balance with an accuracy of up to 0.0001 g. The average density of the deposited layer and
that of the reference material was determined on the basis of three measurements of the
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specimen density, sampled and weighed at room temperature in air and liquid. The volume
loss was calculated on the basis of the measured average density of the deposited surface
layer and the average specimen mass loss after abrasion, using the following formula (1):

volume loss
[
mm3

]
=

mass loss [g]

density
[

g
cm3

] × 1000 (1)
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Figure 7. Testing station for metal-mineral abrasive wear resistance tests in performed in accordance
with ASTM G65: (a) schematic diagram and (b) main view [30].

The specimen surface abrasion area was subjected to microscopic examination per-
formed using a Zeiss Smartproof 5 confocal microscope (Carl Zeiss AG, Oberkochen,
Germany). The type of abrasive wear was identified using a criterion based on the quotient
of the cross-sectional areas of the sum of the two-sided upsetting of the material near
micro-scratch F1 and the depth of micro-scratch F2.

The material loss in the surface layer during abrasive wear was classified in relation to
micro-ridging, i.e., the plastic deformation of contact areas and the upsetting of the material
on both sides of the micro-ridge, where F1/F2 = 1; micro-cutting, where F1/F2 = 0; and
micro-scratching, if the material was partly deformed plastically and partly cut in the form
of chips as wear products, where 0 ≤ F1/F2 ≤ 1 [56].

2.3.7. Impact Resistance Tests

The impact resistance tests of the deposited layer were performed in laboratory
conditions using a dedicated testing station (Figure 8). The tests involved the use of a
specimen previously subjected to penetrant testing (aimed to identify already existing
cracks and surface imperfections). A criterion adopted in the impact resistance test was
the number of cracks and chips as well as the general comparative assessment of damage
caused by the multiple strokes of the deposited layer with a 20 kg tool (ram) released freely
from a height of 1.02 m (impact energy of 200 J). The condition of the deposited layer was
identified on the basis of visual tests after 5, 10 and 20 strokes.
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Figure 8. Test rig used in the tests of the impact resistance of the surface layer: (a) schematic diagram
and (b) main view [21].

3. Results and Discussion
3.1. Non-Destructive Tests–Visual Test Results

The visual and penetrant tests of the surface layer only revealed the presence of
welding imperfections in the form of shallow crater at the end of weld pass (Figure 9b).
The above-named tests did not reveal such imperfections as cracks, porosity, spikes, un-
dercuts, spatter, or shape and dimension-related imperfections. The deposited layer was
characterised by relatively low roughness (average value Ra = 14 µm), uniform surface
and the symmetric overlapping of successive cladding beads (Figure 9a). According to
Przestacki et al. (2014) [57], surface roughness parameter (Ra) of deposits of tungsten car-
bide surface layer obtained using the cladding with Direct Laser Deposition (DLD) method
is up to 32 µm. Additionally, cobalt matrix composite coatings obtained by thermal spray-
ing can present a high surface roughness Ra, often significantly exceeding 30 µm [58].
PPTAW cladding with a weaving bead trajectory, at a relatively high value of the welding
current (80A), resulted in a good thermal activation of the hard reinforcing phase wetting
process by the liquid matrix metal. The composite layer formed correctly with a relatively
low surface roughness, despite the rather unfavourable morphology of the TiC grains,
which had an irregular shape and a very expanded surface.
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Figure 9. Surface layer made using the Co3+TiC+PD-W composite powder: (a) layer after the visual tests (VT) and (b) layer
after the penetrant tests (PT).

Because of the fact that the cladding process is allied to welding and qualified as
special, it is necessary to subject a given cladding technology to verification based on
adopted standards, e.g., ISO 15614-7 [59]. However, the application of the above-named
standard in relation to deposited composite layers may prove problematic. The aforesaid
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composite layers could pose a problem in terms of inspection in accordance with quality
standards and standard-related quality levels as the requirements specified in the standards
preclude the acceptance of surface elements containing imperfections. On the other hand,
it should be noted that welding imperfections, for example, in the form of cracks contribute
to the reduction of stresses in elements subjected to cladding and, consequently, improve
the greasing conditions of the interacting surfaces of friction association. With respect to
the special application of a given product, the transverse crack in the composite layer can
be considered as acceptable. Powder plasma surfacing enabled the formation of surfaced
layer with quality level B. According to ISO 5817 [60] norm, level B corresponds to the
highest quality of manufactured layers.

3.2. Metallographic Test Results and the Results of XRD Analysis

The results of the microscopic metallographic observations made it possible to identify
the structure of the matrix as well as the type, distribution and dimensions of the surface
layer reinforcement. The observations were performed using magnification restricted
within the range of 50 times to 500 times. The observations were concerned with the
subsurface as well as the middle zone and the dilution zone of the cladding and of the HAZ
of the substrate. The results of the microstructural observations are presented in Figure 10.
The SEM photographs are presented in Figure 11. The SEM observations were performed
using a magnification of 80, 500 and 1500 times. The results concerning the microanalysis
of the chemical composition of the deposited layer are presented in Figure 12.
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Figure 11. Microscopic image (SEM) of the surface layer (PPTAW metal deposition method, 
Co3+TiC+PD-W composite powder) deposited on structural low-alloy steel AISI 4715: (a) distribu-
tion of ceramic particles in the matrix, (b) agglomerate of ceramic particles of crushed sharp-edged 
titanium carbide (TiC) and the spherical particle of the synthetic metal–diamond composite (PD-
W), (c) single particle of titanium carbide (TiC) and (d) the single particle of the synthetic metal–
diamond composite (PD-W) in the lagging of tungsten that partly passed to the solid solution of the 
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Figure 10. Microstructure of the surface layer (PPTAW metal deposition method, Co3+TiC+PD-W
composite powder) deposited on structural low-alloy steel AISI 4715: (a) heat affected zone (HAZ),
(b) dilution zone, (c) size and distribution of the hard phase in the middle of the cladding and
(d) structure of the matrix of the solid solution near the padding weld.
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Figure 11. Microscopic image (SEM) of the surface layer (PPTAW metal deposition method,
Co3+TiC+PD-W composite powder) deposited on structural low-alloy steel AISI 4715: (a) distribu-
tion of ceramic particles in the matrix, (b) agglomerate of ceramic particles of crushed sharp-edged
titanium carbide (TiC) and the spherical particle of the synthetic metal–diamond composite (PD-W),
(c) single particle of titanium carbide (TiC) and (d) the single particle of the synthetic metal–diamond
composite (PD-W) in the lagging of tungsten that partly passed to the solid solution of the cobalt alloy.

The tests involving the use of light microscopy revealed that the microstructure of the
metal matrix of the surface layer was dendritic, multi-directional and contained numer-
ous inclusions of ceramic particles of titanium carbide (TiC) as well as single particles of
the synthetic metal–diamond composite. The subsurface zone of the cladding contained
agglomerates of hard phase particles characterised by smaller dimensions, whereas the
dilution zone contained relatively larger particles. Titanium carbide (TiC) is characterised
by favourable mechanical properties, yet, similar to most ceramic materials, it is also known
for its brittleness. Plasticity limited by strong bonds translates into susceptibility go catas-
trophic cracking. Reference publications do not provide information concerning the crack
resistance of titanium carbides or nitrides. It is probable that the first phase of the cooling of
the liquid metal in the melt pool is accompanied by the cracking of the carbide, triggered by
the concentration of tensile stresses in carbide defects (Figure 11c). Tests concerning tensile
stresses generated during the laser-aided alloying of steel with cobalt alloys (using various
laser process parameters) are discussed, among others, in publications [61,62]. As regards
the particles of synthetic metal–diamond composite coated with tungsten, only some part
of tungsten passes to the solution (Figure 12d). The remaining amount of tungsten reacts
with diamond particles and creates the coating with tungsten carbide (WC), characterised
by favourable thermal stability and abrasive wear resistance. In addition, even the thin
layer of the tungsten coating provides the cohesion of the particle, increases the strength
of the diamond and improves the thermal conductivity of the alloy (thus extending the
service life of drilling tools). Many properties of cobalt alloys result from the crystalline
structure of this chemical element. Alloying agents such as Ni, Fe and C stabilise regular

16



Materials 2021, 14, 2382

face-centred structure A1 of cobalt, which, above a temperature of 417 ◦C, transforms into
crystals of hexagonal close-packed lattice A3 stabilised by Cr, W and Mo. At ambient
temperature, cobalt alloys, instead of the hexagonal phase, often contain the metastable
regular face-centred phase. The above-named phase, referred to as cobalt (alloy) austenite,
is a solid solution: Cr, Ni, Fe, W, Mo or Mn in cobalt [63].
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Because of the dilution of the weld metal in the layer, the chemical composition of the
layer differed from the chemical compositions of the powders used in the cladding process.
The composite powder contained up to 5% Fe, whereas the layer contained the increased
amount of this chemical element (Fe = 19.2%, see Figure 12d). The passage of Fe from the
base material to the weld deposit was affected by the method and the parameters of the
cladding process. The microstructure of the matrix was chemically inhomogenous. The
dendritic area was formed of cobalt austenite, solution-hardened with chromium, tungsten
or molybdenum. The interdendritic eutectics were rich in chromium, tungsten, silicon
and carbides. In the designed alloy, Cr was “tasked with” providing corrosion resistance
and reinforcing the solid solution by forming M7C3 and M23C6 carbides. According to
Madadi et al. (2011) [64], the significant amount of tungsten in the layer (amounting up to
13%) can reinforce the solid solution and favour the formation of MC and M6C carbides as
well as intermetallic phases.

The X-ray diffraction phase and quantitative analysis were performed to identify
phases present in the layer. The XRD pattern is presented in Figure 13, whereas the results
of the X-ray qualitative phase analysis are presented in Table 4. The analysis revealed
the presence of approximately 31% of γ-Co (cobalt austenite), nearly 57% of regularly-
structured titanium carbide (TiC) and nearly 12% of hexagonal tungsten carbide (WC).
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Figure 13. XRD pattern of the surface layer (PPTAW metal deposition method, Co3+TiC+PD-W composite powder)
deposited on structural low-alloy steel AISI 4715 with the standard lines of identified crystalline phases.

Table 4. Results of the X-ray qualitative phase analysis of the surface layer (PPTAW metal deposition method, Co3+TiC+PD-
W composite powder) deposited on structural low-alloy steel AISI 4715.

ICSD Card No. Phase Name Chemical Formula Percentage (%) Crystalline Structure

98-015-1365 Titanium carbide (1/1) TiC 56.7 Regular (F m -3 m)

98-026-0166 Tungsten carbide (1/1) WC/(PD-W) (1) 11.9 Hexagonal (P -6 m 2)

98-062-2439 Cobalt Co 31.4 Regular (F m -3 m)

3.3. Deposited Layer Density and Porosity

The performance of calculations concerning the specific density of the composite
and the parameters related to its porosity and absorbability involved the sampling of the
surface layer for test specimens. The results of related measurements and calculations are
presented in Table 5.

Table 5. Results of the µCT analysis and calculations concerning the surface layer (PPTAW metal
deposition method, Co3+TiC+PD-W composite powder) deposited on structural low-alloy steel
AISI 4715.

Physical Quantity Average Value of Measured Quantity

Density ρ (measured using the Archimedes method),
g/cm3 5.7785

Absorbability A, % 1.0219
Open porosity Po, % 5.6467

Closed porosity Pc, % 0.2526
Apparent density ρa, g/cm3 5.4787

Total porosity Pc, % 5.8993
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The composite layer was not porosity-free. The total porosity of the layer amounted to
approximately 6%. In spite of the foregoing, the layer appears promising as regards further
tests performed on an in situ basis using a drilling tool. Owing to its slight porosity, the
layer can keep lubricant in its pores and thus reduce friction between interacting surfaces.

3.4. Hardness Test Results

The results of the hardness measurements concerning the external surface and the
cross-section of the surface layer are presented in Table 6 and Figure 14, respectively.

Table 6. Hardness (HV10) measurement results concerning the external surface of the layer (PPTAW metal deposition
method, Co3+TiC+PD-W composite powder) deposited on structural low-alloy steel AISI 4715 and of the surface of the
reference material (abrasion-resistant steel AR400).

Hardnesess, (HV10)

Specimen
Designation

Specimen
Number

Measurement Point Number Average Hardness of
the Tested Samples

Average Hardness of
the Tested Materials1 2 3 4 5

Co3+TiC+PD-W
C 01 673 733 657 733 657 690.6

688.7C 02 657 675 675 733 694 686.8

AR400 Steel
S 01 430 421 420 429 424 424.8

424.1S 02 421 424 422 421 429 423.4
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Figure 14. Hardness (HV0.5) measurement results concerning the cross-section of the deposited layer (PPTAW metal
deposition method, Co3+TiC+PD-W composite powder) deposited on structural low-alloy steel AISI 4715.

The hardness of the surface layer over the entire external area was relatively uniform
and, on the average, amounted to approximately 689 HV10 (59.7 HRC). In turn, the
hardness of the reference material used in the abrasive wear resistance tests (abrasion-
resistant steel AR400) was lower by more than 265 HV10. The hardness measurements
involving the cross-section of the surface layer revealed that the average microhardness
of the cobalt alloy-based interdendritic areas amounted to 660 HV0.5 and was lower by
approximately 4% than the hardness measured on the surface of the deposited layer. The
results concerning the microhardness of the tested layer revealed that the microhardness
increased along with the distance between the measurement point and the fusion line
(growing towards the surface of the layer). As is known, the microstructure of the layer
in the area adjacent to the HAZ differed from the microstructure of the surface layer of
the cladding as regards the cladding crystallisation manner [65]. The higher hardness
could also result from the significant amount of the hard phase particles near the surface

19



Materials 2021, 14, 2382

of the cladding. The average hardness of the particles of the hard phase reinforcing the
matrix exceeded 2280 HV0.5. It should also be noted that the measurements concerning
the hardness of titanium carbide (TiC) did not pose difficulties, yet the measurements
concerning the hardness of the synthetic metal–diamond composite appeared problematic.
The measurements results confirmed the effect of the base material on microhardness and
reflected the chemical and structural homogeneity of the deposited layer.

3.5. Abrasive Wear Test Results

The tests concerning the metal-mineral abrasive wear resistance of the surface layer
referred to the abrasive wear resistance of the plate made of popular abrasion-resistant
steel AR400 (made by a Swedish manufacturer). As a result, it was possible to determine
the relative abrasive wear of the surface layer (Table 7). The nature of the abrasive wear
of the surface layer was assessed on the basis of visual tests (Figure 15) and observations
involving the use of a confocal microscope (Figure 16).

Table 7. Results of the mineral-metal abrasive wear resistance tests concerning the surface layer (PPTAW metal deposition
method, Co3+TiC+PD-W composite powder) deposited on structural low-alloy steel AISI 4715 in comparison with the
abrasive wear resistance of abrasion-resistant steel AR400.

Specimen
Designation

Spec.
Number

Mass Before
Test, g

Mass After
Test, g

Mass
Loss, g

Average
Mass Loss, g

Material
Density,

g/cm3

Average
Volume

Loss, mm3

Relative (1)

Abrasive Wear
Resistance

Composite coating

Co3+TiC+PD-
W

C 01 149.7652 149.7560 0.0092
0.0093 5.7997 1.6035 139.64C 02 149.4113 149.4019 0.0094

Reference material

AR400 Steel
S 01 123.9290 122.2067 1.7223

1.7429 7.7836 223.9195 1S 02 121.7386 119.9752 1.7634

Note: (1) relative abrasive wear resistance in relation to abrasion-resistant steel AR400.
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The intensity of abrasive wear affecting the surface layer was medium as, after inter-
action with the layer, the grains of sand were partly crushed. As expected, the relative
abrasive wear resistance of the deposited layer was higher than that of abrasion-resistant 
steel AR 400 (almost 140 times). The loss of mass after the test amounted to a mere 0.0093 
g. The analysis of the surface condition after test ASTM G65, Procedure A revealed the 
abrasive mechanism of wear. The hard phase, in the form of titanium carbide (TiC) and 
the particles of the synthetic metal–diamond composite uniformly distributed in the co-
balt matrix, provided a natural barrier to the abrasive. The dominant wear mechanism 
affecting the surface layer was micro-cutting manifested by continuous micro-scratches 
and, to a significantly lesser extent, micro-ridging. The grains of the abrasive created slight 
micro-scratches on the surface of the composite layer. Locally, the course of the micro-
scratches deviated from the rectilinear direction, which indicated the effectiveness of the 

Figure 16. Surface of the composite layer after the metal-mineral abrasive wear resistance test observed using the confocal
microscope: (a,c) main view of specimen wear, (b,d) measurement of defects (single craters).

The intensity of abrasive wear affecting the surface layer was medium as, after inter-
action with the layer, the grains of sand were partly crushed. As expected, the relative
abrasive wear resistance of the deposited layer was higher than that of abrasion-resistant
steel AR 400 (almost 140 times). The loss of mass after the test amounted to a mere
0.0093 g. The analysis of the surface condition after test ASTM G65, Procedure A revealed
the abrasive mechanism of wear. The hard phase, in the form of titanium carbide (TiC)
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and the particles of the synthetic metal–diamond composite uniformly distributed in the
cobalt matrix, provided a natural barrier to the abrasive. The dominant wear mechanism
affecting the surface layer was micro-cutting manifested by continuous micro-scratches
and, to a significantly lesser extent, micro-ridging. The grains of the abrasive created
slight micro-scratches on the surface of the composite layer. Locally, the course of the
micro-scratches deviated from the rectilinear direction, which indicated the effectiveness of
the base material reinforcement and confirmed the presence of hard phases in the struc-
ture. The width of the micro-traces of wear amounted to approximately 15 µm, whereas
the average size of the sand grains used in the abrasive wear tests amounted to 250 µm.
Detailed examination involving the use of confocal microscopy revealed the presence of
cracks and single craters (having a depth of up to 250 µm) inside the layer (Figure 16b,d).
The small ceramic particles uniformly distributed in the layer structure constituted an
effective barrier to the grains of the abrasive. The abrasive wear process was intensified
by the additional effect of loose particles of the hard phase torn out of the matrix and
moving between the (interacting) surface of the specimen and that of the counterspecimen
(“rubber wheel”). The aforesaid situation slightly increased the abrasive wear of the surface
layer. The freely rolling sharp-edged particles of titanium carbide (TiC) were primarily
responsible for the formation of micro-scratches on the counterspecimen surface or the
plastic deformation of matrix fragments, manifested by characteristic micro-ridges. In pub-
lication [63] concerning their research work, the Authors also confirmed that abrasive wear
was a dominant factor responsible for damage to the surface layer of Co-Cr-W-Mo alloys.
In relation to data contained in previous publications [31] and individual research [30]
concerning the abrasive wear resistance of surface layers made of cobalt alloys reinforced
only with TiC particles, it was possible to notice the favourable abrasion-resistant effect of
synthetic metal–diamond composite particles constituting approximately 20 wt% of the
entire matrix reinforcement. In cases of abrasion-resistant cobalt-based alloys containing
ceramic particles, abrasive wear resistance increased along with a growth in the volume
fraction of the hard phase. It should be noted that under in situ conditions, the effect of
natural factors including the ground structure, texture and presence of stresses, as well as
hydrogeological conditions and humidity, abrasive wear resistance may differ from the
test results presented in the article.

3.6. Impact Resistance Test Results

The condition of the surface layer during the individual stages of impact resistance
tests is presented in Figure 17.
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The deposited composite layer was characterised by favourable resistance to moderate
dynamic impact loads. After a cycle of twenty (ram) strokes affecting the surface of the
layer with a potential energy of 200 J and the visual tests concerning the affected area, no
damage in the form of visible cracks or chips of the weld deposit was observed. The only
visible deformation was the plastic distortion of the deposited layer surface having a depth
of approximately 0.3 mm, indicating the effective reinforcement of the cobalt-based alloy
by cold work hardening.

4. Conclusions

The research-related tests aimed to assess the metallographic structure and to identify
the metal-mineral abrasive wear resistance and the impact resistance of powder plasma
transferred arc welding (PPTAW), which are innovative in terms of the chemical compo-
sition and the type of the hard phase reinforcing the matrix. The layer is intended for
contact surfaces of inserts in drilling tools used in the extraction industry. The analysis of
the above-presented test results justified the formulation of the following conclusions:

1. The chemical composition, type, amount and the size of the particles of the hard and
metallic phases of the cobalt alloy-based composite powder enable its highly accurate
and repeatable feeding, ensure its excellent melting and provide good weldability
when using PPTAW metal deposition systems.

2. The cladding with powder plasma transferred arc welding (PPTAW) method (i.e.,
with the composite powder fed directly to the melt pool) favours the maintaining of
the structural and thermal stability of the particles of the ceramic reinforcement of
the matrix (having the form of tungsten-coated synthetic metal–diamond composite).
During the solidification of the liquid metal in the melt pool, some of the reinforce-
ment particles (TiC) underwent brittle cracking. The cracking process was probably
triggered by the concentration of tensile stresses in carbide defects.

3. The composite layer was characterised by high hardness, very high metal-mineral
abrasive wear resistance, relatively low internal porosity and advantageous resistance
to moderate dynamic impact loads.

4. The mechanical and tribological features of the PPTAW deposited layer made using
the innovative Co3+TiC+PD-W composite powder appear promising as regards the
use of the layer on the contact surfaces of inserts in drilling tools applied in the used
in the extraction industry.

The second part of the article will contain test results concerning the structural and the
mechanical properties of a nickel-based layer reinforced with particles of tungsten carbide
(WC) and synthetic metal–diamond composite.
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Abstract: The article is the continuation of a cycle of works published in a Special Issue of MDPI entitled
“Innovative Technologies and Materials for the Production of Mechanical, Thermal and Corrosion Wear-
Resistant Surface Layers and Coatings” related to tests concerning the microstructure and mechanical
properties of innovative surface layers made using the Powder Plasma Transferred Arc Welding (PPTAW)
method and intended for work surfaces of drilling tools and machinery applied in the extraction industry.
A layer subjected to tests was a metal matrix composite, made using powder based on a nickel alloy
containing spherical fused tungsten carbide (SFTC) particles, which are fused tungsten carbide (FTC)
particles and spherical particles of tungsten-coated synthetic metal–diamond composite (PD-W). The
layer was deposited on the substrate of low-alloy structural steel grade AISI 4715. The results showed
that the chemical composition of the metallic powder as well as the content of the hard phase constituting
the matrix enabled the making of a powder filler material characterised by very good weldability and
appropriate melting. It was also found that the structure of the Ni-WC-PD-W layer was complex and
that proper claddings (characterised by the uniform distribution of tungsten carbide (WC)) were formed
in relation to specific cladding process parameters. In addition, the structure of the composite layer
revealed the partial thermal and structural decomposition of tungsten carbide, while the particles of the
synthetic metal–diamond composite remained coherent. The deposited surface layer was characterised
by favourable resistance to moderate dynamic impact loads with a potential energy of 200 J, yet at the
same time, by over 12 times lower metal–mineral abrasive wear resistance than the previously tested
surface layer made of cobalt-based composite powder, the matrix of which contained the hard phase
composed of TiC particles and synthetic metal–diamond composite. The lower abrasive wear resistance
could result from a different mechanism responsible for the hardening of the spherical particles of the
hard phase susceptible to separation from the metal matrix, as well as from a different mechanism of
tribological wear.

Keywords: PPTAW; cladding; deposition; abrasion; impact load; tungsten carbide; synthetic metal–
diamond composite

1. Introduction

Most plasma cladding applications involve the use of a powder filler material en-
abling the obtainment of deposited layers characterised by various chemical compositions,
structure and properties [1,2]. In deposited layers that have the structure of composite
materials (used to improve the abrasive wear resistance of drilling tools or machinery), the
matrix is usually composed of cobalt, nickel or iron-based alloys containing particles of
high-melting phases, e.g., carbides of transition metals found in groups IVB–VIB of the
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periodic table [3,4]. High hardness, high melting points and high thermodynamic stabil-
ity constitute the primary and very desirable features of the aforesaid carbides [5]. The
combination of hard carbide phases with the relatively plastic metal matrix significantly
improves the functional properties of surface layers exposed to various types of abrasion.
Composite layers are characterised by particularly high abrasive wear resistance as well as
resistance to moderate impact loads, unobtainable in cases of typical metallic layers. Under
operational conditions of drilling tools (discussed in detail in the first part of the cycle of
publications), it appears particularly reasonable to use composite layers reinforced with
tungsten carbide particles [6,7].

Deposited composite layers are characterised by the repeatable structure providing
high operational properties, particularly when particles of the hardening phase are uni-
formly distributed in the metal matrix. There are many factors affecting the formation of
deposited composite layers and the dispersion of particles in the hard reinforcing phase.
The most important of the aforementioned factors include the nature and the intensity
of the effect of the liquid metal matrix containing the particles of the hardening phase
(indicated by the wetting degree). According to Bober et al. (2016) [8], good wettability
is observed when both the liquid and the solid phase are characterised by the same type
of atomic bonds and when appropriate temperature conditions and surface activation
conditions are satisfied. The carbides of the transition metals of the periodic table such
as Ti, Zr, Nb, Cr, Hf, Nb, Ta, Mo and W are characterised by the complexity of chemical
bonds. Typically, the above-named carbides contain mixed bonds, i.e., metallic bonds with
the covalent-type effect or, in certain cases, with the ionic effect [9]. During the cladding
process, when the particles of the hard phase characterised by a high melting point are
wetted appropriately by the liquid metallic matrix, proper welds are formed and high
yield (degree of carbide powder use) is obtained. In cases of insufficient wettability, the
particles of the reinforcement (hardening) are expelled from the melt pool and the yield of
hardening phase particles is low. The above-named situation may result in the formation
of many welding imperfections including cracks, gas pores or the internal porosity of the
deposited layer. In addition to providing composite components with good wettability,
the difference in density between the hard phase and the matrix favourably affects the
formation of composite claddings. Regarding the metal of the matrix and that of the
hardening phase, significantly varying mass densities may result in the non-uniform dis-
tribution or the agglomeration of the hard phase particles in the volume of the cladding
metal. Carbides characterised by high specific density tend to settle to the bottom of the
melt pool, whereas the particles of the hard phase with lower density concentrate in the
upper zone, slightly below the cladding weld. Many research works are concerned with
the thorough investigation of the structure and the abrasive wear resistance of deposited
composite layers that have the nickel alloy-based matrix containing the addition of tung-
sten carbide [10,11], chromium carbide [12,13] and titanium carbide [4,14,15]. However,
significantly fewer publications focus on composite claddings reinforced with particles
of the remaining carbides of transition metals, e.g., ZrC, HfC, NbC, TaC and MoC, or
synthetic metal–diamond sinters. As the aforementioned reinforcement particles are also
characterised by advantageous properties, their addition could significantly improve the
abrasive wear resistance of deposited layers [16]. In light of research results presented in
the first part of the cycle of publications, the use of the hard phase particles in the form of
synthetic metal–diamond composite seems very promising. Powder filler materials that
could be used in the PPTAW metal deposition of composite layers on selected structural
materials are presented in Table 1.

Metal matrix composite (MMC) layers reinforced with, e.g., TiC, WC, B4C, Cr3C2,
NbC, etc. particles, combine the properties of the plastic, abrasive wear and corrosion
resistant matrix with the properties of hard carbide ceramics [27]. Surface layers of the
aforesaid type can be used where it is necessary to ensure high abrasive wear resistance
combined with resistance to dynamic impact loads. Such requirements cannot be satisfied
by commonly used metallic layers applied using welding methods or by hard and brittle
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ceramic layers. Therefore, it seems favourable to use MMC layers deposited on work
surfaces of drilling tools. The addition of hard carbide particles characterised by the
various degree of dispersion additionally reinforces the matrix. According to Deuis et al.
(1997) metal matrix composites can transfer higher compressive and tensile stresses than
monolithic alloys. This is because applied loads are transferred from the plastic matrix to the
particles of the hardening phase, which is possible if there are appropriate bonds between
individual components of a given composite [26]. During the deposition of composite
layers, the nature of the interphase boundary between the metal matrix and the hard
reinforcing phase depends on the time and the temperature of cladding formation as well
as on the chemical composition of the matrix. The growing popularity of these materials
also results from their advantageous structural ratio, i.e., the proportion of strength to mass.
The acceptable quality and the highly satisfactory structural and mechanical properties of
the composite layer with the composite powder based on a cobalt alloy containing titanium
carbide (TiC) and synthetic metal–diamond composite [14] inspired the author’s research
on the material characteristics of the layer made of composite powder based on nickel
with the addition of hard reinforcing phase composed of fused tungsten carbide (WC) and
synthetic metal–diamond sinter. There is no scientific information and material data related
to the abrasion tests concerning metal matrix surface layers reinforced with synthetic metal–
diamond composite and obtained using the Powder Plasma Transferred Arc Welding
(PPTAW) metal deposition method. The results of previous individual research led to
the general conclusion that it was possible to obtain a nickel-based alloy surface layer
reinforced with particles of tungsten carbide and synthetic metal–diamond composite that
can characterize a good resistance to abrasive wear.

Table 1. Powder filler materials usable in the PPTAW metal deposition of composite layers on selected structural materials.

Base Material
Powder Filler Material Powder Grain

(µm) References
Matrix Reinforcement

Structural steel Ni–Cr–B–Si 69% WC/Co 53–106 [17]
Structural steel Ni–base alloy 30% Cr3C2 75–185 [18]
Structural steel Ni–base alloy NbC 50–150 [19]

Structural steel Fe–Cr–C–Ni
Chromium (II) carbide

Cr3C2, Cr7C3,
and Cr23C6

70–140 [20]

Structural steel Fe–C–B–Mn–Si 20% B4C 50–150 [21]
Structural steel Co–Cr–W–C 60% TiC+PD-W 60–250 [22]
Structural steel Co–Cr–W–C 30% Cr3C2 60–145 [23]

Stainless steel Co–Cr–W–C

50% Cr3C2,
20% WC,
50% TiC,
40% NbC

53–180 [24]

Stainless steel Co–Mo–Cr–Si–Fe–Ni 35% WC
35% (WC−12% Cr) 53–180 [25]

Aluminium Al–Ni
Al2O3,

SiC,
TiC

70 [26]

Titanium Ti 50% NbC 80–120 [16]

2. Experimental Section
2.1. Objective of the Study

The study aimed to assess the metallographic structure as well as to identify the metal–
mineral abrasive wear resistance and the resistance to moderate impact loads of a composite
layer deposited using the PPTAW metal deposition method and “newly developed” nickel
alloy-based powder with the addition of the hard reinforcing phase containing two types
of tungsten carbide (WC-W2C) and synthetic metal–diamond composite (PD-W). It was
assumed that the spherical shape of the hard phase particles would result in their firm
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deposition in the metallic matrix, thus significantly improving the abrasive wear resistance
parameters of the deposited layer protecting work surfaces of drilling tools used in the
extractive industry. The results of the relative abrasive wear resistance of the nickel alloy-
based composite layer were compared with those concerning the cobalt-based surface
layer [22]. Criteria specifying the requirements related to the making and the acceptance of
the deposited layer are presented in detail in the first part of the cycle of publications.

2.2. Materials and Methods

The surface layer was deposited on the substrate of low-alloy structural steel AISI
4715 (Table 2) having the form of a flat bar (75 mm × 25 mm × 10 mm). The surface of the
substrate was cleaned directly before the cladding process. The filler material used in the
process was a powder mixture, the matrix of which was a nickel alloy having a chemical
composition corresponding to that of the group of Ni3 alloys (in accordance with EN
147000:2014) [28] (Table 2). The powder mixture also contained a hard phase composed of
spherical fused tungsten carbide (SFTC) particles (Figure 1a), fused tungsten carbide (FTC)
particles (Figure 1b) and spherical particles of tungsten-coated synthetic metal–diamond
composite (PD-W) (Harmony Industry Diamond, Zhengzhou, China) (Figure 1c). The
particles of the WC-W2C tungsten carbide and synthetic metal–diamond composite (PD-W)
were mixed with the matrix powder in the 60/35 wt% ratio using a mixer-shaker and
ceramic balls.

Table 2. Chemical composition of AISI 4715 low-alloy structural steel according to manufacturer data (TimkenSteel Ltd.,
Canton, OH, USA) and chemical composition of Ni3+ WC-W2C-Co+PD-W powder.

Chemical Composition of AISI 4715 Low-Alloy Structural Steel, wg. %

C Mn S P Si Cr Mo Ni Fe
0.12–0.18 0.65–0.95 ≤0.015 ≤0.015 0.15–0.35 0.40–0.70 0.45–0.60 0.65–1.00 Bal.

Chemical composition of the Ni3 alloy, wg. % Ceramic reinforcement of the
matrix, wg. %

C Si Mn Cr B Fe Ni SFTC FTC PD-W
≤0.05 2.4 0.5 2.0 ≤1.4 ≤0.5 Bal. 70 10 20

Carbide to matrix ratio, 60/35 (wg. %); bulk density of the powder determined by pycnometry, 11.64 g/cm3.

The composite layer was deposited using an industrial welding station provided with
a modern robotic hardfacing plasma coating machine for cladding with PPTAW Durweld
300T PTA (Durum Verschleiss-Schutz GmbH, Willich, Germany) having a maximal current
of 300 A and parameters determined during initial cladding tests (Figure 2, Table 3). The
deposited layer was obtained by weave-bead technique with an overlap of 33%.

The cladding parameters identified as optimum were those ensuring the uniform
distribution of the powder over the entire liquid metal area in the weld metal pool, uniform
and shallow penetration having depth of g = 1.2 mm, the height of the layer in one run
h ≥ 2 and the dilution of the base material in the cladding D below 4.5%.

2.3. Testing Methodology

The testing methodology and equipment are discussed in detail in the first part of the
cycle of publications. The tests involving the analysis of the morphology and the size of
the composite powder (MMC) particles as well as the assessment of the quality of the layer
were based on non-destructive tests including visual tests (VT), penetrant tests (PT) and tests
concerning the roughness (Ra) of the composite layer. The analysis of the structure and of the
surface properties of the composite layer was based on macro and microscopic metallographic
test results, chemical composition analysis results, X-ray diffraction results, weld deposit
hardness and roughness measurement results, as well as results of tests concerning metal–
mineral abrasive wear resistance and resistance to moderate impact loads.
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Figure 1. Components of the hard ceramic phase in the Ni3+WC-W2C+PD-W powder: (a) spherical fused tungsten carbide 

(SFTC), (b) fused tungsten carbide (FTC) and (c) tungsten-coated synthetic metal–diamond composite (PD-W). 
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Figure 1. Components of the hard ceramic phase in the Ni3+WC-W2C+PD-W powder: (a) spherical fused tungsten carbide
(SFTC), (b) fused tungsten carbide (FTC) and (c) tungsten-coated synthetic metal–diamond composite (PD-W).
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Figure 2. Optimization process parameters of the PPTAW metal deposition of the surface layer (Ni3+WC-W2C+PD-W
composite powder) on steel AISI 4715: (a) too low heat input (275 J/mm); (b) the right heat input (400 J/mm); (c) too much
heat input (520 J/mm); (d) too much heat input (580 J/mm) and amount of supplies powder (22 g/min).

Table 3. Welding parameters of the plasma transfer arc welding (PTAW) metal deposition of the
surface layer (Ni3+WC-W2C+PD-W composite powder) on steel AISI 4715.

Process Parameters Value of Parameter

Current, I (A) 80
Voltage, U (V) 25

Travel speed, S (mm/s) 3
Powder feed rate, q (g/min) 18

Heat input, Eu
(1) (J/mm) 400

Notes: Argon 5.0 (99.999%) acc. ISO 14175—I1: 2009 was used as plasma gas (flow rate = 1.6 L/min),
Argon/Hydrogen 5% H2, Ar (welding mixture ISO 14175-R1-ArH-5) was used as shielding gas (flow
rate = 12 L/min) and carrier gas (flow rate = 4 L/min), (1) calculated acc. to the formula: Eu = k·(U × I)/S.
The thermal efficiency coefficient for plasma transferred arc k = 0.6 was used.

3. Results and Discussion
3.1. Composite Powder Morphology

The morphology and the size of the Ni3+WC-W2C+PD-W powder particles are pre-
sented (in the form of SEM images) in Figure 3. The image of the powder mixture com-
ponents was made in the contrast of back-scattered electrons (BSE); the bright particles
represent the tungsten carbide particles, whereas the darker particles are the nickel alloy
particles. The tests revealed that the size of the powder particles was restricted within
the range of 30 µm to 170 µm (median Q50 = 152 µm) and that the powder was a ho-
mogenous mixture containing primarily spherical components and a small fraction of
irregularly-shaped particles. The components of the powder were mixed in a laboratory
powder mixer-shaker, using ceramic balls. The powder mixer-shaker of a container with
two perpendicular rotational axes was used. Main rotational axis was driven with constant
rotational velocity of 46 rpm. The secondary axis was performing rocking motions in the
range 0–180◦. The powder ingredients were mixed for 1 minute. The particle bulk were
moving across the vessel through a three-dimensional unsteady periodical behaviour.

The applied manner of mixing favourably limited the agglomeration of components
and enabled the obtainment of the powder filler material characterised by good flowability.
Microanalysis results concerning the chemical composition of the powder are presented in
Figure 4 (in the form of photographs and diagrams of scattered X-radiation). The tests were
performed on the surface of the powder particles using point or micro-area-based analysis.
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Figure 3. Scanning electron microscopic (SEM) image of the morphology of the Ni3+WC-W2C+PD-W
powder particles along with measurement values.

3.2. Non-Destructive Tests—Visual Test Results

The visual and the penetrant tests of the surface of the deposited surface layer only
revealed the presence of apparent welding imperfections or single gas pores (Figure 5b).
The above-named tests did not reveal shape and dimension-related imperfections. The
average surface roughness (Ra) amounted to 12 µm. Roughness tests were performed in
five test lines on the untreated surface. Comparing the obtained test results with the results
presented in [22], it should be stated that the average surface roughness of the composite
layer on the matrix of the nickel alloy was slightly lower (about 2 µm) than the roughness
of the layer on the matrix of the cobalt alloy. The overlapping beads were characterised
by appropriate symmetry, which translated into the uniform distribution of the composite
powder on the specimen surface (Figure 5a).

In view of the fact that the surface layer is intended for work surfaces of drilling tools,
the presence of single small gas pores on the surface of the deposited layer can be regarded
as acceptable.

3.3. Metallographic Test Results and Results of the XRD Analysis

The results of microscopic metallographic observations made it possible to identify the
structure of the matrix as well as the type, distribution and the dimensions of the surface
layer reinforcement. The results of the microstructural observations of the surface layer
cross-section are presented in Figure 6. The microstructure and the results of the qualitative
point analysis, identifying the individual chemical elements present in the surface layer
(made using the PPTAW method), are presented in Figure 7.
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Figure 4. Morphology, the size of the powder mixture particles and the microanalysis results re-

lated to the chemical composition of the Ni3+WC-W2C+PD-W composite powder: (a) SEM image 
Figure 4. Morphology, the size of the powder mixture particles and the microanalysis results related to the chemical
composition of the Ni3+WC-W2C+PD-W composite powder: (a) SEM image of the morphology of the powder particles
with the area subjected to analysis and the diagrams of scattered X-radiation energy with energy lines present in the area of
components (chemical elements) subjected to analysis; (b) tungsten-coated synthetic metal–diamond composite (PD-W);
(c) spherical fused tungsten carbide (SFTC); (d) fused tungsten carbide (FTC); (e) nickel matrix.
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Figure 6. Microstructure of the surface layer (PPTAW metal deposition method, Ni3+WC-W2C+PD-W composite powder)
deposited on structural low-alloy steel AISI 4715: (a) heat-affected zone (HAZ); (b) dilution zone; (c) size and distribution of
the hard phase in the middle of the cladding; (d) distribution of the reinforcing phase near the padding weld.
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The microstructure of the layer was composed of spherical particles of primary tung-
sten carbides in the nickel alloy matrix. The carbides were present in the entire area of
the deposited layer. The carbides were mostly uniformly distributed in the layer, without
forming agglomerates typical of ceramic composite castings with the metal matrix [29].
The uniform distribution of carbides in the surface layer resulted from the proper blending
of the powder mixture and the fact that the density of tungsten carbide was only twice that
of the matrix. During the cladding process, the use of mixtures composed of ingredients
characterised by significantly varying density may lead to the formation of agglomerates
of the hard reinforcing phase, the reduction of their wettability by the matrix alloy and
to the formation of welding imperfections [3,11]. The microstructure of the substrate in
the heat-affected zone was composed of martensite or tempered martensite (Figure 6a).
In turn, the microstructure of the matrix contained dendritic grains, on the boundary of
which it was possible to observe eutectics (Figure 6c). The quantitative analysis performed
in measurement points marked in Figure 7a in the carbide–matrix area revealed that the
chemical composition in measurement points 1 and 5 corresponded to that of tungsten
carbide. Measurement point 2 contained synthetic metal–diamond composite, the tungsten
coating of which (measurement point 3), after partial melting, was responsible for the
transfer of tungsten to the solution of the composite matrix (alloy Ni-C-Fe-Si). The presence
of iron in the composite matrix resulted from the dilution of the base metal in the layer,
amounting to approximately 4.5%. The cladding process was accompanied by the complete
melting of the nickel alloy powder (Tmelt. of approximately 1300 ◦C) and the partial melting
of the primary tungsten carbides (Tmelt. = 2870 ◦C), potentially leading to the formation of
complex secondary carbides on the carbide–matrix boundary [11]. The secondary carbides
were responsible for the diffusive bond of the primary carbides with the matrix. According
to Bober et al. (2011) [3] and Poloczek et al. (2019) [10], the above-named mechanism of
the bonding of carbides with the matrix should ensure their stable deposition. The partial
melting of the primary carbides led to the partial saturation of the matrix with tungsten
and carbon (Figure 7b).

The structural X-ray diffraction analysis aimed to identify phases present in the com-
posite layer. An exemplary XRD pattern is presented in Figure 8, whereas the results of the
X-ray qualitative phase analysis are presented in Table 4. The analysis revealed the presence
of the γ-Ni solid solution and of the γ-Ni/Ni3B eutectic phase, which was consistent with
information provided in related reference publications [30,31]. In addition, the structure
also contained hexagonal carbide having the W2C structure as well as hexagonal carbide
having the WC structure.

Table 4. Results of the X-ray qualitative phase analysis of the surface layer (PPTAW metal deposition method, Ni3+WC-
W2C+PD-W composite powder) deposited on structural low-alloy steel AISI 4715.

ICSD Card No Phase Name Chemical Formula Crystalline Structure

98-007-7568 Tungsten carbide (2/1) W2C Hexagonal (P 63/m m c)
98-026-0166 Tungsten carbide (1/1) WC Hexagonal (P 6 m 2)
98-026-0172 Nickel Ni Regular (F m 3 m)
98-002-4306 Nickel boride (3/1) Ni3B Orthorhombic (P n m a)

3.4. Density and Porosity of the Deposited Layer

The density, porosity and absorbability of the composite was determined with the
Archimedes method (according to ISO ASTM-D-792) on the basis of measurements con-
cerning the mass of a specimen sampled from the surface layer. The apparent density was
determined using a pycnometer. The pycnometer was used in ISO 1183–1:2004 standard.
The results of related measurements and calculations are presented in Table 5. The surface
layer porosity was analysed using a µCT microtomography. The images obtained as a
result of the µCT analysis of the composite layer are presented in Figure 9.
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Figure 8. XRD pattern of the surface layer (PPTAW metal deposition method, Ni3+WC-W2C+PD-W composite powder)
deposited on structural low-alloy steel AISI 4715 with the standard lines of identified crystalline phases.

Table 5. Density-related measurement results and calculations concerning the porosity of the surface
layer (PPTAW metal deposition method, Ni3+WC-W2C+PD-W composite powder) deposited on
structural low-alloy steel AISI 4715.

Physical Quantity Average Value of the Measured Quantity

Density ρ (measured using the Archimedes
method), g/cm3 9.3425

Absorbability A, % 1.3856
Open porosity Po, % 11.2421

Closed porosity Pc, % 0.0082
Apparent density ρa, g/cm3 8.9729

Total porosity Pc, % 11.2503

The composite layer was characterised by a relatively high total porosity of more than
11% and a density of 9.34 g/cm3. The total porosity of the tested composite layer was
almost twice as high as the porosity of the layer made of cobalt alloy reinforced with TiC
and synthetic metal–diamond composite particles [22]. According to Bober et al. [19] (2018),
this may be due to the poor wettability of the hard reinforcement phase by the nickel alloy
matrix, especially in the case of bigger grains. In respect of the fact that the composite layer
is intended for work surfaces of drilling tools, such high porosity can appear problematic
and requires the performance of in situ tests involving the use of an actual tricone bite.

3.5. Hardness Measurements Test Results

The results of hardness measurements concerning the external surface and the cross-
section of the deposited layer are presented in Table 6 and Figure 10, respectively.
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Figure 9. Images obtained as a result of the µCT analysis of the surface layer (laser metal deposition
method, Ni3+WC-W2C+PD-W composite powder) deposited on structural low-alloy steel AISI 4715:
(a) specimen porosity in cross-section surface; (b) specimen porosity in longitudinal section surface.

Table 6. Hardness (HV10) measurement results concerning the external surface of the surface layer (PPTAW metal deposition
method, Ni3+WC-W2C+PD-W composite powder) deposited on structural low-alloy steel AISI 4715 and the surface of the
reference material (abrasion-resistant steel AR400).

Hardness (HV10)

Specimen
Designation

Specimen
Number

Measurement Point Number Average Hardness of
the Tested Samples

Average Hardness of
the Tested Materials1 2 3 4 5

Ni3+WC-
W2C+PD-W

N 01 634 746 883 545 733 708.2
702.5N 02 615 686 773 746 664 696.8

AR400 Steel
S 01 430 421 420 429 424 424.8

424.1S 02 421 424 422 421 429 423.4
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Figure 10. Hardness (HV0.5) measurement results concerning the cross-section of the surface layer (PPTAW metal deposition
method, Ni3+WC-W2C+PD-W composite powder) deposited on structural low-alloy steel AISI 4715.

Hardness measured on the external surface of the deposited layer was slightly above
700 HV10 (approximately 60 HRC) and was approximately 208 HV10 higher than the
hardness of the reference material used in abrasive wear tests, i.e., abrasion-resistant steel
AR400. The average microhardness of the matrix of the composite cladding (obtained using
the powder plasma transferred arc cladding method) measured on the cross-section of the
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layer at 10 measurement points amounted to 691 HV0.5 and was nearly the same as the
hardness measured on the surface. The profile of the microhardness of the cross-section was
sharp, which resulted from the composite structure of the cladding. The average hardness
of ceramic reinforcement amounted to approximately 2270 HV0.5. The high value of the
standard deviation resulted from the large discrepancy of the results between the hardness
particles of the fused tungsten carbide (about 1400 HV0.5) and spherical fused tungsten
carbide (about 2600 HV0.5). As the particles of synthetic metal–diamond composite has
ultrahigh hardness compared to the hardest carbides currently used in the industry, the
hardness of this matrix reinforcement was difficult to quantify. It was found that the length
of the Vickers indentation on the compact surface of the polished synthetic metal–diamond
composite was too small to be measured, even if we increased the load force to 9.8 N with a
dwelling time of 15 s. Yahiaoui et al. (2016) [32] describe similar research difficulties when
assessing hardness of graded polycrystalline diamond compact cutters. It was revealed
that the hardness of the matrix increased along with the distance between the measurement
point and the fusion line (growing towards the surface of the layer). Because of the dilution
of the weld metal in the layer and due to the different cladding crystallisation manner, the
microstructure of the layer in the area adjacent to the HAZ differed from the microstructure
of the subsurface layer.

3.6. Abrasive Wear Test Results

The tests concerning the metal–mineral abrasive wear resistance of the surface layer
were performed in accordance with ASTM G65, Procedure A, and referred to the abrasive
wear resistance of a plate made of popular abrasion-resistant steel AR400 (made by a
Swedish manufacturer) (SSAB AB, Stockholm, Sweden). The tests enabled the determina-
tion of the relative abrasive wear resistance of the surface layer (Table 7). The test results
were compared with those obtained in relation to the previously tested Co3+TiC+PD-W
composite layer. The nature of the abrasive wear of the surface layer was assessed on the
basis of visual tests as well as observations involving the use of a stereoscopic microscope
(Figure 11) and a confocal microscope (Figure 12).

Table 7. Results of the metal–mineral abrasive wear resistance tests concerning the surface layer (PPTAW metal deposition
method, Ni3+WC-W2C+PD-W composite powder) deposited on structural low-alloy steel AISI 4715 in comparison with the
abrasive wear resistance of abrasion-resistant steel AR400.

Specimen
Designation

Spec.
Number

Mass Before
Test, g

Mass After
Test, g Mass Loss, g Average

Mass Loss, g

Clad
Layer

Density,
g/cm3

Average
Volume

Loss, mm3

Relative (1)

Abrasive
Wear

Resistance

Composite Coating

Ni3+WC-W2C
+PD-W

N 01 173.2112 173.0283 0.1829
0.1894 9.3425 20.2730 11.05N 02 162.8753 162.6794 0.1959

Reference Material

AR400 Steel
S 01 123.9290 122.2067 1.7223

1.7429 7.7836 223.9195 1S 02 121.7386 119.9752 1.7634

Note: (1) relative abrasive wear resistance to Abrasion-Resistant Steel type 400.

The abrasive wear process, performed using the medium pressure of the counterspec-
imen affecting the surface of the deposited layer, led to the partial crushing of abrasive
particles. The relative abrasive wear resistance of the deposited layer was higher than that
of abrasion-resistant steel AR400 (slightly over 11 times). The average loss of surface mass
after the test amounted to 0.1894 g. The assessment of the surface after the test revealed the
abrasive mechanism of wear. The hard phase, having the form of spheroidal particles of
tungsten carbide (WC) and synthetic metal–diamond composite (PD-W), did not reveal
sufficient embedment in the nickel alloy-based matrix and was relatively easily peeled
by the abrasive medium. The dominant wear mechanism affecting the surface layer was
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micro-cutting, manifested by the presence of continuous micro-scratches along the traces
of wear and, to a significantly lesser extent, by the micro-ridging of the surface. The most
intensive wear was observed in the overlap area (Figure 12a). A similar mechanism of
increased wear of the layer deposited with nickel alloy in the area of overlapping seams
was confirmed by Katsich et al. (2006) [6]. The authors state that the wear behaviour of
WC-W2C reinforced Ni-based MMCs strongly depends on the formation of hard phase
structures during manufacturing process. The surfacing parameters and the cladding bead
trajectory are of particular importance. The abrasive grains uniformly affected the surface
of the layer, where it was possible to notice small single craters after removing particles
of the hard reinforcing phase. The micro-scratches were parallel in relation to the longer
side of the specimen (which confirmed the thesis about the insufficient embedment of
the particles of the carbide ceramics). Detailed examination involving the use of confocal
microscopy revealed the presence of single crack (Figure 12a) and single crater (having
a depth of up to 100 µm) inside the layer (Figure 12b,c). The abrasive wear process was
significantly intensified by the effect of loose particles of the hard carbide phase torn out of
the matrix and moving between the surfaces of the specimen and of the “rubber wheel”.
The aforesaid situation could significantly increase the abrasive wear of the surface layer.
The freely rolling spheroidal tungsten carbides (WC) and synthetic metal–diamond com-
posite particles were primarily responsible for the plastic deformation of matrix fragments,
manifested by the presence of characteristic micro-ridges. The aforementioned observation
was confirmed by results obtained by Cheng et al. (2013) [33] who, in their work, men-
tioned such a possibility. The thesis that the partial surface melting of the primary tungsten
carbides could translate into a sufficiently high increase in the diffusive force of the bond
between the carbides and the matrix was not confirmed. In relation to data contained
in previous publications [34] and individual research [12] concerning the abrasive wear
resistance of surface layers made of nickel alloys reinforced only with the hard WC layer
(SFTC), it was possible to notice the highly favourable abrasion-resistant effect of synthetic
metal–diamond composite particles (PD-W), constituting approximately 20 wt% of the
entire matrix reinforcement. The comparison of the abrasive wear resistance of the layer
made using the Ni3+WC-W2C+PD-W composite powder with that of the layer made using
the Co3+TiC+PD-W composite powder revealed that the abrasive wear resistance of the
cobalt-based layer was more than 14 times higher (Figure 13).

The obtained test results concerning the abrasive wear resistance of the composite
layer should be confirmed under actual conditions affecting the operation of drilling tools,
including the ground structure, texture, the presence of stresses as well as hydrogeological
conditions and humidity.
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wear resistance test.
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3.7. Impact Resistance Test Results

The condition of the deposited layer surface during the individual stages of tests
concerning resistance to moderate impact loads is presented in Figure 14.

The deposited layer made using the Ni3+WC-W2C+PD-W composite powder was
characterised by highly favourable resistance to moderate dynamic impact loads. After a
cycle of 20 (ram) strokes affecting the surface of the layer with a potential energy of 200 J,
no damage in the form of visible cracks or chips of the weld deposit was observed. The
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only visible deformation was the plastic distortion of the deposited layer, particularly near
the edges of the specimen.
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4. Conclusions

The research-related tests aimed to assess the metallographic structure as well as
to identify the metal–mineral abrasive wear resistance and the impact resistance of the
innovative composite surface layer obtained using the Powder Plasma Transferred Arc
Welding (PPTAW) metal deposition method and the Ni3+WC-W2C+PD-W powder. The
analysis of the above-presented test results justified the formulation of the following
conclusions:

1. The obtained layer was characterised by the classical composite structure and the
uniform distribution of reinforcement composed of primary tungsten carbides (WC-
W2C) and the particles of synthetic metal–diamond sinter in the matrix composed of
the γ-Ni solid solution and the γ-Ni/Ni3B eutectic phase.

2. The applied powder plasma transferred arc (PPTAW) metal deposition method
favours the maintaining of the structural and thermal stability of the particles of
the ceramic reinforcement of the matrix having the form of tungsten-coated synthetic
metal–diamond composite (PD-W). The partial surface melting of the primary spher-
ical tungsten carbides (WC) did not significantly increase the force of the diffusive
bond between the hard phase and the matrix. During the abrasion test, the spherical
particles of the carbide reinforcement (WC) underwent peeling, likely because of the
insufficient wetting of the particle surface with the metal of the matrix.

3. The absolute porosity of the composite layer slightly exceeded 11%, whereas its
specific density amounted to 9.34 g/cm3. The average hardness of the composite
matrix amounted to 691 HV0.5, whereas tungsten carbides were characterised by a
hardness of approximately 2268 HV0.5.

4. The relative metal–mineral abrasive wear resistance of the deposited composite layer
obtained using the Ni3+WC-W2C+PD-W powder was more than 11 times higher than
that of abrasion-resistant steel AR400 and more than 14 times lower than the abrasive
wear resistance of the layer obtained using the Co3+TiC+PD-W powder [22].

5. The very high resistance of the composite layer to moderate dynamic impact loads
appears very promising as regards to its application as the preventive protection of
work surfaces of drilling tools used in the extractive industry.

The third part of the article will contain comparative test results concerning the brittle
fracture resistance of iron, nickel and cobalt-based composite layers.
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Abstract: This article is the last of a series of publications included in the MDPI special edition
entitled “Innovative Technologies and Materials for the Production of Mechanical, Thermal and Corrosion
Wear-Resistant Surface Layers and Coatings”. Powder plasma-transferred arc welding (PPTAW) was
used to surface metal matrix composite (MMC) layers using a mixture of cobalt (Co3) and nickel
(Ni3) alloy powders. These powders contained different proportions and types of hard reinforcing
phases in the form of ceramic carbides (TiC and WC-W2C), titanium diboride (TiB2), and of tungsten-
coated synthetic polycrystalline diamond (PD-W). The resistance of the composite layers to cracking
under the influence of dynamic loading was determined using Charpy hammer impact tests. The
results showed that the various interactions between the ceramic particles and the metal matrix
significantly affected the formation process and porosity of the composite surfacing welds on the
AISI 4715 low-alloy structural steel substrate. They also affected the distribution and proportion
of reinforcing-phase particles in the matrix. The size, shape, and type of the ceramic reinforcement
particles and the surfacing weld density significantly impacted the brittleness of the padded MMC
layer. The fracture toughness increased upon decreasing the particle size of the hard reinforcing
phase in the nickel alloy matrix and upon increasing the composite density. The calculated mean
critical stress intensity factor KIc of the steel samples with deposited layers of cobalt alloy reinforced
with TiC and PD-W particles was 4.3 MPa·m 1

2 higher than that of the nickel alloy reinforced with TiC
and WC-W2C particles.

Keywords: PPTAW; cladding; deposition; impact strength; brittle fracture strength; tungsten carbide;
titanium carbide; titanium diboride; synthetic polycrystalline diamond

1. Introduction

Composites of multi-component ceramics have been the subject of research and
wider applications in materials engineering [1,2]. Among strengthening ceramics, WC,
TiC, and TiB2 are some of the most popular materials because of their large Young’s
modulus, good thermal stability, low density, and chemical compatibility with metals
such as iron, nickel, cobalt, and titanium [3]. To improve the thermal conductivity and
abrasive wear and erosion resistance of the working surface of drilling tools used in
mining, Sue et al. [4] developed an innovative material suitable for surfacing with powder
plasma-transferred arc welding (PPTAW) or laser metal deposition (LMD) techniques. The
composite consisted of spherical fused tungsten carbide (SFTC) particles, with WC-W2C
evenly distributed in the Ni-Si-B matrix. Compared with conventional hard layers padded
with composite powder containing WC-W2C tungsten carbide particles and Ni-Cr-Si-B-Fe
alloy, the developed material was characterized by a significantly higher thermal resistance
and lower wear by abrasion and erosion. This improved the durability and increased the
economic efficiency of the steel bits and polycrystalline diamond compact (PDC).
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In recent years, research has also been conducted on composites using TiB2-TiC as
a hard reinforcing phase, which are promising materials for use in the surfacing of parts
that are resistant to abrasive wear and high temperatures [5,6]. According to Baoshuai
et al. [7], the hardness and wear resistance of the laser plane was significantly improved
due to the presence of TiB2 particles in an iron matrix. Similar observations were made by
Tijo et al. (2018) [8], who investigated the mechanical properties of a composite coating on a
Ti-6Al-4V alloy matrix containing TiC-TiB2 particles, which was obtained via in situ plating
using the TIG method. The coating showed high strength and high abrasion resistance
during pin-on-disc tests. A prospective ceramic metal matrix reinforcement in overlaid
composite layers is polycrystalline synthetic diamond (PD). The previously presented
results of research on the tribological properties of composite layers welded with the
PPTAW method showed that compared with the wear-resistant AR 400 steel, the addition
of polycrystalline diamond particles to the nickel matrix increased the wear resistance
of the metal-mineral type by more than 11 times [9]. In the case of the cobalt warp, the
increase was almost 140 times [10]. The properties of ceramic materials used to reinforce
metal matrixes in surfaced composite layers are presented in Table 1.

Table 1. Properties of ceramic materials used to reinforce the metal matrix in surfaced composite layers.

Composite
Reinforcement Properties TiC WC TiB2 PD 1

Density, g/cm3 4.93 15.8 4.52 3.51
Decomposition
temperature, ◦C 3065 2870 2980 1450

Thermal expansion
coefficient at 298 K, K−1 7.74 × 10−6 6 × 10−6 3.5 × 10−6 1.3 × 10−6

Thermal conductivity at
298 K, W/(m·K) 50 90–110 96 550

Young’s modulus, GPa 410–510 550 510–570 1050
Compressive Strength, GPa 1.8 2–2.5 1.8 4.2

Flexural Strength, MPa 240–390 350 400–450 850
Fracture toughness KIc,

MPa·m 1
2

4–5.5 4.5 4–6 8.5

Hardness, GPa 28–35 30 25–35 75

Other features

High chemical
resistance, very high
abrasion resistance,

relatively good
resistance to oxidation

High chemical
resistance, very high
abrasion resistance,
weaker resistance to

oxidation

Very high abrasion
resistance, good

chemical resistance,
very good resistance

to liquid metals,
resistance to oxidation
(in the air) to 1000 ◦C

Low friction
coefficient, high

strength, very good
chemical resistance,

biocompatibility, poor
resistance to oxidation

around 780 ◦C
Reference [11] [12] [7] [10]

1 Polycrystalline synthetic diamond made by high pressure and high temperature (HPHT) technology.

The mechanical and tribological properties of the composite surfacing layers are
particularly important for preventive protection and the regeneration of contact surfaces of
the inserts of drilling tools. In recent years, drilling in the oil and gas mining sector has
predominantly used cutter drill bits with polycrystalline synthetic diamond compact (PDC)
blades. Among diamond tools, they reduce the working load of the drilling machine. In
terms of construction, they are characterized by a steel or matrix body and segmented,
ribbed, or winged arrangement of their blades (Figure 1).

The steel body of a drill bit is made of one piece of heat-treated alloy steel and
reinforced with inserts on the outer peripheral surface made of cemented carbide or poly-
crystalline synthetic diamond. The matrix body of the bit is manufactured by infiltrating
tungsten carbide particles, macrocrystalline WC, or fused-and-crushed WC-W2C, or a
mixture of them, with a Cu-Ni-Zn-Mn alloy [4]. The steel body is more resistant to shock
loading than the matrix body. The main disadvantage of the steel body is that it is quite
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susceptible to abrasive wear and erosion due to contact with the rock material to be mined.
To protect the steel core of the rock cutting core from damage caused by tribological wear
during operation, a coating is usually sprayed onto its surface or a layer more resistant
to abrasion and erosion is deposited on its surface. The overarching goal of producing a
durable steel body is to provide a hardfacing filler that has abrasion, erosion, and impact
resistance equal to or better than that of the matrix body.
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So far, the commonly used methods to protect the surface of the PDC steel body
against wear include flame surfacing with powders based on the Ni-Cr-Si-B-Fe alloy matrix
with the addition of irregular particles of angular fused-and-crushed (FTC) WC-W2C with
a diameter of 10–160 µm. Large particles of spherical fused tungsten carbide (SFTC) WC-
W2C with a diameter of 750–1200 µm have also been used. According to Badish et al. [13],
these layers ensure the correct operation of the PDC drill for over 10 years. Examples of
the chemical compositions of filler materials used for the hardfacing of tools working in
the extraction, mining, and cement industries are presented in Table 2.

Table 2. Examples of chemical compositions of filler materials used to protect the working surface of
drilling tools.

Hard-Facing Alloy

Reference
Composition, wt.%

Carbide-to-Matrix
Ratio

Carbide
Reinforcement Matrix

WC-CoCr (FTC) Ni–17Cr–4Fe–4Si–3.5B–1C 70/30 [14]
WC-W2C (FTC) Ni–0.2C–3.5–Si–3Fe–2.3B 60/40 [15]
WC-W2C (FTC) Ni–7.5Cr-3Fe-3.5Si–1.5B-0.3C 55/45 [4]

WC-W2C (SFTC) Ni–0.1C–3Si–3B–2Fe 60/40 [16]
WC-W2C (SFTC) Ni–9.5Cr–3Fe–3Si–1.6B–0.6C 68/32 [4]

WC-W2C (FTC) Co–27Mo–16.9Cr–3Si–0.5Fe–
0.8Ni 35/65 [17]

WC-W2C (SFTC) Ni– < 3Si– < 1B 40–90/60–10 [4]
TiB2 Ti–6Al–4V 50/50 [18]

In recent years, the geological conditions of the exploitation of mineral, oil, and natural
gas deposits have become more difficult. The filler materials and surfacing technologies
currently used in most drilling applications do not sufficiently protect the steel body of the
PDC drill bit; therefore, research was undertaken to develop a next-generation composite
(MMC), dedicated to plasma surfacing that effectively protects the working surface of
the PDC steel drill body against abrasive wear, erosion, high temperatures, and impact
loading [9,10].
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Powders based on cobalt and nickel belonging to Co3 and Ni3 alloys (in accordance
with EN 147000) [19] with a hard strengthening phase containing, among others, WC, TiC,
TiB2 particles, and of tungsten-coated synthetic polycrystalline diamond (PD-W). Powders
based on these alloys often contain non-metallic elements such as B and Si. Higher contents
of silicon and boron in the cladding powder resulted in more efficient melting of matrix
components and improved the wetting of the reinforcing phase particles in composites.
At the same time, when Si >1%, the plastic properties of the padded layer decrease, and
with higher boron contents, the tendency to form austenite grains increases. The content of
silicon and boron in the produced PPTAW hardfacing powders were optimized individually
for each of the alloys depending on the type, shape, and size of particles included in the
reinforcing components of the matrix metal. At the stage of preliminary preparation of the
filler material, the content of silicon and boron in the metallic powders was changed from
0 to 2.5% in 0.5% incremental steps. Plasma arc melting of small volumes of composite
powders allowed to select the filler material with the best weldability properties. In general,
the silicon and boron contents were slightly lower than that of commercial hardfacing
alloys. The use of spherical ceramic particles in the form of fused tungsten carbide WC-
W2C and polycrystalline synthetic diamond determined the stable feeding of the filler
material to the weld pool and the continuity of the surfacing process. Moreover, these
particles in combination with a matrix of alloys of the Ni3 and Co3 groups had the effect of
high hardness and stress reduction in the composite layer. Due to the larger surface of the
carbide, there was a higher proportion of WC-W2C and TiC particles with irregular shapes
in the hard reinforcing phase of the composite. This required a slightly higher content of
fluxing components in the powder mixture, which enabled the production of powders for
the plasma surfacing of steel body bits and tools with a “matrix-type armor” for drilling
applications. In materials science, it is important to properly qualify materials for specific
engineering applications. Usually, this is done based on the results of mechanical tests, in
which material parameters such as Young’s modulus, proportionality limit, yield point, or
temporary strength are determined; however, these are not the only mechanical properties
used in engineering practice. The parameter defined within the framework of linear-elastic
fracture mechanics is also taken into account, i.e., the stress intensity factor, KI, which is
used to determine the fracture toughness of a material. It is generally accepted that for
composite coatings, the critical value of the stress intensity factor determines its mechanical
resistance to cracking under an impact load; thus, the evaluation of the KIc parameter
value is very important for ceramic-reinforced composite coatings produced in via in situ
surfacing processes, where the percentage content of the composition varies depending
on technological conditions. Determination of the critical values of fracture toughness
KIc, crack tip opening displacement (CTOD), δIc, or JIc integrals according to the I crack
growth model in accordance with the standards [20,21] is difficult and burdensome and
requires appropriate laboratory equipment. These difficulties result from the methods used
to make and prepare test samples and the need to maintain appropriate test conditions
and procedures [22]. For these reasons, the relationship between the results of standard
tests of the mechanical properties of the material and the critical values of the fracture
toughness parameters is constantly sought. Many research results on the fracture toughness
of composite coatings are based on the indentation method and the formula proposed by
Evans and Wilshaw [23]. Several researchers have used this method to evaluate the fracture
toughness of a brittle composite coating developed using various methods and compared
the results with the fracture toughness measured by standard methods [24,25]. These
are most often the dependencies connecting the results of the work of impact breaking
of samples with a Charpy V–KV sharp notch (expressed in Joule units) with the critical
values KIc and δIc. There are also papers that discuss other methods for determining these
values, e.g., determining the KIc value for plasma-sprayed coatings based on measuring the
length of cracks around the impression formed during hardness measurements using the
Vickers method [26]. Such alternative approaches for determining the fracture toughness
of a material are generally applicable to industrial conditions. This article presents the
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analytical evaluation of the resistance to brittle fracture under a dynamic load of abrasion-
resistant metal matrix composite layers for protection against wear of working surfaces
of drilling tools used in the oil and natural gas mining sector. There is no information
related to tests concerning the brittle fracture resistance of the MMC layers reinforced with
metal-diamond composite, obtained using the powder plasma transferred arc welding
or the laser metal deposition methods. The analysis of related reference publications and
the results of personal research led to the conclusion that it is possible to obtain a ceramic
reinforcement-metal matrix composite surface layer characterized by microstructure and
brittle fracture resistance similar to the classic metal surfacing weld. The original article
achievement is, by selecting the right research methodology and analytical tools, obtaining
information about the shock load resistance of innovative composite layers.

2. Materials and Methods

For PPTAW, four different powders with a proprietary chemical composition were
used—cobalt Co3 and nickel Ni3 matrix composites (chemical compositions in accordance
with EN 147,000 [19]) containing super hard phases in the form of ceramic particles with
crushed sharp-edged TiC, spherical fused tungsten carbide particles (SFTC) WC-W2C,
fused tungsten carbide (FTC) WC-W2C, fine particles of titanium diboride TiB2, and
spherical particles of polycrystalline synthetic diamond with a tungsten coating PD-W
(Harmony Industry Diamond, Zhengzhou, China). The chemical composition of the
hardfacing powders is given in Table 3.

Table 3. Chemical composition of powders.

Filler
Material

Chemical Composition of the Matrix, wt. (%) Ceramic Reinforcement of the
Matrix, wt. (%)

C Si Mn Cr B Mo W Fe Ni Co TiB2 TiC SFTC FTC PD-W

C1 2.5–3 ≤1 ≤2 24–28 - ≤1 12–14 <5 ≤3 Bal. - 90 - - 10
C2 ≤0.05 <2.4 0.5 2.0 ≤1.4 - - ≤0.5 Bal. - - 60 30 10 -
C3 ≤0.05 <2.4 0.5 2.0 ≤1.4 - - ≤0.5 Bal. - - - 70 10 20
C4 ≤0.05 <2.4 0.5 2.0 ≤1.4 - - ≤0.5 Bal. - 10 - 90 - -

Carbide-to-matrix ratio: 60/40 (acc. to %). Bulk density of the powder determined by pycnometry: C1 = 7.47 g/cm3, C2 = 11.03 g/cm3,
C3 = 11.64 g/cm3, C4 = 13.80 g/cm3.

A SEM image of the micromorphology of the powder components used for PPTAW
cladding is shown in Figure 2. The density of the powders was tested by the volumetric
pycnometric method using an AccuPyc II 1340 density analyzer (Micromeritics Instrument
Corporation, Norcross, GA, USA) with a measurement accuracy of 0.03%. The volume
of the samples was determined as part of a previously marked measuring chamber that
was not filled with gas (helium pressure 134,447.77 Pa). The obtained values of five
measurements for each type of powder indicate the repeatability of its density. The powders
were dried before use in an S 60/03 chamber dryer (LAC, Židlochovice, Czech Republic) in
a 6-h cycle at 150 ◦C.

The particle sizes of the powders constituting the additional material for cladding
were measured by laser diffraction using an Analysette 22 MicroTec plus laser particle size
meter (Fritsch GmbH, Idar-Oberstein, Germany) equipped with two semiconductor laser
sources: green (λ = 532 nm, 7 mW) and infrared (λ = 940 nm, 9 mW). Measurements were
made using a wet dispersion unit with an ultrasonic exciter.

The surfacing tests were carried out on an automated welding station equipped with
a Eutronic GAP 2501 DC power source, EP2 powder feeder, and E52 universal plasma
torch (Castolin Eutectic, Gliwice, Poland), as shown in Figure 3. Single-pass padding was
deposited on samples with dimensions of 75 × 10 × 8 mm, made of low-alloy AISI 4715
structural steel (Table 4). Surfacing was performed with constant technological parameters,
which were the same for each type of powder (Table 5).
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Table 4. Chemical composition of low-alloy structural steel AISI 4715 according to the manufacturer’s
data (TimkenSteel Ltd., Canton, OH, USA).

Chemical Composition, wt.%

C Mn S P Si Cr Mo Ni Fe

0.12–0.18 0.65–0.95 ≤0.015 ≤0.015 0.15–0.35 0.40–0.70 0.45–0.60 0.65–1.00 Bal.

Notes: the average density of steel at a temperature of 25 ◦C, ρ = 7.865 g/cm3.

Table 5. Cladding parameters of the plasma transfer arc welding (PTAW) metal deposition of the
surface layers on AISI 4715 steel.

Process Parameters Value of Parameter

Current, I (A) 80
Voltage, U (V) 25

Travel speed, S (mm/s) 2.7
Powder feed rate, q (g/min) 18

Heat input, Eu
1 (J/mm) 444

Notes: Argon 5.0 (99.999%) acc. ISO 14175—I1: 2009 [27] was used as the plasma gas (flow
rate = 1.6 L/min), argon/hydrogen 5% H2, Ar (welding mixture ISO 14175-R1-ArH-5) was used as shield-
ing gas (flow rate = 12 L/min) and carrier gas (flow rate = 4 L/min), 1 calculated acc. to the formula:
Eu = k·(U × I)/S. The thermal efficiency coefficient for plasma-transferred arc k = 0.6 was used.

Fracture toughness tests of the parent material and steel samples with wear-resistant
composite surfacing welds were carried out in accordance with ISO 148 [28] using a
standard Charpy SUNPOC JB-300B impact hammer (Sunpoc, Guiyang City, China) with a
hammer with a rounding radius in an impact point of 2 mm.

The apparent density, porosity, and water absorption of the composite layers were
determined by Archimedes’ method in accordance with the ASTM D792-00 standard [29].
An AS 220.R2 Plus analytical balance (Radwag, Radom, Poland) with a reading accuracy of
±0.1 mg was used to measure the mass. The analytical balance was equipped with a set
KIT 85 for determining the density of solids using the hydrostatic weighing method.

The metallographic examination of the structures of the wear-resistant surfacing layers
and the parent material was carried out in accordance with ISO 17639 [30]. Metallographic
specimens were prepared in a standard manner and were collected perpendicularly and
parallel to the cladding direction. The polished specimens were etched in a mixture of
concentrated hydrochloric acid and concentrated nitric acid in a volume ratio of 3:1. The
etching time was selected experimentally, individually for each of the layer materials.
Observation and registration of microstructure images were performed with an Olympus
GX 71 inverted metallographic microscope (Olympus Corporation, Tokyo, Japan). The
surface topography of impact fractures was studied using a Zeiss Supra 25 system (Carl
Zeiss AG, Oberkochen, Germany) using the secondary electron (SE) detector, with an
accelerating voltage of 20 kV.

3. Results
3.1. Particle Size Distribution in Powders

The particle size of the powders of the additional material for surfacing was measured
in distilled water. Five measurements were made for each of the tested powders. Each
test powder was ultrasonically dispersed for 5 s before and during the test. The overall
measurement range was 0.08–2000 µm. The obtained results are presented in the form
of particle size distributions (Figure 4), and the selected statistical values are collected in
Table 6.
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Table 6. Statistical mean values of the particle size distribution of the powders used for surfacing
(PPTAW) of composite layers.

Average Statistical Value
Sample Determination

C1 C2 C3 C4

Quantile Q10 (µm) 26.60 14.17 31.22 5.13
Median Q50 (µm) 152.41 105.17 100.94 82.07
Quantile Q90 (µm) 247.55 180.10 167.32 162.88

The test results showed that the cobalt alloy powder with a hard reinforcing phase
in the form of particles of crushed titanium carbide TiC and spherical polycrystalline
synthetic diamond sintered PD-W (C1 filler material) had the highest mean particle size
(152 µm). On the other hand, the C4 filler material—a powder based on a nickel alloy
matrix with a hard reinforcing phase in the form of particles made of titanium diboride
TiB2 and spherical tungsten carbide WC-W2C—was characterized by the smallest average
particle size, amounting to 82 µm.

3.2. Density and Porosity of Composite Surfacing Welds

Based on the average of three mass measurements of test samples taken from the weld
metal of each surfacing weld, calculations were performed to characterize the physical
properties of composite layers, i.e., apparent density, open porosity, and water absorption.
Samples cut from the welds were dried in a laboratory dryer at 110 ± 5 ◦C to a constant mass
and then cooled in a desiccator. After determining the dry mass of the tested materials, the
samples were deaerated in a vacuum device, and then saturated with liquid. The apparent
mass of the sample immersed in the liquid and the mass of the sample saturated with liquid
and weighed in the air were determined. The results of measurements and calculations are
presented in Table 7. An example view of the longitudinal section of the macrostructure of
selected surfacing welds is shown in Figure 5.

Table 7. Density-related measurement results and calculations of the porosity of the surface layers
deposited (PPTAW) on structural low-alloy AISI 4715 steel.

Physical Quantity Average
C1 C2 C3 C4

Density ρ (g/cm3) 5.7785 8.1582 9.3425 9.6013
Standard deviation σρ 0.2117 0.6267 0.3150 0.2349
Absorbability A (%) 1.0219 0.6368 1.3856 0.1315

Open porosity Po (%) 5.6467 0.6368 11.2421 1.2346
Closed porosity Pc (%) 0.2526 5.7292 0.0082 1.4318

Apparent density ρa (g/cm3) 5.4787 7.7335 8.9729 9.3400
Total porosity Pc (%) 5.8993 6.0366 11.2503 2.6778

The results of density measurements and calculations of the porosity of composite
layers deposited with the PPTAW method showed that the weld metal obtained from
powder based on a nickel alloy matrix with a hard reinforcing phase in the form of
particles made of titanium diboride TiB2 and spherical tungsten carbide WC-W2C (C4
filler material) has the highest density (9.6 g/cm3) and the lowest porosity (2.7%). The
lowest density (5.78 g/cm3) was found for the layer obtained from cobalt alloy powder
with a hard reinforcing phase in the form of particles of crushed titanium carbide TiC and
spherical polycrystalline synthetic diamond sintered PD-W (C1 filler material), and the
highest porosity (11.2%) for the weld metal of the cladding weld made from nickel alloy
powder with a hard reinforcing phase in the form of particles of WC-W2C spherical and
broken tungsten carbide and PD-W spherical polycrystalline synthetic diamond sinter (C3
filler material).
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Figure 5. Exemplary macroscopic image of the longitudinal section of a composite surfacing weld:
(a) C1 filler material; (b) C3 filler material.

3.3. Assessment of the Microstructure of Composite Surfacing Welds

The results of microscopic metallographic observations were used to determine the
structure, type, distribution, and dimensions of the reinforcement phase and matrix of the
composite wear-resistant layers in the near-surface, middle, and transitional zones of the
surfacing weld. Light microscopy images of the structure were taken at a magnification of
200× (Figure 6). The microstructure and the results of the qualitative surface analysis in
the polycrystalline synthetic diamond are shown in Figures 7 and 8.
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Figure 6. Light microscopy image of the structure of the composite layer padded using the PPTAW method with powder
on the alloy matrix: (a) cobalt with a hard reinforcing phase in the form of crushed TiC and spherical PD-W particles
(C1 filler material); (b) nickel with a hard reinforcing phase in the form of crushed TiC and spherical broken tungsten
carbide WC-W2C particles (C2 filler material); (c) nickel with a hard reinforcing phase in the form of particles of WC-W2C
spherical and broken tungsten carbide and spherical polycrystalline synthetic diamond (C3 filler material); (d) nickel with a
hard reinforcing phase in particles of spherical tungsten carbide WC-W2C and titanium diboride TiB2 (C4 filler material);
(e) microstructure of the parent material of AISI 4715 non-alloy structural steel.
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The tests involving the use of light microscopy revealed that the microstructure of
the layer padded with a filler material C1 was dendritic, multidirectional, and contained
numerous inclusions of ceramic particles of titanium carbide (TiC) as well as single particles
of the synthetic metal-diamond composite (Figure 6a). The microstructure of the layer
padded with a filler material C2 was composed of spherical particles of primary tungsten
carbides and particles of crushed titanium carbide TiC in the nickel alloy matrix (Figure 6b).
In turn in the microstructure of the layer padded with a filler material C3, morphologically
diverse intermetallic phases consisting predominantly of spherical and crushed particles of
primary tungsten carbide as well as smaller amounts of complex secondary carbides on the
carbide–matrix boundary (Figure 6c) [9]. The secondary carbides were responsible for the
diffusive bond of the primary carbides with the matrix. According to Bober et al. [3], the
above-named mechanism of the bonding of carbides with the matrix should ensure their
stable deposition. The partial melting of the primary carbides led to the partial saturation
of the matrix with tungsten and carbon. In the structure of the padding weld made with
C4 filler material, only different size particles of primary spherical tungsten carbide in the
nickel alloy matrix were observed. The microstructure of alloy structural steel AISI 4715 is
ferrite and lamellar perlite (Figure 6e).

3.4. Critical Parameters of the Material’s Resistance to Cracking
3.4.1. Correlation Relationships Determining the Critical Parameters of Fracture Mechanics

Based on the work of the impact breaking KV (J) of the “Charpy V” type samples, the
fracture toughness KIc (MPa·m 1

2 ) can be determined from the following relations [31]:

KIc =

√
0.00022·E·(KV)

3
2 (1)

KIc =
√

0.00137·E·(KV) (2)

KIc = 14.5·
√
(KV) (3)

KIc = 0.53·(KV) + 57.9 (4)

where, in the absence of material data concerning the value of Young’s modulus (E),
Formula (3) is most often used.
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On the other hand, the critical value of the fracture front opening, CTOD (units: mm)
can be determined by Equation (5), as shown in [32]:

CTOD = δIc = 0.0024·KV (5)

3.4.2. Test Results and Calculations of the Critical Values of KIc and CTOD (δIc)

The impact tests were performed to determine the brittleness threshold and the nature
of the degradation of the AISI 4715 steel parent material and steel samples with wear-
resistant composite surfacing welds. The work of the impact breaking KV was determined
using a Charpy pendulum hammer with an initial energy of 300 J. The test was performed
at 23 ◦C on standardized samples with a V-shaped notch with an angle of 45o, a depth of
2 mm, and a bottom rounding radius of 0.25 mm. A notch was cut from the underside of the
sample on the side opposite to the surfacing weld (Figure 9). For each type of material, one
test set was prepared that consisted of three samples with dimensions of 10 × 10 × 55 mm
(full-sized sample). During the tests, the sample was adhered to the supports, the hammer
impact was centered, the notch axis was in the plane of the hammer’s motion, and the
notch was directed so that the hammer hit the surfacing weld during the test. The averages
of test results and calculated KIc and CTOD values are summarized in Table 8. Moreover,
the test results were supplemented with morphology and chemical composition analyses of
fractured micro-areas recorded with a stereoscopic microscope (Figure 10) and a scanning
electron microscope (Figure 11).
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Table 8. Fracture toughness KIc and critical value of crack opening CTOD calculated based on the value of the average
impact work of breaking KV at 23 ◦C of the AISI 4715 steel parent material and steel samples with wear-resistant composite
surfacing welds.

Sample No.
(Composite Weld Overlay) KV (J) 1 Standard Deviation σ (J) KIc Equation (3) (MPa·m 1

2 ) CTOD Equation (5) (mm)

C1 (Co3 + TiC + PD-W) 18.9 1.9 63.0 0.045
C2 (Ni3 + TiC + SFTC + FTC) 16.4 1.0 58.7 0.039

C3 (Ni3 + SFTC + FTC + PD-W) 22.3 1.4 68.5 0.054
C4 (Ni3 + SFTC + TiB2) 24.1 2.2 71.2 0.058

C5 (Steel AISI 4715) 10.7 0.4 47.4 0.026
1 Average value of three test results.
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Figure 10. Fractures after impact tests at a temperature of +23 ◦C, A—notch area, B—area of the dynamic propagation
zone of the fracture front in the native material, C—area of the dynamic propagation zone of the fracture front in the layer
deposited with powder on a matrix of: (a) C1 filler material; (b) C2 filler material); (c) C3 filler material; (d) C4 filler material;
(e) parent material.

The SEM images of fracture surfaces of all samples with composite layers (Figure 11a–d)
showed an obvious brittle fracture mechanism. Also, in the base material (Figure 11e) no
specimen exhibited the presence of ductile fracture areas with the formation of typical
dimples, brittle intergranular fracture dominated.
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Figure 11. SEM images of the brittle fracture surface for samples: (a) C1; (b) C2; (c) C3; (d) C4; (e)
base material.

4. Discussion

In the first publication of the series, we reported the structural and tribological proper-
ties of composite layers padded using PPTAW that contained Co-Cr-W-Mo alloys (C1 filler
material) and Ni-Cr-B-Si (C2, C3, and C4 filler materials). These filler materials contained
various combinations and volume fractions of hard ceramic particles (TiC, WC-W2C, TiB2,
and PD-W) [9,10]. This earlier research showed that the surface plasma-welded layers made
of these alloys displayed metal-mineral abrasion resistance, which made them suitable for
the contact surfaces of the drilling tool inserts used in the oil and natural gas sectors. The
current research was carried out to assess the resistance of the above-mentioned composite
layers to impact loading.
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4.1. Influence of Powder Particle Size on the Cracking of Surfaced Composite Layers under an
Impact Load

Figure 2 shows the morphology of the components of the powders used for hardfacing
the tested composite layers with the PPTAW method. The powders, apart from easily
fusible matrix metal particles (Co3 and Ni3 alloys), whose diameter did not exceed 50 µm,
also contained flame-retardant and super-hard phases in the form of ceramic particles
from crushed, sharp-edged TiC (about 250 µm), spherical fused tungsten carbide WC-W2C
(about 160 µm), broken tungsten carbide WC-W2C (about 80 µm), fine-grained titanium
diboride TiB2 (about 40 µm), and a spherical polycrystalline synthetic diamond with a
tungsten coating (about 60 µm). Measurements of the particle sizes of powders (Table 6) in
relation to the relevant calculations of the critical stress values KIc and the fracture front
CTOD (Table 8) showed that the particle size of the hard ceramic phase was closely related
to the fracture toughness of the MMC layers (Figure 12).
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Figure 12. Influence of the particle size of the powder used for surfacing composite layers on the
critical value of the stress intensity factor KIc.

The micrographs showed that in the composite layers on the Ni3 alloy matrix (C2,
C3, C4 filler materials) large particles of sharply crushed TiC (Figures 6b and 11b) cracked
more easily than spherical particles of WC-W2C or PD-W (Figures 6c and 11d). Larger TiC
particles were more susceptible to structural defects than smaller ones [33]. The larger the
particle size of the hard ceramic phase, the larger the interfacial surface (matrix–ceramic
particles) and the greater the stress transferred from the interfacial surfaces to the particles.
Large ceramic particles fixed in a relatively plastic matrix showed less tendency to plastic
deformation of the composite layer.

It was noticed that during crystallization of the liquid metal in the weld pool (C1 filler
material), some TiC particles cracked due to tensile stress concentration in carbide defects
(Figure 6a). The relatively low Young’s modulus (Table 1) and the resulting reduction
in the plasticity of TiC particles by strong intermolecular bonds indicates catastrophic
crack propagation in the material. This thesis is confirmed by the research presented in
refs. [34,35], which investigated the influence of tensile stress on the fracture of TiC particles
during laser alloying of steel with cobalt alloys at different laser treatment parameters. The
literature shows that the fracture toughness of TiC is 4–5.5 MPa·m 1

2 [36].
Based on SEM observations of fractures in the composite layers containing fused

spherical WC-W2C particles (Figure 11d), it was found that the initiation of a single
microcrack occurred inside the WC-W2C particles. The high temperature gradient resulting
from the rapid heating and cooling of the composite layer welded with the PPTAW method,
along with the 1/3 lower thermal expansion coefficient of the WC-W2C particle (Table 1)
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lower than the matrix metal, led to the generation of thermal stress in the ceramic particles.
When the value of the thermal stress exceeded the yield point of the polycrystalline WC-
W2C particle, microcracks formed on the surface of grain boundaries, spread, and then
penetrated the particles. After exceeding the critical dimension, the microcrack propagated
further from the WC-W2C particle into the composite matrix, easily developing along the
fracture-prone and brittle dendritic and interdendritic eutectic phases. The number of
brittle eutectic phases strongly influenced crack propagation. According to Zhou et al. [37]
and Wang et al. [38], the thermal stress caused by a high temperature gradient and different
coefficients of thermal expansion between the ceramic particle and matrix cause cracking of
WC-W2C particles (Figure 6b,d). Often, cracks in WC-W2C particles and matrix continued
to spread, merging to form macrocracks, as shown in Figure 11b. Xu et al. [39] also observed
cracks of WC particles in the composite layer on the matrix of a nickel alloy padded with
the LMD method. Researchers proposed that the critical value of residual stress was
determined mainly by microstructural and thermal stresses and was the main cause of
MMC fracture. Such microcracks, under the influence of dynamic loading, can initiate
brittle cracks. Surface topography tests on the impact fractures of all composite layers and
the base material (Figure 11c) showed a brittle fracture mechanism.

It was also found that WC-W2C melted at a much higher temperature during surfacing
than the Ni-Cr-B-Si matrix material (C2, C3, C4 filler materials), as shown in Figure 6b–d.
Depending on the amount of heat supplied to the material and the shape and size of the
tungsten carbide particles, a small number of particles of the hard matrix strengthening
phase dissolved during surfacing, which was also observed by Badish and Kirchgaßner [13].
A similar situation occurred in the case of synthetic polycrystalline diamond particles
covered by a tungsten coating (PD-W), where, after partial melting of the coating, the
tungsten was transferred to the matrix solution (Figure 8). The same observation was made
by Telasang et al. [40], who investigated the microstructure and mechanical properties
of laser-powder deposited layers using the direct metal deposition (DMD) technique on
an AISI H13 tool steel substrate. As a consequence, during solidification, the tungsten
and carbon pads entered the matrix solution. In general, the dissolution of tungsten and
carbon strengthened the matrix and increased its abrasion resistance [9,10,41], but also
reduced the fracture toughness and overall strength of the surfacing layers. According
to Yan et al. [42], particle fracture is usually related to the highest principal stress, which
increases upon increasing the particle size. As a result, small ceramic particles whose
greatest principal stress was negligible were more difficult to fracture. In addition, the
ceramic inclusions tended to break more easily at large aggregates where there was a high
stress concentration; however, no cracks were observed in the particles of the polycrystalline
synthetic diamond PD-W. The formation of an intermediate layer (~25 µm) between the
polycrystalline synthetic diamond particle and the cobalt or nickel matrix (Figure 8), by
melting the tungsten coating improved the stress transfer from the matrix to particles.

4.2. Influence of Density and Porosity on the Cracking of Surfaced Composite Layers under an
Impact Load

Fracture toughness is a complex function of not only the physical properties of the
matrix, or the type, proportion, and size of the hard phase reinforcing phase particles, but
also the state of inter-grain and interfacial boundaries, as well as the stress in non-metallic
inclusions and their surroundings. According to Bućko et al. [43], another important
parameter is the density of a composite—often determined by its porosity. Figure 13 shows
the joint effect of the matrix and ceramic inclusions, expressed by the specific density of
the composite surfaced layer on the KIc value.
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The lowest fracture toughness was obtained by the base material (AISI 4715 steel)
without a surfacing layer, for which the calculated average KIc value did not exceed
48 MPa·m 1

2 . In the case of composite layers surfaced by plasma with powders on a Ni3
alloy matrix, the highest value of the stress intensity factor KIc = 72.1 MPa·m 1

2 was recorded
for the layer containing spherical particles of fused WC-W2C and fine particles of TiB2
(C4 filler material). Moreover, in the case of nickel-based filler materials (C2, C3, C4 filler
materials), a linear relationship was observed between the density and fracture toughness
of the surfaced composite layers. The coefficient of determination R2 = 0.9029 indicated
that the presented regression equation is very useful for predicting the value of KIc using
the specific density ρ. The high Pearson’s linear correlation coefficient r = 0.9933 suggests
its significant influence on cracking. A large standard deviation σ for the calculated KIc
values obtained at higher densities and decreasing upon decreasing the density, indicates
that this material property is an important parameter that controls the fracture toughness
of composites. The decrease in density decreased the fracture toughness. This has been
confirmed by Rabin et al. [44] and Grabowy et al. [45]. It should be remembered that the
graph shown in Figure 13 is merely an illustration of the qualitative tendency and not
the quantitative dependence of the presented values. This is because the data come from
measurements made on samples differing in both the type and size of the strengthening
phase. On the other hand, the composite layer made of a powder on the matrix of Co3
alloy (C1 filler material) showed an average fracture toughness (KIc = 63 MPa·m 1

2 ) with
a comparatively low density of the composite material (ρ = 5.78 g/cm3). The relatively
good fracture toughness of this layer was attributed to the strong interfacial bonding of
the polycrystalline synthetic diamond (PD-W) with the cobalt alloy matrix (Figure 7a).
The density of the padded layer depended on the type and volume fraction of the hard
matrix reinforcing phase and also on the total porosity of the composite layer. According
to Bober et al. [12], when hard phase particles with a high melting point are well-wetted by
the liquid metal matrix, correct surfacing welds are formed, and the usage degree of the
hard reinforcing phase is high. On the other hand, when the wettability is insufficient, the
ceramic particles are displaced from the liquid weld pool, and the degree of recovery of
the strengthening particles is low. This usually leads to a series of welding imperfections,
especially gas bubbles, external pores, and cracks in the padding layer. In addition to
ensuring good wettability of the composite components, the density difference between the
hard reinforcing phase and the matrix greatly influences the porosity of the surfacing welds.
A significant difference in the specific mass of the matrix metal and the strengthening phase
can lead to the uneven distribution or agglomeration of the strengthening particles in the
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surfacing weld metal. According to Gawdzińska et al. [46], local densification of ceramic
particles may result in pores caused by insufficient saturation of capillary spaces between
the reinforcement phase and liquid matrix metal. The test results of composite surfacing
welds made of powder on a Ni3 alloy matrix do not unequivocally confirm the thesis that
a reduction in fracture toughness is tantamount to an increase in the porosity of the layer
(Figure 14).
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Figure 14. Influence of porosity of composite layers on the critical value of the stress intensity
factor KIc.

Even when the total porosity Pc rises above 6%, other factors were responsible for the
fracture toughness; therefore, it is possible to obtain composites that differ significantly
in their KIc with a comparatively high total porosity (Pc > 6%). For the same reasons, an
increase in KIc was observed for filler material C3. The analysis of Figure 14 does not
allow us to conclude that with the same chemical composition of the matrix, the greatest
impact on the critical value of KIc can be expected in the case of a high porosity Pc. The
low value of the correlation coefficient (−0.0826) does not show a rectilinear relationship
between KIc and Pc, which suggests that other factors have a more significant influence
on the cracking mechanism, e.g., the type and volume fraction of hard-phase particles
reinforcing the composite. The composite layer padded with powder on the matrix of the
Co3 alloy (C1 filler material) with a total porosity Pc = 5.9% showed a crack resistance (KIc)
of 63 MPa·m 1

2 .

5. Conclusions

Based on experimental tests and analytical calculations of the critical values deter-
mining the fracture toughness of the innovative metal matrix composite layers, it can be
concluded that:

(1) In the case of composite layers based on a nickel alloy matrix, the critical value of the
stress intensity factor KIc decreased linearly upon increasing the powder particle size
and increased linearly upon increasing the density of the composite layer.

(2) Taking into account the comparable size of the powder particles as well as the density
and porosity of the composite material, it was shown that the composite layer based
on the cobalt alloy matrix (C1 filler material) had a slightly higher fracture toughness
than the composite layer based on the nickel alloy matrix (C2 filler material). The
critical value of the stress intensity factor KIc for the composite layer on the Co3 alloy
matrix was 4.3 MPa·m 1

2 higher.
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(3) The nucleation of cracks in composite layers most often occurred inside the particles
of the hard strengthening phases (TiC and WC-W2C). They propagated in the matrix
along the very brittle dendritic and interdendritic eutectic phases of the composite
microstructure, which were susceptible to cracking. Spherical particles made of
polycrystalline synthetic diamond PD-W covered with a tungsten coating showed
high thermal stability and no susceptibility to cracking during surfacing using the
PPTAW method.

(4) Thermal stresses occurring during plasma surfacing and the different thermal expan-
sion coefficients of the ceramic reinforcement particles (TIC and WC-W2C) and the
metallic composite matrix may have been the cause of crack initiation and propagation
in the composite layers.
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Abstract: This article presents research on the structural and mechanical properties of an innovative
metal matrix composite (MMC) coating designed for use in conditions of intense metal-mineral
abrasive wear. The layer, which is intended to protect the working surface of drilling tools used in
the oil and natural gas extraction sector, was padded using the multi-run technique on a sheet made
of AISI 4715 low-alloy structural steel by Laser Direct Metal Deposition (LDMD) using a high-power
fiber laser (FL). An innovative cobalt alloy matrix powder with a ceramic reinforcement of crushed
titanium carbide (TiC) and tungsten-coated synthetic polycrystalline diamond (PCD) was used as
the surfacing material. The influence of the preheating temperature of the base material on the
susceptibility to cracking and abrasive wear of the composite coating was assessed. The structural
properties of the coating were characterized by using methods such as optical microscopy, scanning
electron microscopy (SEM), energy dispersion spectroscopy (EDS), transmission electron microscopy
(TEM) and X-ray diffraction analysis (XRD). The mechanical properties of the hardfaced coating
were assessed on the basis of the results of a metal-mineral abrasive wear resistance test, hardness
measurement, and the observation of the abrasion area with a scanning laser microscope. The results
of laboratory tests showed a slight dissolution of the tungsten coating protecting the synthetic PCD
particles and the transfer of its components into the metallic matrix of the composite. Moreover, it
was proved that an increase in the preheating temperature of the base material prior to welding has
a positive effect on reducing the susceptibility of the coating to cracking, reducing the porosity of the
metal deposit and increasing the resistance to abrasive wear.

Keywords: LDMD; cladding; deposition; titanium carbide; synthetic polycrystalline diamond

1. Introduction

Laser Direct Metal Deposition (LDMD) hardfacing—with direct feeding of metallic
powder to the weld pool—is a very modern and advanced welding technology. The
idea behind the process is to slightly melt the surface of the material with a heat source,
a laser beam generated by a high-power laser, and simultaneously deliver a stream of
metal powder to the weld pool through a nozzle. The additional material supplied from
outside then becomes the main component of the produced coating, and as a result of
the high temperature of the process, it melts with the substrate. The coatings produced
using this method exhibit excellent metallurgical bonding to the substrate, low dilution
(i.e., low mixing between the clad material and the substrate material, high density, little
or no cracking and good mechanical properties. The LDMD technique and other types
of laser surfacing can produce coatings from almost any metal material, both on new
and regenerated elements, which are used in the following industries: aerospace, energy,
petrochemical, automotive, and medical [1,2].
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Recently, there has been a great deal of interest in the use of the laser cladding method
to produce composite surface layers on the surface of components made of ferrous and
nonferrous alloys [3,4]. Metal matrix composites (MMCs), due to their properties such as
high hardness, excellent wear and corrosion resistance, are currently the most interesting—
in terms of research and being the most desirable materials in industrial applications—
group of additional materials for laser surfacing [5,6]. The combinations of metal matrix and
reinforcing particles are very diverse, and the most popular are composites based on iron,
nickel, cobalt, magnesium and aluminum alloys in combination with reinforcing particles
such as tungsten carbide (WC) [7,8], silicon carbide (SiC) [9], boron carbide (B4C) [10] and
titanium carbide (TiC) [11], the latter being used in this study.

Recently, many publications have referred to studies in which cobalt and its alloys
were used as a matrix; however, such materials are seldom described as matrix materials in
composite layers [12,13], and more often as homogeneous layers [14–16]. Cobalt–chromium
alloys, called Stellites, which are characterized by high hardness, resistance to corrosive en-
vironments and, above all, high wear resistance (including metal–metal, metal–mineral and
metal–liquid resistance) constitute a particularly important group of hardfacing materials
used for the production of laser-clad surfaces on elements designed to work in conditions
of high abrasive wear and extreme temperatures (up to 1050 ◦C), often combined with an
aggressive working environment. In Stellites, the addition of chromium plays an important
role—it is the main carbide-forming factor, and, as an alloying element in the matrix, it
increases the strength and the resistance to corrosion, oxidation, and the effect of sulphur
compounds. The very hard carbides present in the structure of Stellites create microscopic
unevenness between sliding surfaces, which ensures high resistance to abrasive wear [17].
Despite this, efforts are still being made to improve surface properties and reduce the
thickness of the overlay coating, resulting in an increase in the reliability and service life of
machine and device parts and thus contributing to minimizing production losses [18–20].
For this reason, more innovative additional materials for surfacing and methods of their
application are constantly being sought.

Composites based on cobalt alloys offer extremely broad prospects for research in this
area. TiC particles are often used as reinforcements for composite layers in cobalt alloy
matrices produced by laser surfacing processes [21–23]. They are used as both volumetric
and surface reinforcement. Shasha et al. [13] investigated the mechanical properties of
a coating based on a cobalt alloy reinforced in situ with TiC, TiB2, Cr5Si3, WB, SiC, Co3Ti
and NiC particles produced on the surface of a TA15 titanium alloy using a cross-flow CO2
laser. The results showed that the diversified and numerous interstitial phases dispersed
between fine dendritic structures in a matrix mainly composed of γ-Co, α-Ti solid solution
improved by more than threefold the hardness of the coating compared to the substrate.
Compared to the titanium alloy, the abrasion resistance of the coating was significantly
improved, and the wear rate of the coating was about 1/12 of the titanium alloy. The
abrasive wear mechanism of the hardfaced coating was mixed.

TiC-Co LMD (Laser Metal Deposition) composite coatings produced on a ductile iron
substrate were investigated by Tong et al. [21]. The results showed that an increase in
the size of the primary or secondary dendrite can be inhibited by the separation of TiC
after its dissolution in the molten metal pool. The hardness on the surface of the coating
gradually increased (to 1246.6 HV0.2) with a decrease in laser power or an increase in the
scanning rate. Attention was paid to the importance of the size and shape of the hard
phase particles and the type of matrix material. Unfortunately, the paper did not present
any tribological tests. Zahang [22] produces a composite TiC-Co layer laser welded onto
a substrate made of 2Cr13 steel. The layer was intended for preventive protection of the
working surface of machine parts and power devices exposed to abrasive wear and impact
load. The structure of the shell was highly diversified and consisted of several sublayers.
As a result of the impact of the laser beam, the surface material became harder, while fusion
and a transition zone occurred further within the coating. The coating structure consisted
of supersaturated cobalt dendrites with dispersed TiC particles. The test results showed
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that, for steel, it was possible to strengthen the welded material by simply hardening it.
However, in the case of superalloys, as a result of mutual diffusion and the mixing of the
alloy and substrate components, the chemical composition and structure of the top coat
changed, which was undesirable. Moreover, it was found that a higher amount of the hard
TiC phase promoted the growth of the metal matrix grain. The abrasive wear test showed
relatively good metal-to-metal wear resistance.

Many more pieces of experimental data have been published on laser-welded com-
posite layers employing a matrix of cobalt alloys reinforced with WC [24–27]. Most of
the research concerns the dissolution of WC in the matrix and its influence on the final
properties of the coatings. According to Zanzarin et al. [25], the dissolution of WC during
the laser surfacing process increased with an increase in the amount of heat supplied,
an increase in the temperature of the preheating of the base material or a decrease in the
tungsten and carbon content in the matrix. Dissolving WC can increase the susceptibility to
cracking and reduce the resistance to abrasive wear. An interesting alternative to WC, due
to its lower density and much higher values of Young’s modulus, compressive strength,
flexural strength, fracture toughness and hardness, is a synthetic polycrystalline diamond
(PCD). However, the decomposition temperature of pure synthetic PCD (1450 ◦C) is much
lower than the decomposition temperature of tungsten carbide (2870 ◦C). There are no data
in the scientific literature on the use of synthetic PCD as a matrix reinforcement of MMC
composite layers produced by LMD.

The aim of the study was to determine the effect of the preheating temperature of
the base material on the structure, susceptibility to cracking, and abrasion resistance of
a laser-welded coating consisting of composite powder in a cobalt alloy matrix. A novelty
in the presented results is the development of an innovative composition of the matrix
reinforcement consisting of a composite containing super-hard phases in the form of
ceramic particles from finely crushed TiC and spherical particles made of synthetic PCD,
the latter being protected against thermal decomposition with a tungsten coating. Our
results showed that there is a possibility of producing a composite laser-welded coating
using the ceramic reinforcement—the cobalt matrix phase system, the microstructure and
abrasive properties of which are appropriate to protect the working surface three-cone
toothed bits [28]. Currently, laser surfacing of the working surface of drilling cutter teeth
is not used under production conditions. Typically, these elements are protected against
wear by hardfacing using the oxyacetylene welding (OAW) method with a composite
stick (tubular electrode) with a powder core, Figure 1b. The implementation of the LMD
surfacing technology in place of the gas surfacing technique used up to now for this
industrial application may contribute to an improvement in the quality of surface layers
by minimizing noncompliance, stresses, and welding deformations, as well as the share
of base metal dilution in the weld, even to levels below 3%. In addition, it will allow for
obtaining the required chemical composition of the padding weld to be already obtained in
the first layer, contributing to greater production efficiency resulting from the automation
and robotization of the padding process, and allowing for the finishing time of the padded
surface to be shortened.
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Figure 1. Three-cone bit with milled teeth: (a) general view of the drill bit with milled teeth,
(b) working surface of the teeth after oxyacetylene hardfacing.

2. Materials and Methods
2.1. Materials

The material used for surfacing was an innovative metallic powder of the Co3 alloy
group (Höganäs AB, Höganäs, Sweden) according to EN 147000 [29], characterized by an
increased weight fraction of carbon (up to 3%) and tungsten (up to 14%). The metal powder
that constituted the composite matrix material was mechanically mixed in a Turbula T2F
laboratory turbulent mixer (Glen Mills Inc., Clifton, NJ, USA). The powder consisted of
a hard reinforcing phase composed of crushed sharp-edged titanium carbide TiC and spher-
ical synthetic polycrystalline diamond PCD (Harmony Industry Diamond, Zhengzhou,
China) with a tungsten coating. The proportion of the reinforcing phase components to the
metal matrix components was 60% to 40% by weight with the hard phase content composed
of 90% TiC with a particle size ranging from 140 to 250 µm and 10% PCD with a particle
size of 180 µm, Figure 2. The chemical composition of the composite powder, claimed by
patent P.435997, is presented in Table 1. The base material was a low alloy structural steel
of AISI 4715 (Table 2).

Table 1. Chemical composition of AISI 4715 low-alloy structural steel according to manufacturer data
(TimkenSteel Ltd., Canton, OH, USA).

Element, wt.(%)

Fe C Mn Cr Mo Ni Si P S CEV 1

Bal. 0.12–0.18 0.65–0.95 0.40–0.70 0.45–0.60 0.65–1.00 0.15–0.35 ≤0.015 ≤0.015 0.66
1 CEV—Carbon Equivalent Value.

Table 2. Chemical composition of powder.

Chemical Composition of the Matrix, wt.(%) Ceramic Reinforcement of the Matrix, wt.(%)

Co Cr W Ni Fe Mn Mo C Si TiC PCD-W

Bal. 24–28 12–14 ≤3 <5 ≤2 ≤1 2.5–3 ≤1 90 10

Notes: Carbide to matrix ratio: 60/40 wt.(%).

2.2. Laser Processing

The laser powder surfacing process was carried out using the LDMD technique—with
direct feeding of the composite powder to the weld pool—on a robotic stand equipped with
a modern surfacing system using a YLS-4000 ytterbium fibere laser system (IPG Photonics
Corporation, Oxford, MA, USA) with a wavelength of λ = 1070 nm and a maximum
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laser beam power of 4000 W mounted on a REIS RV30-26 six-axis robot (Reis Robotics,
Obernburg am Main, Germany), Figure 3.

Figure 2. SEM image of the composite powder particle morphology and EDS spectra obtained for
selected grains.

Figure 3. View of the test stand used for robotic surfacing with the LDMD.

The diameter of the laser spot at the focal plane, 20 mm from the nozzle tip, mea-
sured with a UFF100 Laserscope (Prometec GmbH, Aachen, Germany), was 5 mm, with
energy distribution in the TEM01* beam. The powder cladding set-up consisted of
a computer-controlled powder feeding system and a coaxial cladding nozzle integrated
with a Computerized Numerical Control (CNC) five-axis gantry. Coaxial powder injection
was realized by using nozzle gas, carrier gas and shielding gas—Argon 5.0 (99.999%).
Cladding was performed at the following gas flow rates: nozzle gas (Ar) = 15 L/min,
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carrier gas (Ar) = 2.8 L/min and shielding gas (Ar) = 12 L/min. In order to determine the
range of optimum surfacing parameters, a series of single-run padding welds was carried
out with laser power values of 1400, 1600, 1800, 2000 and 2200 W with a surface speed from
4 to 12 mm/s and a powder feed rate from 15 to 30 g/min. The optimum parameters for the
surfacing of the composite coating (Table 3) were defined as the parameters that ensured
a uniform distribution of the powder across the entire surface of the liquid metal in the
weld pool, the correct depth of fusion g < 2 mm, a layer height h < 5 mm and a percentage
of dilution of the base metal in the surface layer D < 5% (Figure 4).

Table 3. Optimum parameters for laser surfacing with Co3+TiC+PCD powder on AISI 4715 steel.

Process Parameters Value of the Parameter

Laser Power (W) 1800
Scanning Speed (mm/s) 8

Laser Spot Size, (mm) 5
Powder Feed Rate (g/min) 24

Overlap Ratio (%) 33
Heat Input 1 (J/mm) 225

1 defined as the laser power divided by the scanning speed.

Figure 4. LDMD coating with composite powder: (a) a view from the face of the padding welds,
(b) a cross section of the coating.

Test samples were produced with dimensions of 75 × 25 × 10 mm—in a series of three,
welded either without or with preheating of the substrate using an oxyacetylene torch to
temperatures of 100, 200 or 300 ◦C, and the samples were marked with the symbols T0 (no
heating), T100, T200 or T300, respectively.

2.3. Methodology of Research

In order to assess the quality of the surfacing welds and to determine the number
of cracks in the surfacing layers at different preheating temperatures of the substrate,
non-destructive testing i.e., visual tests (VT) and penetration tests (PT) were carried out.
The structural and mechanical properties were determined on the basis of the analysis of
the results of macro- and microscopic metallographic tests, chemical composition, X-ray
diffraction, hardness, and porosity measurements as well as metal-mineral abrasive wear
resistance tests.

2.3.1. NDT Tests

Visual tests (VT) and penetrant tests were carried out in accordance with the guidelines
contained in the relevant standards, i.e., ISO 17637 [30] and ISO 3452-2 [31]. VT consisted of
determining, using the naked eye and a digital pen microscope, the location and assessment
of the surface quality features of the coating, such as cracks, porosity, spikes, undercut,
imperfect shapes, and dimension. Before starting the actual test, the tested surface was
prepared by thoroughly cleaning it of all impurities and drying it. The system of color
preparations (system design type II, sensitivity 2) PT ISO 3452-2 II Cd-2 and EN 571-1 was
used for penetration tests.
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2.3.2. Metallographic Examination and X-ray Diffraction Analysis

Microscopic examinations were performed on metallographic specimens prepared
by standard methods. The etching reagent was a mixture of concentrated hydrochloric
acid and nitric acid in a volume ratio of 3:1, the so-called ‘aqua regia’, and the digestion
time of the sample was experimentally selected. The observation and saving of macro- and
microstructure images were performed using an Olympus SZX9 stereoscopic microscope
(Olympus Corporation, Tokyo, Japan) equipped with a Moticam 5.0+ digital camera (Motic
(Xiamen) Electric Group Co Ltd., Xiamen, China) and Motic Images Plus 3.0 software
(Motic (Xiamen) Electric Group Co Ltd., Xiamen, China). SEM studies were performed
on a Zeiss Supra 35 microscope (Carl Zeiss SMT, Oberkochen, Germany) equipped with
an EDS spectrometer for chemical composition analysis. For transmission electron mi-
croscopy (TEM) observations, samples were prepared employing the Focused Ion Beam
(FIB) technique using an SEM/Ga-FIB Helios NanoLabTM 600i microscope (FEI Com-
pany, Hillsboro, OR, USA). TEM investigations were performed using an S/TEM Titan
80-300 microscope (FEI Company, Hillsboro, OR, USA) equipped with a Cetcor Cs probe
corrector (CEOS, Heidelberg, Germany) and an EDS and EELS spectrometer for chemical
composition analysis. Crystal Maker (version 10.4.1) and Single Crystal software (Crystal-
Maker Software Limited, Oxfordshire, UK) were used to simulate the crystal structure and
diffraction patterns. The phase composition of the hardfaced coating was determined by
X-ray diffraction tests performed on at Panalytical X’Pert Pro MPD diffractometer (Malvern
Panalytical Ltd., Malvern, UK), using filtered radiation (Kβ Fe filter) from cobalt anode
lamps (λKα = 0.179 nm). The diffractogram was recorded in Bragg—Brentano geometry,
using a PIXcel 3D detector on the axis of the diffracted beam over an angle range of 20–110
[2θ] (step = 0.05◦, count time per step = 100 s). The diffractograms obtained were analyzed
using dedicated Panalytical High Score Plus software (Malvern Panalytical Ltd., Malvern,
UK) together with the PAN-ICSD structural database. Quantitative phase analysis of the
X-rays was performed using the Rietveld method.

2.3.3. Density Measurement and Examination of the Porosity of the Coating

The density of the top coat was measured according to ASTM D792 [32] using
a Radwag AS 220.R2 analytical laboratory balance (Radwag, Warsaw, Poland) with the
Archimedes method of density measurement.

The porosity of the surface coating was assessed using a µCT Nanotom 180N micro-
tomography device (Ge Sensing & Inspection Technologies GmbH, Wunstorf, Germany)
equipped with an X-ray tube with a maximum voltage of 180 kV. Tomographic images
were recorded using a Hamamastu 2300 × 2300 pixel decoder (Hamamatsu Photonics K.K.,
Hamamatsu, Japan). The virtual reconstruction of the shell structure was mapped using
proprietary GE datosX ver.2.1.00 software (GE Sensing & Inspection Technologies GmbH,
Hürth, German). All tomographic images were taken at a source voltage of 140 kV and
200 µA with a 360◦ rotation of the element in 2400 steps. The exposure time was set at
500 ms, the frame averaging at 3 and the image skipping at 1, while the scanning time of
a single element t = 80 min. Porosity analysis was performed using the MyVGL program
(Volume Graphics GmbH, Heidelberg, Germany).

2.3.4. Hardness Measurements

The hardness on the surface of all coatings (samples symbols T0, T100, T200 and T300)
was measured using the Rockwell C method, according to the procedure described in
ISO 6508-1 [33]. The tests were carried out using a Sunpoc Super Rockwell SHRS-450M
hardness tester (Guizhou Sunpoc Tech Industry Co., Ltd., Guizhou, China) on the minimally
sanded outer surface of the hardfacing coating, at five measuring points located on the axis
of the sample with a 10 mm space between them. Hardness measurements in the cross
section of the overlay coating were performed using the Vickers method, according to the
guidelines contained in the ISO 6507-1 standard [34]. The measurement was carried out on
metallographic specimens (T0, T100, T200 and T300) at 10 measurement points, separately
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for the hard phase particles and the metal matrix, and the hardness was determined on
the HV 0.05 scale. The tests were performed using a hardness tester with an automatic
measuring track and a Future-Tech FM-ARS 9000 image analysis system (Future-Tech Corp.,
Kawasaki, Japan).

2.3.5. Abrasive Wear Test

The metal-mineral wear resistance of the surface layer was tested according to the
ASTM G 65-00 standard, Procedure A [35]. The abrasive wear process was tested with the
use of a ’rubber wheel’ type device (Figure 5).

Figure 5. Schematic diagram of the stand for testing resistance to metal-mineral abrasive wear
according to the ASTM G65 standard.

The surface coating abrasion test, without heating and with preheating of the base
material to temperatures of 100, 200 and 300 ◦C, was carried out for four series of two
samples for each initial temperature of the base material. During the test, which lasted
about 30 min, the friction wheel made 6000 revolutions against the test material with a force
of 130 N and a flow rate of the abrasive material (A. F. S. Testing Sand 50–70 mesh) of
335 g/min.

Before and after the abrasion test, the samples were weighed on a laboratory balance
with an accuracy of 0.0001 g. The average coating density was determined using a labora-
tory balance, on the basis of three density measurements of samples taken from the tested
materials and weighed at room temperature in air and liquid. Using the measured average
density of the hardfaced coating and the average mass loss of the sample after the abrasion
test, the volumetric mass loss was calculated according to Equation (1):

Volume loss
[
mm3

]
=

mass loss [g]

density
[

g
cm3

] × 1000 (1)

The surface abrasion area of the coating after the ASTM G65 test was observed us-
ing a 3D LEXT™ OLS5100 laser scanning microscope (Olympus Corporation, Tokyo,
Japan), allowing a very precise measurement of the shape of the abrasion profile and
surface roughness.

Furthermore, based on planimetric tests carried out on macroscopic samples (Figure 4b),
the share of base metal dilution substrate material in the composite layer was estimated
according to Equation (2):

D =
AN

AN + AD
× 100% (2)

where AN is the area of the fusion of the layer into the base material, and AD is the rim area
of the weld overlay.
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3. Results and Discussion
3.1. Non-Destructive Testing Results

Non-destructive testing of laser-welded composite layers of cobalt Co3 powder con-
taining of TiC and PCD ceramic particles on the substrate of low-alloy AISI 4715 structural
steel allowed the type, location and size of surface imperfections to be determined. The
results of penetration tests of surface coatings without heating or with preheating of the
base material to temperatures of 100, 200 or 300 ◦C are shown in Figure 6.

Figure 6. View of the coating laser-welded with composite powder after penetration tests (PT):
(a) surfacing without heating, surfacing with preheating of the base material to temperatures of
(b) 100 ◦C, (c) 200 ◦C, (d) 300 ◦C.

In terms of the quality of workmanship, the coatings were characterized by a high
regularity of the outer plane and the symmetry of the successive overlapping, weld beads.
VT and PT of the surface of the layers showed only the presence of radial cracks (1051)
and transverse cracks (1021) [36]. The lack of preheating of the substrate before surfacing
resulted in the appearance of a dense network of cracks, Figure 6a. Increasing the preheating
temperature to 100 ◦C caused the crack mesh density to decrease, and in the temperature
range from 200 to 300 ◦C, a significant reduction was observed in the number of cracks
in the layer. Only single cracks were detected spreading throughout the coating width
in a line perpendicular to the welding direction, Figure 6c,d. A higher content of matrix
alloying additives and a higher proportion of hard phase ceramic particles reinforcing the
composite contributed to an increase in abrasion resistance, but at the same time increased
the tendency for surface cracks to form in the padding weld. Cracks appeared during
cooling due to the difference in the thermal expansion coefficients of the base material
and the padding weld material [37]. The cracks most often penetrated deep into the base
material and in no way weakened the adhesion of the surface coating.

According to [38], in wear resistant MMC layers, cracks are acceptable if they appear
across the seams and the distance between them is not less than 20–30 mm. In the case of
the composite tested, this condition was met for the preheating temperature of 300 ◦C. To
obtain a crack-free surfaced coating, it was necessary to select the preheating temperature
and control the inter-pass temperature. Preheating the material before surfacing reduces
shrinkage stress [39] and the hardness in the heat-affected zone [40], while also reducing
the risk of hydrogen cracks [41]. In the analyzed case, the factors that influenced the
necessity to use preheating were the high carbon equivalent value, CEV = 0.66% and the
high-power density of the heat source, which translated into low linear welding energy.
For a given configuration of the base material and filer metal, the preheating temperature
should exceed 300 ◦C and should be maintained throughout the welding cycle. The size
and thickness of the welded material are also important in this case. Elements with larger
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dimensions, such as toothed cones, should be heated more (even up to 500–700 ◦C), bearing
in mind that too high a preheating temperature can, however, contribute to the thermal
decomposition of the carbide phase [42]. The effect of the preheating temperature of the
base material before surfacing on the number of cracks in the composite layer is shown in
Figure 7.

Figure 7. Influence of the preheating temperature of the base material before surfacing on the number
of cracks in the composite layer.

3.2. Metallographic Test Results and Results of the XRD Analysis

The results of microscopic metallographic observations of the composite coating
allowed the matrix structure as well as the type, distribution and dimensions of the ce-
ramic reinforcement to be determined. SEM observations were carried out at 80, 500 and
1500 times magnification. Secondary Electron (SE) as well as Back Scattered Electron (BSE)
detectors were used for image acquisition, the latter to more clearly show the chemical
contrast, ensuring the highest image quality. For detailed structural analysis of the areas
containing carbide reinforcement particles, a transmission electron microscope (TEM) was
used to determine the grain size, structural defects and cracks in the TiC and PCD particles.
The results of the microscopic observations are shown in Figures 8 and 9.

Figure 8. Area of the composite shell fusion line. SEM images (BSE detector): (a) left side of the
coating section and (b) right side of the coating section.
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Figure 9. Area of the fusion line of the composite shell. (a) SEM image (SE detector). EDS maps of of
element distribution, (b) carbon—green, (c) titanium—yellow, (d) cobalt—blue.

Scanning microscopy studies showed that the metal matrix of the composite coating
was densely and evenly filled with a large number of inclusions of ceramic TiC particles and
single particles of synthetic PCD. Figure 8 shows the fusion zone of the coating deposited
against the base material. Two areas separated by a fusion line are visible, differing in
morphology and chemical composition. In the surfacing layer, geometrically irregular
TiC particles with grain sizes often exceeding 100 µm can be observed. TiC is known to
have good mechanical properties and is a frequently used ceramic additive for composite
binders (MMCs) designed to protect elements exposed to high abrasive wear in combination
with impact stress [43]. However, like most ceramics, titanium carbide is brittle and, due
to the reduction of plasticity by strong bonds, has a tendency to undergo catastrophic
fracture [44,45]. According to Sun et al. [46], cracking occurs during plasma surfacing
(PPTAW), in the first phase of cooling of the liquid metal in the weld pool, due to the
concentration of tensile stresses in carbide defects. The tests conducted showed that, during
the LDMD method, the tendency of the TiC particles to fracture clearly decreased with
an increasing preheating temperature of the base material.

Figure 10 shows a single grain of titanium carbide with a size of approximately 200 µm.
In the matrix surrounding it, much finer grains (of a size of a few micrometers) enriched
with tungsten and titanium are noticeable.

In BSE images (Figure 8), they are visible as brighter spots. To characterize them
in detail, TEM studies were performed. Figure 11a shows a smaller area (approximately
4 µm × 4 µm) taken from the surroundings of the TiC.

It included two fragments of grains containing carbon, titanium and tungsten, and
a cobalt matrix in which the presence of Cr, C, Ni, Ti and W (Figure 11b) was confirmed.
Due to the use of the EELS spectrometer, it is possible to clearly confirm the presence of C
in the analyzed grains containing Ti and W. The EDS analysis (Figure 11d) showed that the
atomic share of Ti and W was 80% and 20%, respectively (ESD does not allow for a reliable
quantitative analysis of light elements; therefore, the C content is not included here). The
presence of Cu in the spectrum resulted from its presence in the structure of the microscope
and can be ignored. Based on Selected Area Electron Diffraction (SAED) (Figure 11c), the
analyzed grains were identified as the C1Ti0.8W0.2 phase (98-007-7553, cubic structure,
space group Fm-3m).

In addition, two large grains of synthetic PCD were observed in the fusion line,
Figure 9. The particles, which were partially fused into the base material, had an oval
shape and sizes of up to several dozen micrometers. Single grains of sintered diamond
were also observed in the central part of the cross section of the surface coating, as well as
in the vicinity of the padding weld. The results of the analysis of the chemical composition
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of the synthetic PCD grain embedded in the substrate material and the matrix fragment
surrounding it are presented in Figure 12.

Figure 10. Titanium carbide particle: (a) SEM image (SE detector) and EDS maps of element distribu-
tion, (b) titanium—yellow, (c) tungsten—green, (d) cobalt—blue.

Figure 11. Structure of the area containing C1Ti0.8W0.2 carbides: (a) TEM image, (b) maps of C,
Cr, Co, Ni, Ti and W distribution (C and Ti determined by EELS, other by EDS), (c) SAED electron
diffraction of C1Ti0.8W0.2 in the [–110] direction and (d) EDS spectrum of C1Ti0.8W0.2 carbide.
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Figure 12. PCD particle embedded in the substrate material: (a) SEM image (BSE detector) and
element distribution maps: (b) carbon—blue, (c) tungsten—green, (d) iron—red.

In order to fully characterize the grain structure of the PCD particles, TEM observations
were performed. It is worth noting that, because of the large differences in the hardness of
the components of the tested material (diamond-matrix), making lamellas using the FIB
technique turned out to be extremely difficult. The obtained lamellas had a heterogeneous
thickness, contained significant amounts of Pt deposited for protective purposes and were
subject to strong deformation as a result of stresses. Figure 13 shows a TEM image of
a lamella with a fragment of a PCD particle.

Figure 13. Synthetic PCD: (a) TEM image—BF, (b) SAED diffraction of the PCD particle towards
[011], (c) HRTEM image.

Electron diffraction has a selected area aperture (Figure 13b) of a diamond structure
(96-901-1576 cubic structure, Fd-3m space group), while high resolution HRTEM imaging
of its crystal showed a non-defective structure (Figure 13c).

It was noted that some of the tungsten from the protective coating that covered the
PCD particles went into solution, Figure 12a,c. The rest of the element chemically reacted
with the carbon contained in the diamond to form a thin WC coating. This coating had
good thermal stability, ensured the cohesion of the particle, increased its strength, and
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also improved the thermal conductivity of the alloy, which could indirectly increase its
resistance to abrasive wear.

In Figure 11a, there are several small irregular particles that contain tungsten. The size
of the particles did not exceed several dozen nanometers. Precipitates of this type were
only located in the area of the fusion line, where the iron content in the matrix was high.
An example of such a precipitate located on the C1Ti0.8W0.2 carbide boundary (marked A)
is shown in Figure 14a.

Figure 14. Precipitate of Cr0.4Fe0.475W0.125 on the boundary of C1Ti0.8W0.2 carbide: (a) TEM
image, (b) EDS analysis of the precipitate of Cr0.4Fe0.475W0.125 from the area marked as B,
(c) STEM– HAADF image of the boundary between the C1Ti0.8W0.2 carbide and the precipi-
tate of Cr0.4Fe0.475W0.125, (d) Fourier transformation of the area denoted as A (identified as
C1Ti0.8W0.2 in the [–110] direction), (e) Fourier transformation of the area denoted as B (identi-
fied as Cr0.4Fe0.475W0.125 in the [–110] direction).

The precipitate (marked B) contained 46% Fe, 22% W, 12% Cr, 16% Co and 4% Mo
(Figure 14b). Based on the STEM-HAADF image obtained and the Fourier transformation
(Figure 14c–e), the analyzed precipitate was identified as the Cr0.4Fe0.475W0.125 phase
(98-062-6001, cubic structure, space group I-43m).

The properties of cobalt alloys are largely due to their crystallographic structures. In
the developed powder, alloying elements such as Fe, Ni and C stabilize the cubic structure
A1 of cobalt, which below a temperature of 417 ◦C is transformed into crystals of the
densely packed hexagonal A3 lattice stabilized by Cr, W and Mo. At ambient temperature,
a metastable regular flat-centered phase is often present in cobalt alloys instead of the
hexagonal phase. This phase, defined as cobalt (alloy) austenite, is a solid solution of Cr,
Ni, Fe, W, Mo or Mn in cobalt [42].

The chemical composition of the coating, especially in the area of the fusion line,
differed from the chemical composition of the filler metal used for surfacing due to the
proportion of the substrate in the layer. The powder used for the surfacing contained
up to 5% Fe, while in the layer an increased presence of this element was found. The
matrix microstructure of the composite was chemically heterogeneous. The dendritic area
was cobalt austenite strengthened by a solution of elements such as chromium, tungsten
or molybdenum. Interdendritic eutectics were rich in chromium, tungsten, silicon and
carbides. The Cr alloy was designed to provide corrosion resistance and strengthen the
solid solution by creating M7C3 and M23C6 carbides. Tungsten reached a content of 22%
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in some areas of the coating, contributing to the strengthening of the solid solution and
favoring the formation of MC and M6C carbides and intermetallic phases [47].

X-ray diffraction phase and quantification analyses were performed to identify the
phases present in the layer. The diffractogram and the result of the X-ray qualitative
phase analysis are presented in Figure 15. The analysis showed less than 35% of γ-Co
(cobalt austenite) and over 51% of regular carbide with the TiC structure, as well as 14%
of hexagonal carbide with a WC structure. The indication of WC probably comes from
carbide phases formed on the surface of the synthetic PCD.

Figure 15. X-ray diffraction pattern of the composite coating welded by LDMD with marked reference
lines of the identified crystalline phases and the results of X-ray qualitative phase analysis.

3.3. Hardness Measurements’ Test Results

Measurements of the hardness of the outer surface and the cross-section of the coating
are presented in Table 4 and Figure 16.

Table 4. Results of Rockwell C hardness measurement on the outer surface of the coating laser welded
with Co3+TiC+PCD composite powder on AISI 4715 low-alloy structural steel.

Hardnesses, (HRC)
Standard
Deviation

Dilution
Ratio,

(%)
Specimen
Number

Measurement Point Number Average Hardness
of the Tested Samples1 2 3 4 5

T 0 59.8 61.8 60.9 61.7 60.3 60.9 0.9 2.6
T 100 60.4 59.5 61.2 59.2 60.0 60.1 0.8 3.3
T 200 60.2 57.9 59.4 58.7 59.9 59.2 0.9 6.5
T 300 57.4 58.5 59.7 59.0 58.8 58.7 0.8 8.2

It was assumed that, as the amount of heat supplied to the substrate material increased,
the dissolution of the PCD particles would increase, which would affect the hardness of
the coating in two ways. First, it was expected that, as PCD particle dissolution increased,
the hardness would decrease as the volume fraction of the ceramic phase decreased. At
the same time, it was expected that the average microhardness of the alloy matrix would
increase as a result of the dissolution of tungsten and carbon. Furthermore, it was taken
into account that the hardness of the coating would also be influenced by the dilution ratio
of the substrate due to the dissolution of iron and carbon from the substrate. The results of
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the tests presented in Table 4 show that, even in the case of a large share of the base material
in the padding weld, the hardness measurements on the surface of the layer show only
a slight downward trend. The share of base material did not affect the final microhardness
of the alloy matrix (Figure 16), and thus did not affect the overall hardness of the coating.

Figure 16. HV hardness measurement results on the cross-section of the coating laser-padded with
Co3+TiC+PCD-W composite powder on AISI 4715 low-alloy structural steel.

In the Co-Cr-W-Ni-Fe-Mn-Mo-C alloy, there was no intensive dissolution of the tung-
sten coating protecting the PCD particle, and tungsten and carbon were already present in
the matrix. The transfer of these two elements to the weld metal slightly enriched the alloy
matrix with tungsten and carbon and had no significant effect on the microhardness of the
cross section of the composite coating.

The hardness of the surface layer tested on the outer surface, depending on the
preheating temperature of the substrate material, varied in a range from 58.7 to 60.9 HRC,
Table 4. An increase in the preheating temperature of the substrate material by 300 ◦C in
relation to the material not heated before surfacing resulted in a slight decrease in hardness,
which was slightly more than 2 HRC. However, the measurements carried out on the
cross section of the top coat showed that, depending on the preheating temperature, the
average microhardness of the areas between the dendritic areas of the alloy on the cobalt
alloy matrix ranged from slightly more than 710 HV0.05 (60.5 HRC) to almost 728 HV0.05
(61.3 HRC).

With an increase in the preheating temperature of the base material, a slight decrease
in the average hardness of the composite matrix was observed. The reason for this may be
the partial dissolution of the PCD particles and the transfer of tungsten and carbon into
the metallic matrix. This explanation is confirmed by the research conducted by Zanzarin
et al. [25] and Janicki [27]. Moreover, a slight increase in the microhardness value was found
as the measuring point moved away from the fusion line toward the coating surface. This
trend may have been influenced by the dissolution of the iron and carbon composite from
the substrate into the matrix. The microstructure of the coating in the area adjacent to the
heat affected zone differed from that of the padding weld subsurface coating because of the
method of crystallization of the liquid metal. Higher hardness may have also resulted from
a large number of hard phase particles at the surface of the padding weld. The average
hardness of the TiC particles that made up the reinforcement of the matrix was about
2256 HV0.05, and it should be noted that the hardness of the synthetic PCD particles could
not be measured.

3.4. The Results of Density Measurement and Testing the Coating Porosity

On the basis of the measurements of the mass of the samples taken from the composite
layers, calculations were carried out regarding the variation of the specific density of the
composite and the degree of its porosity with regard to the preheating temperature of the
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base material. The results of the measurements and calculations for three samples in each
series are presented in Table 5. Examples of images of the structure of the composite coating
obtained as a result of the µCT analysis are shown in Figure 17.

Table 5. The results of the density measurements together with the calculations of the degree of
porosity of the top coat laser-welded with the Co3+TiC+PCD-W composite powder on the AISI 4715
low-alloy structural steel.

Physical Quantity Average Value of the Measured Quantity for Samples
T0 T100 T200 T300

Density ρ (g/cm3) 5.7785 6.0176 6.3805 6.6169
Standard Deviation σρ 0.4092 0.2908 0.2254 0.1978
Open Porosity Po (%) 6.6467 6.0041 2.7647 1.8161

Closed Porosity Pc (%) 3.5316 2.0263 0.8925 1.0648
Apparent Density ρa (g/cm3) 5.1903 5.5344 6.1472 6.4263

Total Porosity Pc (%) 10.1783 8.0304 3.6572 2.8809

Figure 17. View of the µCT structure of the composite coating welded using the LDMD method, sam-
ple T300: (a) view of the longitudinal section from the side of the padding weld face, (b) view of the
coating cross-section surface, (c) view of the longitudinal section surface from the base material side.

The composite layer tested was not free of internal porosity. The overall porosity
of the coating decreased from more than 10% to less than 3% as the substrate preheat
temperature increased. The lower amount of heat supplied to the welded material and the
narrow fusion zone—although advantageous for technological and aesthetic reasons—may
have impeded the escape of metal vapors from the steam channel and thus promoted the
formation of bubbles and porosity in the padding weld. Preheating the base material before
padding reduces the rate of crystallization of liquid metal in the weld pool and promotes
the desorption of accumulated gases [26,48].

3.5. Abrasive Wear Test Results

The metal-mineral abrasion resistance of the composite coating was determined by
calculating its average volume loss after the ASTM G65 test, Table 6. The results obtained
were related to the average share of the base metal dilution in the surface layer, Table 4.
The character of the abrasive wear of the top coat was assessed on the basis of visual tests
(Figure 18) and observations using a scanning laser microscope (Figure 19), determining
the average height of the abrasion area profile depending on the preheating temperature of
the base material, Figure 20.
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Table 6. The results of the metal-mineral abrasive wear resistance test of the composite coating
welded with the LDMD method according to ASTM G65.

Specimen
Designation

Mass
before Test, (g)

Mass
after Test, (g) Mass Loss, (g) Average

Mass Loss, (g)
Clad Layer

Density, (g/cm3)

Average
Volume Loss,

(mm3)

No preheating

T 0_1 149.8935 149.8203 0.0732
0.0806 5.7785 13.9482T 0_2 149.8704 149.7824 0.0880

Preheating temperature, T = 100 ◦C

T 100_1 149.4675 149.3991 0.0684
0.0613 6.0176 10.1867T 100_2 150.2985 150.2443 0.0542

Preheating temperature, T = 200 ◦C

T 200_1 150.8568 150.8377 0.0191
0.0184 6.3805 2.8837T 200_2 149.7372 149.7195 0.0177

Preheating temperature, T = 300 ◦C

T 300_1 149.9748 149.9639 0.0109
0.0101 6.6169 1.5263T 300_2 149.8394 149.8301 0.0093

Figure 18. View of the surface of the abrasion area after the metal-mineral abrasion test of a composite
coating welded by LDMD: (a) without heating the substrate and with heating to a temperature of:
(b) T = 100 ◦C, (c) T = 200 ◦C, (d) T = 300 ◦C.

The metal-mineral abrasion test according to ASTM G65, Procedure A, was carried
out under medium stress because the sand grains after their interaction with the surface of
the test sample were only partially crushed. The mass loss of the composite coating after
the abrasive test decreased with increasing preheating temperature of the base material
and density of the padding weld. The maximum mass loss of the composite coating, which
exceeded 0.08 g, was recorded for the sample made without preheating the base material
before padding, and the smallest for the padded coating with preheating the base material
to 300 ◦C. The increase in mass loss is related to the decrease in the density of the composite
coating caused by its external and internal porosity, Table 5. The high stress in the layer is
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also important due to rapid heat dissipation from the unheated substrate, which causes
cracks on the surface of the coating and promotes the fragmentation of TiC particles as
result of brittle fracture. Analysis of surface condition after the abrasion test showed an
abrasive wear mechanism. The strongly embedded and evenly distributed hard phase in
the form of TiC and PCD particles in the matrix of the cobalt alloy constituted a natural
and effective barrier for the abrasive medium.

Figure 19. Image and surface profile after the metal-mineral abrasion test of the composite coating
(T300 sample) obtained with a scanning laser microscope.

Figure 20. Dependence of the height of the profile of the abrasion area of the composite coating
surface on the preheating temperature of the substrate material.

The main wear mechanism of the hardfaced coating was micro-cutting in the form
of continuous scratches parallel to the weld axis and, to a much lesser extent, grooving
of the surface. The course of the cracks deviated from the rectilinear direction in some
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places, which indicated the effectiveness of the strengthening of the base material and
confirmed the presence of hard phases in the structure. The sand formed scratches on the
surface of the composite coating with a profile height ranging from 33 to about 240 µm.
The width of the crack profile ranged from 400 as much as over 2000 µm, with the deepest
and widest dimensions of the wear profile observed at the overlapping point of successive
runs of padding welds. In the area of surface abrasion, single spherical craters were found,
remaining after the synthetic PCD particles peeled from the matrix. The wear mechanism
noted for microcutting a coating welded by LDMD with a Co-Cr-W-Mo alloy binder was
confirmed by Lin et al. [49]. In relation to previously published data [43] and our own
research [28] on the wear resistance of layers padded with composite binders in the cobalt
alloy matrix with the addition of a hard phase in the form of TiC particles, a beneficial
effect on abrasive wear was observed from the addition of synthetic PCD particles. In the
case of abrasion-resistant composite layers on a cobalt matrix, the abrasive wear resistance
increases with an increase in the volume fraction of the ceramic reinforcement. In the
case of the designed alloy, the high resistance to abrasive wear was the result of the
type, size and shape in the particles of the hard matrix strengthening phase and the test
conditions specified in ASTM G65. In the working conditions of the drilling tool, the
influence of natural factors is necessary, which include mechanical load, soil structure,
hydrogeological considerations and humidity conditions. These factors were not included
in the abrasion resistance assessment of the tested composite coating. Currently, LDMD
surfacing technology from the teeth of the prototype three-cone bite (Figure 21) using
a designed alloy is being refined. The finished tool will be tested under field conditions.
The surfacing layer will be subjected to an assessment of resistance to abrasive, impact and
thermal wear.

Figure 21. View of the tooth surface of the prototype three-bite auger filled with LDMD with
a designed composite filler.

4. Conclusions

The purpose of this research was to assess the effect of the preheating temperature of
the base material—low-alloy structural steel of grade AISI 4715—on the susceptibility to
cracking, resistance to metal-mineral abrasive wear and metallographic structure LDMD
coating, which was innovative in terms of its chemical composition and the type of hard
matrix reinforcement phase. In the case analyzed, the substrate material was a low-alloy
structural steel AISI 4715 for which the chemical equivalent of carbon CEV = 0.65%. It is
assumed that, with CEV values higher than 0.60%, steel is considered difficult to weld, and
therefore requires the use of additional treatments regardless of the size and weight of the
element being welded. Then, precautions such as preheating the material and maintaining
this temperature throughout the surfacing process should be applied. After surfacing,
it is also recommended to cool the element very slowly using heating mats, as well as
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often additional heat treatment. Preheating and meeting the temperature regime during
surfacing, especially large components such as a drill bit with milled teeth, are critical
factors in terms of surfacing efficiency and weld quality. This treatment allows for an
increase in the speed of surfacing, a better melting and flow of the alloy, and a reduction
in the likelihood of thermal decomposition of the carbide phase. The results allow us to
conclude that the selected chemical composition of the metallic phases as well as the type,
amount and size of the hard phase particles of the developed composite powder allow for
high accuracy, repeatability of dosing and near perfect melting with the use of laser powder
deposition systems. Preheating the base material above 300 ◦C significantly reduces the
susceptibility to cracking and porosity of the metal deposit, reduces internal stresses in the
TiC (preventing particle brittleness) and significantly increases resistance to metal-mineral
abrasive wear. The process of LDMD with direct feeding of the powder to the weld pool
helps to maintain the structural and thermal stability of the synthetic PCD particles. The
tungsten from the protective coating of the PCD particles slightly enriches the matrix of the
composite and does not significantly increase the hardness measured on the outer surface
and the cross section of the surface coating.

5. Patents

The procedure for granting a patent (No. P435997) was initiated before the Patent
Office of the Republic of Poland.
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Abstract: The article presents research in the field of laser cladding of metal-matrix composite (MMC)
coatings. Nickel-based superalloys show attractive properties including high tensile strength, fatigue
resistance, high-temperature corrosion resistance and toughness, which makes them widely used in
the industry. Due to the insufficient wear resistance of nickel-based superalloys, many scientists are
investigating the possibility of producing nickel-based superalloys matrix composites. For this study,
the powder mixtures of Inconel 625 superalloy with 10, 20 and 40 vol.% of TiC particles were used to
produce MMC coatings by laser cladding. The titanium carbides were chosen as reinforcing material
due to high thermal stability and hardness. The multi-run coatings were tested using penetrant
testing, macroscopic and microscopic observations, microhardness measurements and solid particle
erosive test according to ASTM G76-04 standard. The TiC particles partially dissolved in the structure
during the laser cladding process, which resulted in titanium and carbon enrichment of the matrix
and the occurrence of precipitates formation in the structure. The process parameters and coatings
chemical composition variation had an influence on coatings average hardness and erosion rates.

Keywords: Inconel 625; metal matrix composite; laser cladding; erosive wear

1. Introduction

Metal-matrix composite (MMC) coatings have been constantly developed in recent
times due to the increasing demand and requirements of the industry in the field of surface
wear resistance. Production of MMC coatings on machine parts can significantly extend
their service life and at the same time reduce costs of the regeneration or replacement
of worn parts [1–5]. Nickel-based superalloys show attractive properties including high
tensile strength, fatigue resistance, high-temperature corrosion and oxidation resistance
in aggressive environments, together with high-temperature toughness and ductility. The
combination of these properties makes these alloys widely used in many industries includ-
ing aerospace, chemical and energy industry [6,7]. In addition, nickel-based superalloys are
also used as coatings on machine parts to improve their corrosion resistance. The studies
conducted by Abioye et al. [8] and Nemecek et al. [9] show the positive effect of laser
cladding of Inconel 625 coatings on the corrosion resistance of the S355 and AISI 304
steel surfaces. The production of composite coatings based on nickel-based superalloys
has a high application potential due to the combination of the unique properties of these
alloys and the increased wear resistance of the surface. The previously conducted stud-
ies [10–13] show that the production of nickel-based superalloys coatings reinforced with
WC, Cr3C2, VC, TiC, TiB2 particles can improve the hardness and wear resistance of the
coatings. Taking into account the advantageous properties of the nickel-based superalloys,
it is reasonable to select the reinforcing material with high thermal stability in order to
ensure high wear resistance in both low and high temperatures. Titanium carbide (TiC)
is not only characterized by high hardness (2859–3200 HV) and strength (240–390 MPa),
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low density (4.92 g/cm3), but also has a high melting point (3180 ◦C) and high thermal
stability, which makes it highly attractive for producing nickel-based superalloys matrix
composites [14–17]. The laser cladding process is commonly used for the production of
MMC coatings. This technology is characterized by many advantages, including high
heating and cooling speeds, which leads to the creation of unique structures, the negligible
influence of the base material on the chemical composition and properties of the produced
coatings, high precision and efficiency [18,19]. Moreover, laser cladding can be used for
producing both in-situ and ex-situ MMC coatings [20–23].

Research on the production of TiC reinforced nickel-based superalloys coatings using
laser cladding technology was previously conducted by Gopinath et al. [24]. The authors
used Inconel 718 as coating matrix material and their research was focused on the effect
of changing the thermal cycle in the molten pool on the final MMC coating structure.
Jiang et al. [25] produced Inconel 625 based coatings reinforced with nano-TiC particles by
micro particles insertion and partial dissolution in the structure. As a result, the hardness
and modulus of the produced coating increased in comparison to the Inconel 625 coating.
Lian et al. [26] tested the dependence of laser cladding of Ni-based coatings reinforced
by TiC particles parameters on coatings hardness and wear resistance. Bakkar et al. [27]
investigated the high volume percent TiC reinforced (25–70%) Inconel 625 composites.
Cao and Gu [28] investigated the microstructure and properties of Inconel 625 matrix
composite coatings with 2.5 wt.% TiC nano-particles. The previously conducted researches
in this field [24–28] show that nickel-based superalloys composite coatings reinforced by
2.5–50% TiC particles are characterized by 10–45% higher hardness and up to 6% higher
wear resistance than metallic nickel-based superalloys coatings. The results [27] also show
that the increased TiC particles content of 50–70% may cause defects in the microstructure
due to lack of matrix penetration.

The aim of the following research was the production of Inconel 625-based MMC
coatings reinforced with 10, 20 and 40 vol.% of TiC using the laser cladding process. The
tests were performed to determine the influence of laser cladding process parameters on
the structure, hardness and solid particle erosive resistance of the produced MMC coatings
in comparison to Inconel 625 metallic coatings.

2. Materials and Methods

For the study, the flat surface of the base material (10 mm thick, as-received S355JR
low-alloy steel, Cognor, Stalowa Wola, Poland) was prepared by grinding, cleaning and
degreasing with ethyl alcohol (Stanlab, Lublin, Poland). For the coating production, Inconel
625 (Metcoclad 625, Oerlikon, Westbury, NY, USA, gas atomized spheroidal powder) and
TiC (Goodfellow, Huntington, UK, 50–150 µm, purity 99.8%) powders were used. The
chemical composition of the base material and Metcoclad 625 powder are presented in
Table 1. Powder mixtures of Metcoclad 625 with the addition of 10, 20 and 40 vol.% TiC
were prepared, mixed and dried for 1 h at 50 ◦C. The laser cladding process was carried
out without preheating.

Table 1. Chemical composition of S355JR base material and Metcoclad 625 powder.

Material
Designation C Mn Si P S Cr Ni Mo Nb Al Cu Fe

(wt.%)

S355JR 0.2 1.5 0.2–0.5 max
0.04

max
0.04

max
0.3

max
0.3 - - max

0.02
max
0.03 balance

Oerlikon
Metcoclad

625
- - - - - 20.0–

23.0
58.0–
63.0

8.0–
10.0 3.0–5.0 - - max

5.0
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The laser cladding process was perfomed on the stand equipped with a disc laser
TRUMPF Trudisc 3302 (TRUMPF, Ditzingen, Germany) (Table 2), a numerically controlled
system for positioning the processed material in relation to the laser head and gravitational
powder feeder system. For the laser cladding process, the laser beam focus (diameter of
200 µm) was set 30 mm above the base material surface. For the laser cladding process, argon
was used as shielding gas (10 L/min) and powder transporting gas (3 L/min). The powder
during the laser cladding process was injected directly into the molten pool. To determine
the optimal parameters of laser cladding, single-pass coatings were produced with a laser
power range of 1400–2300 W, cladding speed of 0.1–0.25 m/min, powder feed rate of 0.03–
0.05 g/mm and heat input of 500–560 J/mm. The parameters’ range was chosen based on
the previous experience [11,19]. The proceeding analysis of single-pass coating geometry,
dilution and TiC particles distribution throughout the volume of the coatings allowed
determination of the optimal parameters for producing multi-run coatings (Table 3). The
multi-run coatings were produced with a 40% overlap. For each set of parameters, one
multi-run coating was prepared.

Table 2. Technical specifications of TRUMPH Trudisc 3302 laser.

Property Value

Wavelength (µm) 1.3
Maximum output power (W) 3300

Laser beam divergence (mm·rad) <8.0
Fibre core diameter (µm) 200

Collimator focal length (mm) 200
Focusing lens focal length (mm) 200

Beam spot diameter (µm) 200
Fiber length (m) 20

Table 3. Laser cladding parameters.

Designation
Powder TiC

Content
(vol.%)

Laser Power
(W)

Speed
(m/min)

Powder Feed
Rate

(g/mm)

Coating
Thickness

(mm)

Coating TiC
Content
(vol.%)

Dilution
(%)

I-01 - 2100 0.25 0.04 1.6 - 3.3
I-02 - 2100 0.25 0.05 2.1 - 2.1

M-01 10 2100 0.25 0.04 1.7 8.8 25.5
M-02 10 2100 0.25 0.05 2.1 9.8 12.6
M-03 20 2100 0.25 0.04 1.8 18.3 17.5
M-04 20 2100 0.25 0.05 2.2 19.6 9.8
M-05 40 2100 0.25 0.04 1.9 38.6 14.6
M-06 40 2100 0.25 0.05 2.3 39.7 7.5

The research included the penetrant tests for the verification of the presence of the
cracks (colour contrast technique, penetrant MR 68 NF, developer MR 70, cleaner MR
79, MR Chemie, Unna, Germany) in the multi-run coatings surfaces, the macrostructure
observations of fabricated coatings, the microstructure observations and energy disper-
sive spectroscopy (EDS) analysis using Scanning Electron Microscope (SEM) Phenom
World PRO (Thermo Fisher Scientific, Waltham, MA, USA). The coating’s general chemical
composition was estimated based on the 4 cross-sectional surface EDS analysis results
(magnification 1000×, accelerating voltage 15 kV) for each coating. For the etching, the
mixture of HNO3 (Chempur, Piekary Śląskie, Poland), HCl (Chempur, Piekary Śląskie,
Poland), acetic acid (Stanlab, Lublin, Poland) and glycerol (Poch, Gliwice, Poland) (etchant
89 according to ASTM E 407-99) was used [29]. The coating’s dilution rate was measured
using Equation, where FBM is the melted cross-sectional area of the substrate and RA is the
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cross-sectional area of reinforcement of the clad. The cross-sectional areas were obtained
using AutoCad 2018 software (Autodesk, CA, USA).

U =
FBM

FBM + RA
× 100 [%]

X-ray diffraction (XRD) analysis was proceeded using a PANalytical X’Pert PRO diffrac-
tion system (Malvern Panalitycal, Malvern, UK) with filtered radiation from the lamp with a
cobalt anode. The X-ray diffraction patterns were recorded from the ground coatings surfaces.
The diffraction profiles were obtained in the 2θ range between 25◦ and 130◦ in continuous
scan mode with a step size of 0.1444◦. The counting time per step was 22.695 s. To assess
the produced MMC coatings properties, the Vickers microhardness measurements were per-
formed using Wilson 401MVD Vickers microindentation tester (Wilson Instruments, Instron
Company, Norwood, MA, USA) and the solid particle erosive tests (device manufactured
in Welding Department, Silesian University of Technology, Gliwice, Poland) were carried
out according to the ASTM G76-04 standard [30]. The microhardness measurements were
performed with a 200 g load and dwell time of 12 s in three lines across the beads at a distance
of 0.7, 1.0 and 1.3 mm from the surface (Figure 1a). The distance between consecutive mea-
suring points was 0.5 mm. Additionally, the microhardness measurements were completed
in three lines through the coatings from the surface to the base material with the distance
between consecutive measuring points of 0.1 mm (Figure 1b). For the test solid particle
erosive test, the Al2O3, 50 µm diameter, abrasive particles in dry air were used as erodent.
The velocity of abrasive particles was 70 m/s and its feed rate was 2 g/min. The test
lasted for 10 min. The tested sample surface was located at a distance of 10 mm to the
nozzle. The test was carried out for each sample with an impingement angle of 90◦ and
30◦. For each angle, three tests were performed. As a result of the solid particle erosive test,
mass loss was obtained using a laboratory scale with an accuracy of 0.0001 g. The erosion
rate was counted for each sample according to ASTM G76–04 standard [30]. After the
erosive tests, the received craters were observed on Scanning Electron Microscope ZEISS
SUPRA 35 (ZEISS, Jena, Germany).
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Figure 1. The Vickers microhardness measuring lines scheme, (a) measurements across the beads,
(b) measurements from the coating surface to the base material.

3. Results and Discussion

The macrograph of representative single-pass composite coating is presented in Figure 2.
The observations allowed to find that the laser cladded single-pass coating is metallurgically
bounded with the base material surface. On the basis of the macroscopic observations of the
single-pass coatings, it has been found that the optimal range of laser cladding parameters
is very narrow. In the case of the coatings produced with the lowest laser beam power
of 1400 W and speed of 0.15 m/min, the insufficient penetration and the TiC particles
accumulation on the coatings surface, causing a lack of proper distribution, were observed.
The increase in laser beam power to 1850 W, with constant heat input, caused slightly better
TiC particles distribution, while in the case of the highest laser beam power 2300 W and
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speed 0.25 m/min, the penetration and coatings dilution was too high (maximum of 57.2%).
The optimal penetration, dilution and reinforcing particles distribution was received for
the coatings fabricated by 2100 W power laser beam, with the speed of 0.25 m/min and
powder feed rate of 0.04 and 0.05 g/mm.
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The surface views after penetrant testing of the produced multi-run coatings are
presented in Figure 3. The indications visible around coatings and in the beginning and
end areas of the beads resulted from the surface roughness. On the M-02 (Figure 3d)
coating can be seen two non-linear indications, which, because of the surface roughness,
can be qualified as false indications. The largest linear indications caused by cracks can be
observed on the surfaces of coatings M-05 (Figure 3g) and M-06 (Figure 3h), which were
produced using a powder mixture with the highest TiC contribution (40 vol.%). The results
of this study indicate the negative impact of increased volume fraction of TiC in the Inconel
625 matrix on coating cracking during the laser cladding process with the same parameters.
This is due to the increased brittleness of the MMC coating along with the increase in the
proportion of the reinforcing phase. As previously investigated [31], the presence of cracks
on the surface may deteriorate the erosion resistance.

The macrographs of produced coatings are presented in Figure 4. The thicknesses,
dilutions and measured TiC contents of multi-run laser cladded coatings are summarized
in Table 3. The average chemical compositions of coatings cross-sectional regions received
from EDS are presented in Table 4. These observations and results allowed to assess the
impact of powder feed rate and volume fraction of titanium carbide in the powder mixture
on coating thickness, penetration, dilution and uniformity of TiC dispersion in the structure.
The results show that together with the increase in powder feed rate, the thickness of the
coatings increase. The increased TiC particles content in the powder mixture also caused
the increase in the thickness of the coatings fabricated with the same parameters. The
measured TiC particles content was in each coating lower than the carbides content in
the powder mixture used in the laser cladding process. This phenomenon is directly
associated with the fusion and dilution of the coating with the base material, which is
causing the volume increase of the coating material. The coatings characterized by higher
dilution in each laser cladding parameters set (M-01, M-03, M-05) show a higher decrease
in measured volume TiC content (Table 3). At a constant laser beam power of 2100 W and
a cladding speed of 0.25 m/min, the use of a lower powder feed rate (0.04 g/mm) resulted
in the formation of a higher penetration and dilution of coatings with the same chemical
composition. However, the higher powder feed rate (0.05 g/mm) resulted in defects near
the fusion line in coatings M-04 (Figure 4f) and M-06 (Figure 4h). In the case of increasing
the volume fraction of titanium carbide with the use of constant laser cladding parameters,
the penetration and dilution of each composite coating decreased. However, the lowest
dilution and penetration were measured for metallic Inconel 625 coatings. The higher
penetration can be attributed to the increase in laser radiation absorption level by the
presence of TiC particles in the powder mixture, which results in increased heat generation.
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As a result, the temperature gradient in the molten pool is higher and the mechanism of
convective mixing of liquid metal occurs more intensively, leading to higher penetration.
On the other hand, the increase of TiC content in the powder mixture leads to Marangoni
convection inhibition [32]. As a result, a decrease in penetration can be observed. The
coating’s dilution influences the average iron composition, which for composite coatings
varies from about 3.3 to 17.98 wt.%. Based on the macroscopic observations, it can be also
observed that the powder feed rate change in the tested range does not have a significant
effect on the uniformity of titanium carbide dispersion in the structure. Coatings with the
lowest volume fraction of titanium carbides show the lowest uniformity of its dispersion
in the structure. Titanium carbides accumulated in clusters mainly in the upper part of
the coatings with a 10 and 20% volume fraction. It is related to the density of this carbide,
which is lower than that of the matrix material. Along with increasing the proportion of
titanium carbide to 40%, the homogeneity of the coatings improved.
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Table 4. The produced coatings average chemical composition received from EDS surface analysis.

Desigantion Ni Cr Mo Nb Fe Ti

(wt.%)

I-01 60.74 ± 1.56 19.82 ± 0.49 10.16 ± 0.79 4.61 ± 0.12 4.67 ± 1.14 -
I-02 63.64 ± 0.63 20.71 ± 0.28 9.47 ± 0.53 4.4 ± 0.58 1.78 ± 0.25 -

M-01 49.13 ± 1.07 16.2 ± 0.41 8.1 ± 0.58 4.7 ± 0.36 17.98 ± 0.95 2.65 ± 0.49
M-02 54.07 ± 4.72 17.59 ± 1.43 9.27 ± 1.09 4.17 ± 0.91 7.89 ± 2.55 3.51 ± 1.05
M-03 50.31 ± 1.28 16.64 ± 0.19 9.73 ± 1.41 3.89 ± 0.34 14.38 ± 0.81 5.37 ± 2.08
M-04 55.13 ± 1.9 18.12 ± 0.5 10.14 ± 1.32 5.1 ± 0.17 5.11 ± 1.58 6.41 ± 1.26
M-05 44.08 ± 2.93 14.11 ± 2.16 7.43 ± 0.87 4.33 ± 0.51 14.48 ± 3.91 14.55 ± 3.75
M-06 47.04 ± 4.94 16.02 ± 1.78 8.59 ± 1.35 4.82 ± 0.76 3.3 ± 1.92 19.73 ± 8.48

97



Materials 2021, 14, 2225

Materials 2021, 14, x 7 of 19 
 

 

convection inhibition [32]. As a result, a decrease in penetration can be observed. The coat-
ing’s dilution influences the average iron composition, which for composite coatings var-
ies from about 3.3 to 17.98 wt.%. Based on the macroscopic observations, it can be also 
observed that the powder feed rate change in the tested range does not have a significant 
effect on the uniformity of titanium carbide dispersion in the structure. Coatings with the 
lowest volume fraction of titanium carbides show the lowest uniformity of its dispersion 
in the structure. Titanium carbides accumulated in clusters mainly in the upper part of 
the coatings with a 10 and 20% volume fraction. It is related to the density of this carbide, 
which is lower than that of the matrix material. Along with increasing the proportion of 
titanium carbide to 40%, the homogeneity of the coatings improved. 

 
Figure 4. The laser cladded Inconel 625/TiC coatings macrostructures (a) I-01, (b) I-02, (c) M-01, (d) 
M-02, (e) M-03, (f) M-04, (g) M-05, (h) M-06 (coatings designation according to Table 3). 

  

Figure 4. The laser cladded Inconel 625/TiC coatings macrostructures (a) I-01, (b) I-02, (c) M-01,
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The microstructure of metallic Inconel 625 coatings is presented on Figure 5. The pro-
duced composite coating’s microstructure (Figure 6) consists of Inconel 625 matrix and
TiC reinforcing particles (RPs). The matrix microstructure consists of austenite dendrites,
confirmed by XRD analysis (Figure 7) and minor secondary phases. The austenite den-
drites according to EDS analysis consists (Figure 8) mainly of nickel, chromium and iron,
while secondary phases are rich in carbon, niobium, molybdenum and titanium. Since
carbon and titanium are not present in the Metcoclad 625 powder and are present in the
composite coating’s matrix (secondary phases), it can be assumed that the presence of
these elements in the matrix is caused by the partial dissolution of titanium carbide RPs.
The phenomenon of TiC particles dissolution in Inconel 718 matrix composite coatings
depending on molten pool lifetime was investigated in more detail by Gopinath et al. [23].
This is also confirmed by the analysis of the microstructure of metallic Inconel 625 coatings
(Figure 5), in which no such precipitates were observed. The metallic Inconel 625 coatings
show typical dendritic microstructure with minor constituents in the interdendritic regions,
which were previously investigated and reported by Cieslak et al. [33,34]. The columnar
dendrites’ growth is caused by temperature gradient and occurs in an opposite to the heat
transfer direction.
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In comparison to metallic Inconel 625 coatings produced with the same laser cladding 
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Figure 8. The EDS analysis results of the secondary phases in the matrix, representative coating.

The secondary phases (Figure 6c) were formed in the structure of the composite coatings
as a result of enrichment of the matrix with carbon and titanium and are characterized by
blocky and dendritic morphology. As can be observed in Figures 6 and 8, the secondary
phases show a gradient distribution of chemical composition. The EDS analysis (Figure 8)
revealed that the inner, darker part of these precipitates is rich in titanium. It also allowed to
find that Mo and Nb atoms dissolved in the secondary phase’s crystal lattice. On the basis
of the XRD and EDS analysis, it can be assumed that the secondary phases are titanium
carbides in the crystal lattice, of which the niobium and molybdenum atoms have been
dissolved. In the matrix, the microstructure can also be observed minor eutectic precipitates
(Figure 6c) formed on secondary phases. This means that the secondary phases formed
first during crystallization, and during further cooling, they behave as crystal nucleus for
eutectic precipitates between austenite dendrites.

In the overlap area microstructure (Figure 9), as in the case of the central beads area,
the austenite dendrites and secondary phases together with minor eutectic precipitates
formed on them can be observed. In addition, due to the higher dissolution of RPs in
this area, large dendritic precipitates occur. The higher RPs dissolution resulted in liquid
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metal enrichment in titanium and carbon in this area. Moreover, as can be observed
in Figure 9, TiC RPs are more rounded than in the central bead area and the lighter
shell formed around RPs. By comparing the overlap area microstructure with the results
obtained by Gopinath et al. [24], it can be assumed that the molten pool lifetime was
extended in the overlap area in comparison to the central bead area. The composition
of shell around RPs and dendritic precipitates formed in overlap area was tested using
EDS analysis (Figure 10). The EDS analysis revealed that both shells around RPs and
dendritic precipitates are rich in C, Nb, Mo and Ti. The morphology of formed in overlap
area dendritic precipitates is characteristic for TiC particles formed in situ [23]. Therefore,
during crystallization in the overlap area, dendritic titanium carbides were formed which
dissolved niobium and molybdenum atoms in their crystal lattice.
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Figure 9. The SEM microstructures of overlap areas of laser cladded Inconel 625/TiC (a) M-03 coating,
(b) M-03 coating (coating designation according to Table 3).
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The average Vickers microhardness and erosion rates of produced coatings are pre-
sented in Table 5. Figure 11 shows the microhardness distribution of the coatings. The
average microhardness of fabricated composite coatings varies from 258 to 342 µHV 0.2.
In comparison to metallic Inconel 625 coatings produced with the same laser cladding
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parameters, the addition of 10 ÷ 40 vol.% of TiC particles to powder mixture led to the
average microhardness increase of 5 ÷ 50%. These results are consistent with previous
research [25,27]. For composite coatings, the highest average microhardness was measured
for M-06 coating with 40 vol.% TiC content, while the lowest average microhardness was
measured for M-01 coating with 10 vol.% TiC content. With the increase of TiC content in
the structure of coatings fabricated with constant parameters, the average microhardness
increased. In the case of coatings with the same chemical composition of the used powder
mixture, an increase in the powder feed rate parameter (with a constant power of the laser
beam and a constant cladding speed) resulted in an increase in the average microhardness
of the coatings, which is associated with lower coating dilution and higher measured TiC
particles content. Along with the increase in coatings dilution, the average microhardness
of the coatings decreased due to mixing with the base material. The highest values of the
standard deviation of microhardness measurements were reported in the case of coatings
with the highest content of high hardness titanium carbide. In the case of any of the tested
coatings, no significant and repeated changes in hardness were observed in the area of over-
lapping subsequent beads. The slight decrease in average microhardness towards the end
of the measuring lines, which can be observed in Figure 11a, is caused by higher dilution of
the first bead, which can be observed on the macrographs. The microhardness distribution
from the coatings surface to the base material (Figure 11b) show the highest hardness near
the surface and a slight decrease towards the base material. This phenomenon is related to
a higher proportion of carbides in the upper area of the coating, due to their lower density
than the matrix material, and flowing upwards in the molten metal pool.

Table 5. The average Vickers microhardness and erosion rates of Inconel 625/TiC laser cladded
coatings (coatings designation according to Table 3).

Designation Average Microhardness
(µHV 0.2)

Average Erosion Rate, (mg/min)

30◦ 90◦

I-01 245.5 ± 11.7 0.65 ± 0.07 0.35 ± 0.01
I-02 235.9 ± 9.5 0.68 ± 0.04 0.37 ± 0.04

M-01 257.7 ± 17.6 0.54 ± 0.09 0.24 ± 0.02
M-02 299.1 ± 21.4 0.51 ± 0.07 0.26 ± 0.04
M-03 274.4 ± 18.5 0.49 ± 0.03 0.27 ± 0.03
M-04 313.5 ± 24.7 0.49 ± 0.05 0.30 ± 0.02
M-05 307.1 ± 38.8 0.45 ± 0.10 0.27 ± 0.01
M-06 342.0 ± 38.3 0.43 ± 0.08 0.29 ± 0.02

The erosion tests showed that for both tested impingement angles, the erosion rates
are higher for Inconel 625 metallic coatings than for TiC reinforced composite coatings.
Thus, the addition of TiC particles to the powder mixture in 10, 20 and 40 vol.% caused the
increase in erosive wear resistance of the Inconel 625 laser cladded coatings. The average
erosion rates of all tested coatings with the impingement angle of 30◦ are higher than
the average erosion rates received after the tests carried out with the impingement angle
90◦. The dependence of increased erosion wear at a smaller impingement angle (20–30◦)
compared to the angle of 90◦ is characteristic for plastic materials [35]. The test results
achieved for the 30◦ impingement angle show that in comparison to the Inconel 625 metallic
coating laser cladded with the same parameters, the erosion rate of the TiC reinforced
composite coatings decreased by 17 ÷ 37%. In the case of the tests carried out with the
impingement angle of 90◦, the composite coatings showed 19 ÷ 31% lower erosion rates in
comparison to metallic coatings laser cladded with the same parameters. Together with the
increase in TiC particle volume content in the powder mixture used for laser cladding of
composite coatings, the erosion rate achieved during tests with 30◦ impingement decreased,
while for the tests with 90◦ impingement angle, the lowest erosion rates were achieved
for the powder mixture with 10 vol.% of TiC particles (Figure 12). In this case, with the
increase of RPs volume content, the erosion rates slightly increased. It is directly attributed
to the increase in the fraction of the TiC phase that is the fraction of brittle material in the
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coating. Brittle materials are characterized by low erosion resistance at an impingement
angle of 90◦ [35]. Thus, an increase in erosion rate under these conditions with the increase
in the TiC fractions is associated with a higher extent of the brittle mechanism of material
loss from the eroded surface (Figure 13).
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SEM observations of craters (Figures 13 and 14) after solid particle erosive tests
allowed specification of the erosion mechanism of tested coatings. During proceeded
erosion, the plastic deformation occurred on the coating’s matrix surface. On the analyzed
micrographs, the coatings matrix and TiC particles can be observed. In the case of surface
tested with 30◦ impingement angle (Figure 14) in the matrix, scars and narrow grooves
occur, which proves the plastic deformation and micro-cutting of the material as a result
of the interaction with erosive particles. Observations of the surface of titanium carbides
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show that the mechanism of their erosive destruction is different. On the surface of the TiC
particles, sharp edges are visible, which are the result of brittle destruction and detachment
of a part of the material during interaction with accelerated erodent particles. Figure 14b
also shows a titanium carbide crack. Due to the different properties of TiC, the mechanism
of its erosive destruction is brittle.
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The SEM micrographs of craters after erosion test with 90◦ impingement angle are
presented in Figure 13. In this case, the matrix of the coatings was also plastically deformed,
but the visible grooves are shorter due to a different trajectory of erosive particles. Similarly,
the titanium carbides showed a brittle erosive destruction mechanism. In this case, large
smooth areas were observed on the surface of titanium carbides, resulting from the fatigue
and brittle detachment of a part of the material due to the interaction with erodent particles.
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4. Conclusions

The research on the production of Inconel 625-based MMC laser cladded coatings
reinforced by TiC particles allowed the following conclusions to be drawn:

• The laser cladding process can be used for the production of homogeneous Inconel 625-
based MMC coatings reinforced by TiC particles. With a constant laser beam power
and cladding speed, along with the increase in powder feed rate, the penetration of
base material decreased together with coatings dilution. The powder feed rate has
no significant influence on the homogeneity of the coating. The highest homogeneity
of the coatings was received using a powder mixture with the highest TiC content
(40 vol.%).

• The TiC particles partially dissolved in the structure during the laser cladding process.
The enrichment of the matrix in carbon and titanium had an impact on its structure,
in which, besides the austenite dendrites, the blocky secondary phases rich in nio-
bium, molybdenum, titanium and carbon appeared. In the overlap area of composite
coatings, the increased dissolution of TiC particles occurred, which resulted in the
additional formation of dendritic precipitates rich in niobium, molybdenum, titanium
and carbon in this area.

• The average microhardness of the composite coatings produced for this research is
higher than for the metallic Inconel 625 coatings and varies from 258 to 342 µHV
0.2. The average microhardness increased with the increase in the TiC content in
MMC coatings. On the other hand, the increased dilution of the coatings produced
with a lower powder feed rate resulted in the average microhardness decrease. No
significant and repeated changes in hardness were observed in the area of overlapping
subsequent beads.

• In comparison to metallic Inconel 625 laser cladded coatings, the addition of TiC
reinforcing particles caused the erosion rates decrease, for both 30◦ and 90◦ impinge-
ment angles, by 17 ÷ 37% and 19 ÷ 31% respectively. Together with the increase in
TiC particle content in MMC coatings, the erosion rate for 30◦ impingement angle
decreased, while for 90◦ it slightly increased due to the higher content of the brittle
phase in the structure. The study allowed definition of the erosive wear mechanism of
the coatings. The matrix has been plastically deformed during interaction with the
erosive particles, while the TiC particles showed a brittle and fatigue mechanism of
erosive wear.
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Abstract: Important applications of transition metal carbides (TMCs) are as wear resistant composite
layers deposited by plasma transferred arc welding (PTAW) and laser methods. Growing interest in
them has also been observed in additive manufacturing and in HEA technology (bulk composite
materials and layers), and in the area of energy conversion and storage. This paper presents the
results of comparative studies on interfacial interactions in the NiBSi−TMCs system for two border
IVB and VIB TM groups of the periodic table. Model (wettability and spreadability) and application
experiments (testing of the PTAW-obtained carbide particle−matrix boundaries) were performed. Fe
from partially melted steel substrates is active in the liquid NiBSi−TMCs system. It was revealed
that the interaction of TMCs with the liquid NiBSi matrix tends to increase with the group number,
and from the top to bottom inside individual groups. Particles of IVB TMCs are decomposed by pen-
etration of the liquid along the grain boundaries, whereas those of VIB are decomposed by solubility
in the matrix and secondary crystallization. No transition zones formed at the interfacial boundaries
of the matrix−IVB group TMCs, unlike in the case of the VIB group. The experimental results are
discussed using the data on the TMC electronic structure and the physicochemical properties.

Keywords: transition metal carbides; NiBSi alloy; phase interaction; PTAW; composite layers

1. Introduction

Surface composite layers (SCLs) consisting of a metal matrix strengthened with hard
particles of high-melting phases (simple carbides, borides, nitrides, or more complex
phases) combine the properties of an abrasion-resistant and relatively plastic matrix and
hard ceramics, often with the effect of synergy. Such coatings can be deposited onto large
surfaces, on selective areas (flat or curved), or on the edges. They meet the industrial needs
wherever high wear resistance is required at parallel dynamic loads, often in corrosive
environments and in elevated temperatures. They have been known and used for a
relatively long time. Despite the fact that almost all welding methods can be applied to
obtain such SCLs, they are usually obtained from powders by padding, re-melting, or
thermal spraying techniques. Today, the implementation of laser and plasma beams is
mainly used for this purpose (see [1–5], for instance). In general, variants of all of the
following methods are utilized in the production of SCLs [6–10]:

• injection of refractory particles to the previously initiated liquid weld pool,
• simultaneous introduction of metal−ceramic powder mixtures to the beam or arc,
• melting pre-placed powder mixtures at the surface,
• strengthening of the matrix by in-situ formed particles.

During the preparation of SCLs, regardless of the method, an interaction occurs
between the solid refractory particles and the liquid matrix material. As a result, interfacial
boundaries are formed. This is the case for all types of upper layer formations in the
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presence of a liquid phase, namely alloying, buttering, cladding, overlaying, and hardfacing.
Phenomena at the interfaces are crucial from the point of view of layer formation and
its subsequent exploitation [11–13]. If the strengthening phase particles are wetted well
with the liquid matrix, a good adhesion and low interfacial energy are achieved, and they
are kept in the liquid pool. Their distribution in the matrix also depends on wettability.
The particle−matrix interface type depends on the chemical affinity of the contacting
phases and can be formed as a result of an adhesive (in inert systems) or more complex
interaction in the diffusion or in the reaction-controlled systems [14]. The type of resulting
interface—with or without an intermediate zone—is important for the sake of the load
transfer to the strengthening phase and the level of residual stresses, and hence for the
behavior of the whole SCL under the external load. Moreover, in the case of service at
elevated temperatures, the transition zone may enlarge, change, or even degrade due to
the volume or reactive diffusion.

Recently, there has been increased interest in SCLs with transition metal carbides
(TMCs). An impetus was brought about by the new applications in other advanced tech-
nologies. Apart from being used as only surface layers of machine parts, they have found
applications in additive manufacturing technologies for the production of massive 3D
printed wear resistance parts using laser or electron beams [15,16]. Their new capabilities
and increasing interest are also related to the applications of TMCs in the areas of energy
storage and conversion in batteries and fuel cells [17,18], as well as in catalysis [19,20]. An-
other developing direction is a new class of high-entropy materials of composite structure
containing TMCs [21–25]. This causes a need for more in-depth research on composites
with TMCs. While many publications in the field have focused on the methods of pro-
ducing SCLs, their structure and tribological properties, computer modeling, and process
simulation, much less information has emerged about the interfacial interactions.

The aim of this work is to analyze the interaction between the matrix and individual
carbides in the plasma transferred arc welding (PTAW) process so as to find the regularities
resulting from the position of the transition metal forming the carbide in the periodic
table of elements. This paper presents the results of comparative studies on interfacial
interactions in the system of NiBSi-TMCs for two border TM groups (IVB and VIB). Basic
and application experiments were performed for this purpose. The first relied on the
investigation of the wetting and spreading of the liquid alloy droplets on a flat carbide
surface at a macroscopic scale under controlled temperature conditions. In the framework
of application research, composite overlays were made from powders using the PTAW
method with subsequent testing of the carbide particles–matrix boundaries. During the
technological process, a dynamic interaction occurred between the liquid phase and the
curved surfaces of the small strengthening particles.

The NiBSi alloy was selected as the matrix material for the SCLs because it is produced
commercially in the form of a powder for the manufacture of overlays that exhibit excellent
corrosion, abrasion, and wear-resistance at up to 600 ◦C [26]. The alloy comes from the
Ni-rich corner of the Ni-B-Si system, but with a relatively low melting range due to the
presence of B and Si additives that act as a melting point depressants [27].

2. Materials and Methods
2.1. Materials

Two forms of materials were applied in the research:

- Specially prepared massive solids for the model wettability and spreadability tests;
- Commercial powders for plasma surfacing.

2.1.1. Composite Matrix Material

The nominal chemical composition of the NiBSi alloy of the purchased powder ac-
cording to the manufacturer certificate is presented in Table 1, along with the composition
determined by the atomic absorption spectrophotometry (AAS) method. The granularity
of this powder was in the range of 45 ÷ 150 µm. Its morphology is presented in Figure 1a.
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Table 1. The chemical compositions of NiBSi matrix materials used.

Material
Elements, Wt%

C Si B Fe Ni

Manufacturer’s
certificate Commercial powder 0.03 2.40 1.40 0.40 Bal.

AAS measured
Commercial powder - 2.18 1.21 0.09 Bal.

Cast alloy φ 3 mm - 2.45 1.17 0.20 Bal.
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The solid alloy of the corresponding composition was used in the wettability and
spreadability tests. It was obtained by melting the pure elements in a vacuum induction
furnace. In order to avoid segregation of the components during the ingot crystallization
and following troublesome plastic forming, the liquid melt was sucked off by pure Ar gas
directly from the crucible into quartz tubes with an internal diameter of 3 mm. The rods
formed in this way were cut into pieces with equal lengths of 3 mm. The compatibility of
the chemical composition of the material produced in this way with the commercial powder
was confirmed by the AAS analysis (Table 1). The solidus and liquidus temperatures of the
obtained alloy, determined by the differential thermal analysis (DTA) method, were 1075.5
and 1086 ◦C, respectively.

2.1.2. Strengthening Carbide Phase

The TMCs powders of the IVB and VIB group of the periodic table were used for
the strengthening phase. Commercial powders of carbides of titanium (TiC), zirconium
(ZrC), chromium (Cr3C2), molybdenum (Mo2C), and tungsten (WC), of a similar grain size
80–200 µm, were used for the preparation of the composite layers. The morphology of the
particular powders is shown in Figure 1b–f. Carbide powders were mixed with the matrix
NiBSi powder before hardfacing.

The carbide substrates for the wetting and spreading tests were made in the form
of continuous layers over molybdenum plates using the magnetron sputtering method.
In this way, possible errors due to the harmful impact of activators and residual oxide
inclusions on wettability were avoided, if commercial sintered carbide materials were used
instead. Mo plates were selected due to their high melting point (2883 K) and low thermal
expansion coefficient (λ = 4.9 × 10−6 K−1) [28] so as to prevent a high stress level at the

110



Materials 2021, 14, 6617

boundary with the carbide layers. Then, 18 × 18 mm plates were cut from a 1 mm thick
molybdenum sheet and polished. These prepared substrates were covered with coatings of
five different carbides (i.e., titanium, zirconium, chromium, molybdenum, and tungsten
carbide) in the process of magnetron sputtering of suitable metal targets in the reactive
gas atmosphere (mixture of argon and acetylene). The details of the whole procedure are
described in [29]. As a result, continuous coatings adhesively bonded to the molybdenum
plates were obtained. The thicknesses of these coatings are presented in Table 2. Measured
surface roughness was small and comparable reflecting the roughness of the Mo plates
(Ra parameter < 0.8 µm for all cases). X-ray diffraction (XRD) phase analysis confirmed the
composition of the five planned carbides (Figure 2).

Table 2. Thicknesses of the deposited carbide coatings (average of five measurements).

Type of Coating TiC ZrC Cr3C2 Mo2C WC

Coating thickness [µm] 4.7 3.0 2.4 7.8 1.3
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Figure 2. XRD patterns of the carbide layers over molybdenum surfaces.

2.1.3. Substrate Material for Plasma Surfacing

The base material applied was 1.0553 grade (S355J0) low-alloy steel in the form of
10 × 50 × 150 mm plates.

2.2. Methods
2.2.1. Wettability and Spreadability Test

The study was carried out by the sessile drop method in strictly controlled conditions.
The substrate samples (18 × 18 × 1 mm Mo plates with deposited carbide layers) and
NiBSi alloy (φ3 × 3 mm cylinders) were washed in an ultrasonic cleaner in acetone and
were placed on a leveled measuring table in the chamber of the heating device. Due to
the fact that plasma surfacing process was performed in an argon shield, the wetting and
spreading tests were also carried out in an argon atmosphere with a high 99.999% purity.
The working chamber of the device was pumped down to a pressure of 10 Pa, and then
filled with argon. This treatment was repeated twice to thoroughly remove any residual air.
Then, a constant argon flow of 0.5 L/min was established. The samples were heated from
an ambient temperature to 900 ◦C at a rate of 100 ◦C/min, and then the rate was reduced
to 20 ◦C/min. The measurement consisted of registering the shape of the drop contour
from the time of melting every 10 ◦C as the temperature increased. The contact angles
were measured on both sides of the droplets and the results were averaged. The processes
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were terminated after the temperature reached 1350 ◦C. The samples were cooled then and
taken off the device. The areas of drop spread were measured. Two such tests were carried
out for each NiBSi alloy–carbide substrate system.

2.2.2. Plasma Surfacing

Padding weld samples were made using the plasma transferring arc welding (PTAW)
method. The NiBSi matrix powder was mixed with each carbide powder in a volume ratio
of 60:40 prior to the process. Before starting, each of the substrate samples (1.0553 grade
steel) was sandblasted and cleaned with acetone. The PTAW process was carried out at
different current values of the main arc whereas all remaining parameters were constant
(Table 3). There was no pre-heating. All of the overwelds had the same length of 60 mm.

Table 3. Parameters applied in PTAW surfacing.

Parameters Value

Main arc current (welding current) 60, 70, 80, 90, 100, 110, and 120
A

Internal arc current 40 A
Plasma arc voltage 25 V

Powder output 6 g/min
Surfacing rate 50 mm/min

Gas flow (argon):
• Plasma generating (orifice) gas 1.5 L/min
• Shielding gas 8 L/min
• Powder transporting gas 5 L/min

Oscillation amplitude 8 mm
Oscillating speed 450 mm/min

Plasmatron-welded substrate distance 15 mm
Nozzle diameter 4 mm

The structural tests were carried out on specimens in the plane perpendicular to the
weld axis. The samples were cut by means of an electrical discharge cutter at the same
distance of 20 mm from the beginning of each weld.

3. Results and Discussion
3.1. Interaction in the Model System of Liquid NiBSi Alloy-Solid Carbide Surface

The results of the model tests are presented in Figures 3 and 4. The first shows the
shapes of the liquid NiBSi droplets resting over the carbide substrates captured at 1290 ◦C,
along with the plots of contact angles as a function of the temperature. The results indicate
that all of the tested TMCs of the VIB group were more wettable than those of the IVB
tranistion metals group. The wettability of the carbides increased (θ decreases) with the
temperature increase, which is characteristic for the thermally activated processes [14].
The wettability of ZrC was slightly better than that of TiC. In the VIB group, at the ini-
tial 1290 ◦C temperature, the carbide wettability remained in the following sequence
WC > Cr3C2 > Mo2C, but all contact angles droped quickly to a value below 10◦ with the
increase in temperature. However, it should be taken into account that the measurements
of small contact angles were subjected to the relatively higher error.
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The broken line extrapolates the relationship after the completely spread of droplets (θ ≈ 0◦).
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Figure 4. The surface areas of the NiBSi alloy droplets spread over the surface of particular carbides
after the end of the entire wettability test (average of two trials).

Figure 4 presents the droplet spread surface areas after the whole test. The obtained re-
sults were consistent with those of the wettability, and indicated a more intense interaction
of the liquid NiBSi alloy with the VIB group TMCs.

3.2. Interaction of Carbide Powder Particles with Liquid NiBSi during Surfacing

Studies on the production of SCLs were carried out in a wide range of parameters
(Table 3) due to the differences in the physical properties of individual carbides (density,
thermal capacity and conductivity, specific heat, etc.). However, only the layers selected
for all of the comparative tests described in the article that were obtained at the welding
current value shown in Table 4 were considered optimal for the given chemical composition
of the padding weld. The criterion was the continuity of the layer along with the uniform
distribution of the carbide without metallurgical discontinuities in the form of cracks and
porosity in the bulk.

Table 4. Welding current values used to produce overwelds for comparative testing.

Transition Metals Group Carbide Welding Current [A]

IVB TiC 90
ZrC 90

VIB
Cr3C2 90
Mo2C 80
WC 90
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3.2.1. Overlays with Carbides of IVB TM Group

The instrumental analysis of the cross sections of the padding welds and their fractured
surfaces revealed a composite structure with a specific morphology: diversified shapes
and sizes of the reinforced particles were observed. Figure 5a shows large, irregular TiC
grains surrounded with a fraction of much smaller particles on the matrix background. A
fairly similar grain morphology was visible in the welds containing ZrC (Figure 5b). This
was confirmed by the fractographic analysis of both composite layers. The trans-granular
cleavage of the reinforcing particles and the relatively ductile inter-granular matrix fracture
of the layers are visible in Figure 6.
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Figure 6. SEM/EDS micrographs of fractured surfaces of NiBSi-TiC (a–c) and NiBSi-ZrC (d–f) composite welds enabling
phases identification.

The distributions of the main element concentrations comprising the tested system
at the layers’ cross-sections are presented in Figure 7 (for TiC) and Figure 8 (for ZrC). The
maps for the dissemination of iron, which came from the partially melted steel substrates,
are also included. The distribution maps are accompanied by a linear concentration of
elements along the lines perpendicular to the interface between the carbide and matrix
(Figures 8b and 9).
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Figure 9. Structure close to the Ni alloy−TiC interfacial boundary (a) and concentrations of elements along the marked line (b).

Sound boundaries without any discontinuities between the matrix and strengthening
phase were visible in both cases. No transition layer was visible at the interface of both
carbides and the matrix (Figures 7–9). The linear distributions of the Ti, Zr, Ni, Fe, and
C concentrations along the marked line (shown in Figures 8b and 9b) do not suggest this
either, as evidenced by the steep transitions of the curves between the phases.

A disintegration of the large TMC (about 80 µm and above) agglomerates was ob-
served, caused by the penetration of the liquid matrix alloy (i.e., Ni-B-Si-Fe) along the
grain boundaries during the contact of the solid and liquid phases. This was clearly in-
dicated by photos and the distribution of nickel in Figures 7 and 8. In addition to this
breakdown of large TMCs agglomerates into several parts, a splitting of the outer layer
of the strengthening phase grains into the much smaller particles is visible in Figure 10.
As a result, some amounts of a fine micrometer-order fraction of titanium and zirconium
carbides were formed. This surface disintegration was twofold: a narrow band of TiC and
ZrC separated from the surface around the large carbide particles, which then broke down
into the smaller parts. They dissipated over the entire volume of the liquid through its
movement in the welding pool during the process.
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The results of the point analysis of elements in the indicated areas (shown in Table 5)
reveal that in both cases, except for nickel and silicon (present in the starting powder), a
significant quantity of iron existed in the matrix of layers, coming from the partially molten
steel substrate. Zr was not present in this area, contrary to a small amount of Ti noticed
there. This proved a slight solubility of the last carbide.

Table 5. Point EDS analysis of nickel alloy–TiC and –ZrC regions indicated in Figures 7a and 8a.

Overlay Region
Elements, Wt%

Ti Zr C Ni Fe Si

NiBSi–TiC
1 80.8 - 19.2 - - -

2 1.7 - 7.8 79.6 9.2 1.8

NiBSi–ZrC
3 - 82.6 17.4 - - -

4 - - 4.3 63.8 30.6 1.4

3.2.2. Overlays with Carbides of VIB TM Group

A different nature and intensity of interaction was observed in the SCLs reinforced with
TMCs from the VIB group. Beside large irregular grains, much smaller elongated particles of
the strengthening phase were visible in the padding welds with Cr3C2 (Figures 11a and 12a–c).
These needle-like particles were presumably Cr3C2 carbides crystallized from a supersaturated
solution. They formed characteristic star-shaped configurations. A little similar morphology
was characterized by the molybdenum carbide (Figures 11b and 12d–f). However, the per-
centage of elongated particles in this case was lower, which may have indicated a reduced
solubility of Mo2C in the liquid weld pool. Large Mo2C particles have clearly developed sur-
faces. Overlays with WC contain large, nodular carbide particles surrounded by a fine-grained
fraction (Figures 11c and 12g–i).
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Figure 12. SEM/EDS micrographs of fractured surfaces of NiBSi–Cr3C2 (a–c), NiBSi–Mo2C (d–f), and NiBSi–WC (g–i)
composite welds enabling phases identification.

A set of distribution maps and linear concentrations of components, including the
iron allocation, is presented in Figures 13–17, the same as for the SCLs with the IVB group
TMCs. The results of the point quantitative analysis in selected areas marked in Figure 13a,
Figure 14a, and Figure 16a are demonstrated in Table 6.
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Figure 17. The structure close to the interfacial boundary (a) and concentration profiles of Ni, W, and Fe (b) in the NiBSi–WC
overlay along the marked line.

Table 6. Results of the EDS quantitative analysis of SCLs with Cr3C2, Mo2C, and WC in points
marked in Figure 13a, Figure 14a, and Figure 16a.

Overlay Region
Elements, Wt%

Cr Mo W C Ni Fe Si

NiBSi–Cr3C2

1 85.3 - - 14.7 - - -
2 60.2 - - 10.6 4.3 24.9
3 33.1 - - 9.2 22 35.5 0.3
4 5 - - 4.3 50 39.2 1.6

NiBSi–Mo2C
5 - 84 - 16 - - -
6 - 4.8 - 7.2 68.7 17.6 1.6
7 - 1.2 - 7.5 80.7 10.5

NiBSi–WC

8 - - 90.6 9.4 - - -
9 - - 83 10.9 4.5 1.5 -

10 - - 79.7 8.2 8.9 3.2 -
11 - - 10.3 7.1 61.1 20.2 1.3

The mapping, linear elements concentration in the NiBSi–Cr3C2 coating in Figure 13
and the data from Table 6 exhibit the presence of nickel and iron in the transition zone at
the matrix–carbide interface and in the bulk of needle-like precipitates. The matrix is rich
in nickel and iron with a small amount of silicon and chromium. The gray shell around the
Cr3C2 particles and precipitates in the matrix are composed of chromium, iron, and nickel
with some carbon. The results prove the significant solubility of Cr3C2 in the liquid ground
of the padding weld, from which the needles of the Cr–Fe carbides with the addition of
Ni crystallize. The intensity of the phase interaction in the system is also indicated by the
formation of wide intermediate zones. The concentration profiles of Ni and Fe suggest
relatively long range of diffusion, with Fe being more active.

The structure of Mo2C reinforced SCL is shown in Figures 14 and 15. The carbide–
matrix interfaces are continuous. The disintegration of grains in the strengthening phase is
visible. Precipitations of a new phase against the matrix are detectable. The distribution
maps of the elements document the presence of molybdenum in the matrix, which proves
the solubility of its carbide during the formation of the coating, confirmed also by the point
quantitative analysis (Table 6). However, the Mo fraction in this solution is small.

Figures 16 and 17 show the structure of WC containing SCL and its component
distribution. Large, spherical particles of the reinforced phase with continuous interfaces
are visible on the matrix background. A wide transition zone is detected around all of them.
The maps and linear distributions of the elements’ concentration and the point analysis
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(Table 6) demonstrate the existence of nickel and iron in both the transition zone and in the
weld matrix. The presence of nickel and iron in the transition zone indicates their diffusion
into WC. Tungsten is also dissolved in the matrix. Longitudinal secondary precipitations
of tungsten carbides with Ni and Fe crystallized out of the matrix solution.

3.3. Strengthening Phase Fraction in Overlays

The steel substrate partially melts in the course of surfacing, and the resulting liquid
stirs with the welding pool. The fractions (D) of the metal coming from the substrate into
SCL were calculated according to Formula (1), where P and S are the cross-sectional areas
of the molten substrate and the overlay, respectively. The results show that the fraction of
the substrate material in the SCLs significantly increases with the increase of the welding
current (Figure 18). The graphs are complex and no clear relationship is visible between D
and the position of the given carbide-forming metal in the group of the periodic table of
elements. The lowest values of composite matrix dilution with the substrate material are
registered for the layers containing titanium and molybdenum carbides.

D =
P

P + S
100% (1)
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Figure 18. Volume fraction (D) of the substrate material in overlays with particular carbides as a function of the welding
current I.

The volume fraction of the strengthening phase in SCLs as a function of the welding
current was also analyzed. The measurements were carried out at 100× magnification
applying the Cavalieri–Hacquert principle, according to which the ratio of the given phase
volumes in the composite is equal to the ratio of the surface areas of these phases at the
cross-sections. The obtained results are presented graphically in Figure 19a,b. In the
coatings reinforced with TiC and ZrC (group IVB), a systematic increase of fraction with the
increasing current intensity was observed, despite the increasing volume of the padding
weld due to the increasing fusion of the substrate. The opposite tendency was noted for
surfacing welds with carbides of VIB group metals (Cr3C2, Mo2C, and WC). This can be
explained by the inferior wettability (less intense interaction with the matrix) group IVB
TMCs, which impact their introduction into the liquid. The increase of welding current
promotes the thermal activation of the wetting process to maintain larger amounts of TiC
and ZrC particles in the liquid. In SCLs reinforced by TMCs of the VIB group, the increase
in the linear energy of the welding intensifies the dissolution of carbides, so their fraction
decreases with its increase.

122



Materials 2021, 14, 6617

Materials 2021, 14, x FOR PEER REVIEW 16 of 21 
 

 

 

Figure 18. Volume fraction (D) of the substrate material in overlays with particular carbides as a 

function of the welding current I. 

The volume fraction of the strengthening phase in SCLs as a function of the welding 

current was also analyzed. The measurements were carried out at 100× magnification ap-

plying the Cavalieri–Hacquert principle, according to which the ratio of the given phase 

volumes in the composite is equal to the ratio of the surface areas of these phases at the 

cross-sections. The obtained results are presented graphically in Figure 19a,b. In the coat-

ings reinforced with TiC and ZrC (group IVB), a systematic increase of fraction with the 

increasing current intensity was observed, despite the increasing volume of the padding 

weld due to the increasing fusion of the substrate. The opposite tendency was noted for 

surfacing welds with carbides of VIB group metals (Cr3C2, Mo2C, and WC). This can be 

explained by the inferior wettability (less intense interaction with the matrix) group IVB 

TMCs, which impact their introduction into the liquid. The increase of welding current 

promotes the thermal activation of the wetting process to maintain larger amounts of TiC 

and ZrC particles in the liquid. In SCLs reinforced by TMCs of the VIB group, the increase 

in the linear energy of the welding intensifies the dissolution of carbides, so their fraction 

decreases with its increase. 

 

(a) 

0

10

20

30

40

50

60

70

50 60 70 80 90 100 110 120 130

D
 [

%
]

I [A]

TiC

ZrC

Cr3C2

Mo2C

WC

0

10

20

30

40

60 70 80 90 100 110 120

V
o

lu
m

e 
fr

ac
ti

o
n

 o
f 

re
in

fo
rc

in
g

p
h

as
e 

[%
]

ZrC TiC

Materials 2021, 14, x FOR PEER REVIEW 17 of 21 
 

 

 

(b) 

Figure 19. Impact of welding current on the volume fraction of the strengthening phase in overlays 

with TMs carbides of IVB (a) and VIB groups (b). 

3.4. Metallurgical Considerations 

The results of the experiments show the intense interaction of all TMCs with liquid 

nickel modified with B and Si additives, both under the stable conditions of the contacting 

phases and during the dynamic technological process of PTAW, including the melting of 

powders with a plasma beam, the formation of a liquid solution with the partially molten 

substrate material, and the crystallization of SCL. As a measure of such an activity, the 

equilibrium contact angle along with the spread area on a flat surface for the first group 

of tests was taken, while the formation of SCLs and their structure, with particular em-

phasis on the vicinity of the interfacial boundary, was taken for the second. The wettability 

of all of the tested TMCs with the NiBSi alloy was generally good from the initial temper-

ature of 1290 °C, and improved with its increase, as expected. The wettability of group 

VIB TMCs was better than that of IVB: the contact angles in both groups were close to 0° 

and in the range 30–40°, respectively (Figure 3). This was sufficient for the technological 

process. The trend of improved wettability from top to bottom in both TMC groups was 

observed. The wettability of TMCs had been tested previously, but only for pure Ni 

[30,31], necessarily at much higher temperatures (TfNi = 1455 °C). The spreadability of the 

liquid NiBSi alloy over the surface of particular TMCs was consistent with the results of 

the wettability tests (Figure 4). The results obtained in the study indicate the possibility of 

producing Ni matrix composites with B and Ni temperature depressants in a much lower 

temperature range, which is important in massive scale manufacturing. 

The structures of the PTAW obtained SCLs were complex and varied for both of 

TMCs groups studied. The research confirms the different nature of the interaction of the 

liquid Ni alloy matrix with each TMC. Penetration of the liquid matrix along the grain 

boundaries of TiC and ZrC took place, resulting in a disintegration of large carbide ag-

glomerates into smaller particles. This is a known mechanism that utilizes the energy sur-

plus of grain boundaries in relation to the interior of the solid phase [14]. If the condition 

бGB > бSL cos (ψ/2) (2) 

is met (where бGB, бSL, and ψ are the solid–solid grain boundary energy, solid–liquid in-

terfacial energy, and dihedral contact angle, respectively), the equilibrium in the system 

was not reached and the liquid flows into the solid along grain boundaries. 

0

10

20

30

40

50

60

60 70 80 90 100 110 120

V
o

lu
m

e 
fr

ac
ti

o
n

 o
f 

re
in

fo
rc

in
g 

p
h

as
e 

[%
]

Cr3C2 Mo2C WC

Figure 19. Impact of welding current on the volume fraction of the strengthening phase in overlays with TMs carbides of
IVB (a) and VIB groups (b).

3.4. Metallurgical Considerations

The results of the experiments show the intense interaction of all TMCs with liquid
nickel modified with B and Si additives, both under the stable conditions of the contacting
phases and during the dynamic technological process of PTAW, including the melting of
powders with a plasma beam, the formation of a liquid solution with the partially molten
substrate material, and the crystallization of SCL. As a measure of such an activity, the
equilibrium contact angle along with the spread area on a flat surface for the first group of
tests was taken, while the formation of SCLs and their structure, with particular emphasis
on the vicinity of the interfacial boundary, was taken for the second. The wettability of all
of the tested TMCs with the NiBSi alloy was generally good from the initial temperature of
1290 ◦C, and improved with its increase, as expected. The wettability of group VIB TMCs
was better than that of IVB: the contact angles in both groups were close to 0◦ and in the
range 30–40◦, respectively (Figure 3). This was sufficient for the technological process. The
trend of improved wettability from top to bottom in both TMC groups was observed. The
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wettability of TMCs had been tested previously, but only for pure Ni [30,31], necessarily
at much higher temperatures (TfNi = 1455 ◦C). The spreadability of the liquid NiBSi alloy
over the surface of particular TMCs was consistent with the results of the wettability tests
(Figure 4). The results obtained in the study indicate the possibility of producing Ni matrix
composites with B and Ni temperature depressants in a much lower temperature range,
which is important in massive scale manufacturing.

The structures of the PTAW obtained SCLs were complex and varied for both of TMCs
groups studied. The research confirms the different nature of the interaction of the liquid
Ni alloy matrix with each TMC. Penetration of the liquid matrix along the grain boundaries
of TiC and ZrC took place, resulting in a disintegration of large carbide agglomerates into
smaller particles. This is a known mechanism that utilizes the energy surplus of grain
boundaries in relation to the interior of the solid phase [14]. If the condition

бGB > бSL cos (ψ/2) (2)

is met (where бGB, бSL, and ψ are the solid–solid grain boundary energy, solid–liquid
interfacial energy, and dihedral contact angle, respectively), the equilibrium in the system
was not reached and the liquid flows into the solid along grain boundaries.

The interfacial boundaries in the SCLs of both groups are continuous, with no discrep-
ancies. This means there was compliance with the results of the phase interaction tests in
the model studies for small objects with curved surfaces. This also confirms the correctness
of the PTAW process carried out, as the contact time of the phases in the liquid pool was
sufficient to wet all the surfaces of the solid particles. In the SCLs with the IVB group TMCs
there were no transition zones at the boundaries between the carbides and the matrix. TiC
is very slightly soluble in liquid, while in the SCLs reinforced with ZrC the presence of
Zr in the matrix was not revealed, which proves the complete insolubility of this carbide
under the process conditions. In SCLs fortified with VIB TMCs, the Cr3C2, Mo2C, and WC
particles partially dissolved and crystallized from the supersaturated solution. In addition,
transition zones were formed in these SCLs at the carbide–matrix boundaries, especially
in the Cr3C2- and WC-reinforced coatings. The iron from the molten substrate played an
active role in the phases interaction: its presence was noted both in the matrix, including the
part separating carbide agglomerates (group IVB), and in transition layers at the interphase
boundaries (group VIB). Therefore, during PTAW we are dealing with the active role of
three elements: boron, silicon, and iron. A similar mechanism was observed in earlier
works [32,33]. The analysis of the double phase equilibrium systems for the combinations
of tested TMs with B, Si, and Fe revealed liquid solutions in the entire concentration range
and the presence of numerous intermetallic phases for all cases [34]. This shows a tendency
towards their mutual interaction.

When comparing the behavior of TMCs during the production of SCLs, one should
take into account their electronic structure, physicochemical properties, and the position of
the parent TM in the periodic table of elements. Table 7 presents the data relevant from
this point of view from many sources. These data are referred to the TMCs of IVB and VIB
groups, and also to the not experimentally tested VB group.
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Table 7. TMCs of the IVB–VIB groups: melting point Tf [35], electrical resistivity ρ [35], standard free
enthalpy of formation ∆GF [36], formation energy ETMC [37], bond dissociation energy EBD [38], and
enthalpy of parent metal solubility in Ni ∆HNi mix [39].

TM
Group Carbide Tf

[◦C]
ρ

[µΩcm]
∆GF

[kJ/mole C]
ETMC
[eV]

EBD
[eV]

∆HNi mix
[kJ/mole]

IVB
TiC 3067 [40] 100 −164.73 −1.62 3.857 −154
ZrC 3572 [40] 75 −186.11 −1.63 4.892 −236

HfC 3982 [40] 67 −214.16 −1.88 4.426 −250
[41]

VB
VC0.88 2650 69 −91.40 −0.83 4.109 [42] −75
NbC 3610 20 −133.27 −1.06 5.620 n.a.
TaC 3985 15 −140.70 −1.17 4.975 −133

VIB
Cr3C2 1810 75 −114.32 n.a. n.a. −27
Mo2C 2520 57 −62.13 −0.18 * n.a. −32
WC 2776 17 −34.01 −0.24 4.289 [43] −14

* value for MoC.

TMCs have generally low electrical resistance, decreasing with the group number and
from top to bottom inside. This proves the significant participation of TM–TM metallic
bonds, in addition to the existing TM–C bonds in these compounds. The structure of TMCs
is a metallic lattice structure (fcc for monocarbides, orthorhombic for Cr and Mo, and
hexagonal for WC) with the C atoms in the interstitial positions [41]. Therefore, the energy
necessary to create the network is reduced due to the inclusion of carbon atoms [44]. TM–C
bonds are weakened with the increasing filling of the d-band. This applies to all parent
TMs: 3d, 4d, and 5d [37,45]. Thus, the tendency of the metallic character of TMCs increases
from left to right and from top to bottom in groups IVB–VIB of the periodic table.

The thermodynamic stability of the TMCs of groups IVB and VB is high, decreasing
with the group number from very high for IVB, high for VB, and somewhat softer for
the TMCs of group VIB under consideration. The trend of the formation of parent TMs
solutions with liquid nickel is similar. This is evidenced by the ∆GF values of the carbide
formation and the bond dissociation energies EBD, as well as the heat of formation of
∆HNi mix solutions quoted in Table 7.

In summarizing, it can be stated that the interaction of TMCs with the NiBSi matrix
during the production of SCLs by the PTAW method tends to increase with the group
number of the periodic table, and from the top to bottom inside individual groups. It is
presented schematically in Figure 20. The statement is based on the correlations obtained for
the two border groups, assuming a specific “interpolation”, and would require verification
for the “missing” VB TMCs, which will be the subject of further research.
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4. Conclusions

Based on the experimental research carried out in the model system and in the real
technological process of PTAW, and in the discussion on results, the following can be stated:

1. Carbides of the IVB and VIB TM groups of the periodic table interact with NiBSi alloy,
with the increasing intensity related to the group number and the TM location in
it. Its measure is the wettability and spreadability, as well as selected aspects of the
formation of SCLs: the mechanisms of the disintegration of the strengthening phase
in the liquid pool, the solubility of TMCs in the matrix and secondary crystallization,
and the formation of transition zones at the interfacial boundaries.

(a) TMCs of the IVB group are good and these of VIB are perfectly wettable with
liquid Ni alloy.

(b) The fraction of the strengthening phase particles in SCLs and their distribution
are related to the interaction of TMCs with the matrix, which is more intense
for the VIB group TMCs.

(c) Particles of TiC and ZrC are decomposed by the penetration of the liquid phase
along the grain boundaries. As a result, decomposition of agglomerates on
smaller parts occurs and a significant amount of a fine fraction is formed. In
contrast with this, Cr3C2, Mo2C, and WC particles are dissolved partially or
completely, enriching the matrix in Cr, Mo, and W, respectively. New phases
are crystallized from the supersaturated solution when cooling.

(d) No transition zones are formed at the interfacial boundaries of the IVB group
TMCs, unlike in the case of the VIB group TMCs.

(e) There is a tendency for both of the studied groups of TMCs to intensify the
interaction with the Ni alloy matrix, with an increase in the atomic number of
the parent metal forming the given carbide.

2. Fe coming from the partially PTAW melted substrate plays an active role in the system,
along with temperature depressants B and Si present in the matrix of the composite.

3. The obtained experimental results can be successfully interpreted in light of the
electronic structure of TMCs and their physicochemical properties.
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Abstract: The creep-resistant casting nickel alloys (e.g., Inconel 713C) belong to the group of difficult-
to-weld materials that are using for precise element production; e.g., aircraft engines. In precision
castings composed of these alloys, some surface defects can be observed, especially in the form of
surface discontinuities. These defects disqualify the castings for use. In this paper, the results of
technological tests of remelting and surfacing by the Tungsten Inert Gas method (TIG) in an argon
shield and TecLine 8910 gas mixture are presented for stationary parts of aircraft engines cast from
Inconel 713C alloy. Based on the results of metallographic studies, it was found that the main problem
during remelting and pad welding of Inconel 713C castings was the appearance of hot microcracks.
This type of defect was initiated in the partial melting zone, and propagated to the heat affected
zone (HAZ) subsequently. The transvarestraint test was performed to determine the hot-cracking
criteria. The results of these tests indicated that under the conditions of variable deformation during
the remelting and pad welding process, the high-temperature brittleness range (HTBR) was equal
246 ◦C, and it was between 1053 ◦C and 1299 ◦C. In this range, the Inconel 713C was prone to hot
cracking. The maximum deformation for which the material was resistant to hot cracking was equal
to 0.3%. The critical strain speed (CSS) of 1.71 1/s, and the critical strain rate for temperature drop
(CST), which in this case was 0.0055 1/◦C, should be used as a criteria for assessing the tendency
for hot cracking of the Inconel 713C alloy in the HTBR. The developed technological guidelines and
hot-cracking criteria can be used to repair Inconel 713C precision castings or modify their surfaces
using welding processes.

Keywords: high-temperature brittleness range; hot cracking; TIG welding; transvarestraint test;
Inconel 713C; nickel alloy

1. Introduction

Nickel-based casting alloys are widely used; e.g., in the aviation industry as materials
for engine elements such as high- and low-pressure turbine blades, control segments,
etc. [1–3]. Such components are manufactured by precision casting, which enables castings
of a high dimensional accuracy and with the correct shape to be obtained without the need
for further mechanical treatment. Analysis of the literature data indicated a considerable
proportion of castings are disqualified for use due to identified casting defects in the form
of pores, blowholes, shrinkage porosities, or cracks [4,5]. In the industry, these types of
defects are commonly repaired by welding techniques.

Analysis of the present knowledge on weldability of nickel-based casting alloys indi-
cated that the main limitation of the repair and remanufacturing of such precision castings
is the hot-cracking effect. Hot cracks most often run along the weld/pad weld axis, or as
intercrystalline cracks [6].

The authors of [7–11] pointed out that the most common cause of low resistance to hot
cracking was plastic deformation in the material during weld crystallisation, leading to the
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rupture of the liquid film along dendrite boundaries, as well as the deformation growth rate
and the temperature brittleness range. Cracks the form during welding (crystallisation and
liquation cracks) initiate within the high-temperature brittleness range (HTBR), whereas
cracks occurring below the solidus temperature—ductility-dip cracking (DDC) cracks
(Figure 1)—are related to the ductility-dip temperature range (DTR) [6,12–15]. The HTBR
is defined as the range between the nil strength temperature (NST) upon heating and the
ductility recovery temperature (DRT) upon cooling [16,17]. The types of hot cracks that
form in the HTBR or the DTR depending on the welding temperature are shown in Figure 2.

Figure 1. Areas of hot-crack initiation in the weld and the heat affected zone.

Figure 2. The high-temperature brittleness range (HTBR) determining crystallisation cracking in welded
joints and padding welds. DRT—ductility recovery temperature; NST—nil strength temperature [16].

The most frequently occurring type of hot crack is the crystallisation crack. During the
final phase of crystallisation, nickel-based alloys display a tendency towards the segregation
of alloying elements along the solidification grain boundary, which leads to the formation
of a liquid film. The liquid film is characterised by poor mechanical properties and ruptures
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as a result of local tensile stresses related to weld shrinkage, which in turn leads to the
initiation of a crack [18].

The number of crystallisation cracks depends i.a. on the number and nature of
intermetallic phases formed during solidification, the surface tension of the liquid metal, the
distribution of the liquid at the final phase of crystallisation, the solidification temperature
range, the weld’s tendency towards shrinkage, etc. The process of crystallisation cracking
is presented in Figure 3.

Figure 3. Schematic diagram of the crystallisation cracking mechanism.

According to the theory described by J. F. Lancaster in [19], materials having a wide
HTBR are characterised by a low strength/temperature gradient, and thus are susceptible
to crystallisation cracking, whereas materials with a narrow HTBR are resistant to crystalli-
sation cracking. The work also demonstrated that a major factor affecting the crystallisation
cracking susceptibility of a material is its ductility. The higher the ductility, the better the
cracking resistance [19].

However, the basic theory describing crystallisation cracking within the high-temperature
brittleness range was presented by N.N. Prokhorov [20]. In his work, he assumed that there
was a certain reserve of material plasticity (A = CST·HTBR (%), being the product of the
HTBR width (◦C) and a parameter referred to as the critical strain rate for temperature drop
(CST) (%/◦C). He claimed that the main measure of crystallisation-cracking susceptibility
was the material’s plasticity within the HTBR (Figure 4).

Figure 4. Dependence of alloy ductility within the HTBR and the strain rate [20].

During weld crystallisation, weld ductility drops to a value referred to as pmin. Crack-
ing occurs if the built-up strain during weld crystallisation exceeds the HTBR; accordingly,
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if the accumulated strain related to free shrinkage and the change in the weld shape is
lower than pmin and falls within the reserve of plasticity, no cracking will occur in the
welded joint.

The research results published in [21–25], concerning crystallisation cracking in nickel-
based casting alloys, also confirmed that such cracking was caused by the contamination of
the material with low-melting phases. During weld crystallisation, they segregated towards
grain boundaries, and thus reduced the material’s ductility within the HTBR. It was found
that the materials described had a wide HTBR, which resulted in crystallisation cracking.

A second type of hot crack is the liquation crack, which forms most frequently in
nickel-based alloys with a high Al + Ti content. The literature points to the presence of the
γ′ phase—Ni3(Al, Ti)—as their main cause [6,26]. They form due to the recrystallisation
of low-melting eutectic mixtures based on partially melted γ′ phase, which leads to the
formation of a thin liquid film along dendrite boundaries. Such cracks are usually identified
along grain boundaries within the partially melted zone [14]. Elements such as B, S, and P,
which segregate towards grain boundaries, also contribute to higher susceptibility to such
cracks [11]. The mechanism of liquation crack formation is shown in Figure 5.

Figure 5. Liquation cracking mechanism: (a) diagram; (b) liquation cracks between dendrites [6].

Cracks of this type have been described in the literature mainly with regard to
austenitic steels and a number of nickel-based alloys; however, there are no precise and
exhaustive descriptions of the liquation-cracking mechanism in welded joints and padding
welds of nickel-based casting alloys, including Inconel 713C.

A third type of hot crack is the DDC crack. Such cracks occur within 0.5 ÷ 0.7 of the
solidus temperature; i.e., within the ductility-dip temperature range (DTR) in the solid state.
It is deemed that the main cause of this type of cracking is the formation of microvoids
along the boundaries of crystallising grains (Figure 6, Type 1) or the partial melting of
carbides (Figure 6, Type 2), as well as thermal stresses during crystallisation and low metal
ductility within the DTR. This leads to plastic deformations in the material, which depend
i.a. on the material’s thermal conductivity, the crystallisation rate, the presence of impurities
in the welded joint, and interdendritic microporosity. If the strain exceeds the limit values,
cracks will initiate in the material [6].

Figure 6. Schematic diagram of the ductility dip cracking mechanism.

Published articles have described the DDC phenomenon mainly for wrought nickel-
based alloys; e.g., Alloy 690 [27], Inconel 625, and Inconel 600 [28]. Some works on casting
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alloys such as Inconel 738 [29] have also been published. The research indicated that the
main cause of such cracking was the partial melting of carbides—especially NbC.

The main problems identified in connection with the joining of nickel-based casting
alloys, according to the strengthening type, are presented in Table 1 [17,30].

Table 1. The parameters of main weldability concerns for nickel-based alloys [17].

Material Type Strengthening
Type

Main
Components Examples of Alloys Main Weldability Concerns

H
ea

tp
ro

of

Solution
Strengthened

Ni–Cu Monel 400, Monel K-500
(New York, NY, USA)

Weld porosity, crystallisation
cracking

Ni–Mo Hastelloy B-2
(Kokomo, IN, USA) Weld and HAZ corrosion

Ni–Cr–Mo Hastelloy G-35
(Kokomo, IN, USA) Weld and HAZ corrosion

Ni–Cr–Mo–W

Hastelloy C-22
(Kokomo, IN, USA),

Inconel 686
(New York, NY, USA)

Weld and HAZ corrosion

Ni–Cr–Mo–Cu Hastelloy C-2000
(Kokomo, IN, USA) Weld and HAZ corrosion

C
re

ep
-r

es
is

ta
nt

Solution
Strengthened

Ni–Fe–Cr
Incoloy 800H

(New York, NY, USA),
RA330 (Temperance, MI, USA)

Liquation
cracking

Ni–Cr–Fe Inconel 600, Inconel 690
(New York, NY, USA) DDC

Ni–Cr–Fe–Mo Hastelloy X
(Kokomo, IN, USA)

Liquation
cracking

Ni–Cr–Mo–Nb

Inconel 625
(New York, NY, USA),

Haynes 625SQ
(Kokomo, IN, USA)

Crystallisation cracking

Ni–Cr–Co–Mo Inconel 617
(New York, NY, USA)

Liquation
cracking

Ni–Cr–W–Mo Haynes 230
(Kokomo, IN, USA)

Crystallisation and liquation
cracking

Ni–Co–Cr–Si Haynes R-160
(Kokomo, IN, USA) Crystallisation cracking

Precipitation-
Strengthened

γ′ phase

Rene 41
(Boston, MA, USA),

Waspaloy
(Hartford, CT, USA),

Inconel 713C
(New York, NY, USA)

Annealing, crystallisation,
and liquation cracking

γ” phase Allvac 718Plus
(Pittsburgh, PN, USA)

Crystallisation and liquation
cracking

Ni3Al IC-218, IC-25
(Ohio, OH, USA)

Crystallisation and liquation
cracking

Dispersion
Strengthened Y2O3

Inconel MA754, Inconel
MA6000

(New York, NY, USA)
Metal oxidation

Despite numerous attempts to determine the HTBR and identify the hot-cracking
criteria, mainly for wrought nickel-based alloys, there were no unambiguous research
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results that described cracking mechanisms in precipitation-strengthened nickel-based
casting alloys and that evaluated and critiqued their weldability.

The information available in the literature indicated that most nickel-based casting
alloys, especially plastically deformed ones, belong to the weldable materials. However,
nickel-based casting alloys, in particular those containing aluminum and titanium, are hard
to weld, or even unweldable.

An example of a precipitation-strengthened nickel-based casting alloy is Inconel 713C,
which is used for vital components of aircraft engines designed to operate at above 700 ◦C,
such as turbine blades or vane clusters.

The attempts at joining and repairing IN713C cast alloys by welding methods de-
scribed in the literature to date have mainly concerned model components, whereas the
translation of the technologies described into actual castings of complex shapes and various
wall thicknesses has ended in failure, mainly due to hot cracking on the surface or inside
the casting.

Analysis of the literature data showed that due to its content of aluminum (approx.
6%) and titanium (up to 1%), Inconel 713C is classified as hard to weld or unweldable [31].
Thus, it is necessary to explore the mechanisms determining its hot-cracking susceptibility
and to analyse the structural phenomena occurring during the crystallisation of remelted
areas and padding welds in the casting repair process.

The main purpose of conducted technological tests of remelting and pad welding
for Inconel 713C precision castings and the performed remelting test under variable de-
formation conditions (transvarestraint test) was to assess the possibility of repairing or
modifying the casting surface, and determine the criteria for hot remelting cracking. The
determined range of technological parameters and hot-cracking criteria are the basis for
the development of repair technology or even for the regeneration and modification of
surface of Inconel 713C precision cast alloy. The performed structural tests presented an
opportunity to describe HTBR and the mechanism of hot melt cracking for a remelted and
pad-welded surface using the TIG method.

2. Materials and Methods

The material used in the tests was the nickel-based casting alloy Inconel 713C (New
York, NY, United States), which is a polycrystalline, precipitation-strengthened material.
The test material was delivered in the form of 5 mm thick plates and castings having a
rectangular cross-section measuring 100 × 80 × 8 mm3. The test castings were made by
precision casting. The vacuum induction melting (VIM) method was used to melt the
charge material.

The metallographic examinations were conducted using an Olympus GX71 (Warsaw,
Poland) light microscope (LM) at magnifications of up to 500×. The surface structure after
the tests was examined under scanning electron microscopes (SEM): a ZEISS Merlin Gemini
II (Oberkochen, Germany) and a JEOL JCM-6000 Neoscope II (Tokyo, Japan). Images were
recorded in the secondary electron mode at a magnification of 80,000× and at a voltage
accelerating the electron beam to 15 keV.

The structural examinations of the Inconel 713C precision castings revealed that
they had a dendritic structure (Figure 7a) with primary MC carbide precipitates (the main
precipitate product of carbon) and eutectic mixture areas in interdendritic spaces (Figure 7b).
The dendrites were built of the γ phase, being the matrix for γ′ phase precipitates. This is a
typical structural arrangement for precision castings of IN713C, which was also confirmed
by an analysis of the literature data [1,4,32]. The carbides observed were most frequently
arranged in the “Chinese script” morphology.
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Figure 7. Structure of the Inconel 713C castings: (a) dendritic structure with visible eutectic mixtures
and carbides (LM); (b) γ′ phase in the γ phase matrix (SEM).

Based on the literature data and a microanalysis of their chemical composition, it
was confirmed that they were complex carbides containing Nb and Mo. Some fine-sized
precipitates, which could be identified as the γ” phase, were also observed in the matrix.

Subsequently, technological trials to repair simulated defects on the side surface of
Inconel 713C precision castings were conducted using the TIG welding process. The TIG
remelting and pad-welding tests were aimed at developing a technology for repairing sur-
face defects in castings. The tests were performed using two gas shield variants: technically
pure argon and a special gas mixture.

The TIG remelting and pad welding in a pure argon atmosphere (99.995) by Messer
(Bad Soden, Germany) was conducted using an Esab Aristotig 200 DC power supply
(Gothenburg, Sweden), and a WT20 tungsten electrode by ESAB (Gothenburg, Sweden)with
a diameter of 2.4 mm according to PN EN ISO 6848. The technological parameters of the
processes are shown in Table 2. Thermanit 625 welding wire (EN ISO 18274–S Ni6625
(NiCr22Mo9Nb, AWS A5.14:ERniCrMo-3)) by Böhler Schweisstechnik GmbH (Linz, Aus-
tria), 1.0 mm in diameter, was used as filler material in the pad-welding tests.

Table 2. Parameters of the Tungsten Inert Gas remelting and pad-welding processes in an argon
atmosphere.

Specimen
Designation

Current
(A)

Arc
Voltage (V)

Remelting
/Pad-Welding

Rate
(mm/s)

Arc
Linear
Energy

(kJ/mm)

Gas Flow
Rate

(l/min)

Visual Assessment of the
Weld Face According to

EN ISO 5817

R
em

el
ti

ng

15 25 12 1.20 0.15 12 C

16 30 12 1.20 0.18 12 C

17 35 12 1.20 0.21 12 C

18 40 15 1.20 0.30 12 C

19 45 15 1.20 0.34 12 C

20 50 15 1.20 0.38 12 B

Pa
d

W
el

di
ng

625.1 30 15 1.03 0.26 7 B

625.2 35 15 1.03 0.31 7 C

625.3 40 15 1.03 0.35 12 B

In the other test variant, the TIG remelting and pad-welding processes were conducted
in the TecLine 8910 gas mixture by Messer (Bad Soden, Germany) (15% He, 2% H2, 0.015%
N2, Ar-balance). A Lincoln Electric Bester Invertec V405-T Pulse power supply (Cleveland,
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OH, USA) and a tungsten electrode by ESAB (Gothenburg, Sweden) (WT20 according to
the AWS classification), 2.4 mm in diameter, were used. The pad welding was performed
using the same welding wire The pad welding was performed using the same welding
wire by Böhler Schweisstechnik GmbH (Linz, Austria) (Thermanit 625, Ø1.0 mm) as in the
case of the pad welding in an argon atmosphere. The parameters of the TIG remelting and
pad-welding processes are set out in Table 3.

Table 3. Parameters of the TIG remelting and pad-welding processes in a TecLine 8910 gas mixture
atmosphere.

Specimen
Designation

Current
(A)

Arc
Voltage

(V)

Remelting/Pad-
Welding Rate

(mm/s)

Arc Linear
Energy

(kJ/mm)

Gas Flow
Rate

(l/min)

Visual Assessment of
the Weld Face

According to EN
ISO 5817

R
em

el
ti

ng

1 25 12 1.30 0.15 12 B

2 30 12 1.30 0.17 12 B

3 35 12 1.30 0.19 12 B

4 40 15 1.30 0.28 12 B

5 45 15 1.30 0.31 12 B

6 50 15 1.30 0.35 12 B

Pa
d

W
el

di
ng

7 25 10 1.15 0.13 7 B

8 30 12 1.15 0.17 7 B

9 35 12 1.15 0.22 12 B

10 40 15 1.15 0.31 12 B

11 45 15 1.15 0.35 12 B

12 50 15 1.15 0.39 12 B

The influence of factors determining the viability of remelting of Inconel 713C was
evaluated based on the results of the assessment of the HTBR under forced deformation
conditions (transvarestraint test). The transvarestraint test consisted of fast bending of flat
samples on a cylindrical die block, perpendicular to the direction of remelting [33]. The
strain inflicted was related to the radius of the die block, and depended on the thickness of
the bent specimen.

Cast plates of Inconel 713C measuring 100 × 80 × 5 mm3 were prepared for the tests.
The remelting was performed with a direct current of 40 A, at a rate of approx. 1 mm/s.
The remelting parameters were selected based on technological tests, so as to obtain full
penetration. The strain inflicted in particular tests was calculated using the following
Equation (1):

ε =
g

2R
·100% (1)

where: ε—strain (%), g—specimen thickness (mm), and R—radius of die block curvature
(mm) [34,35].

Following the remelting tests, the length of the longest crack in the remelted area axis
(Lmax) and the total length of all cracks classified as hot cracks were determined. With the
individual strain value during remelting (Equation (1)) and the welding rate (vs) being
known, the crack growth time (tmax) was calculated based on the following Equation (2):

tmax =
Lmax

vs
(2)

where: tmax—crack growth time (s), Lmax—longest crack (mm), and vs—welding rate
(mm/s) [34].
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With the welding heat cycle and the crack growth time during remelting being known,
the temperature at the end of the longest crack was determined, which enabled identifica-
tion of the HTBR for the Inconel 713C precision castings under variable strain conditions;
i.e., under crystallisation conditions typical of welding processes. The schematic methodol-
ogy is shown in Figure 8.

Figure 8. Methodology for determining the HTBR based on the results of the transvarestraint test.

3. Results

Visual examinations of the remelted area surfaces on the Inconel 713C precision
castings obtained by TIG in an argon atmosphere revealed no cracks (Figure 9a,c,e). The
surfaces obtained at an arc linear energy below 0.3 kJ/mm were uneven, with visible ripples
(Figure 9a). Remelting at a higher linear energy (more than 0.3 kJ/mm) yielded an even
and smooth surface (Figure 9c,e). Based on the visual examinations of the remelted area
surfaces, they were classified as quality level C according to EN ISO 5817 (Table 2).

Visual examinations of the microstructure of the padding weld shown in Figure 9d
revealed that the area of the padding weld material was built of narrow columnar dendrites
that grew perpendicularly to the heat-dissipation direction. Partially melted dendrites of
the base material were observed in the partially melted zone (Figure 9a,d,e).

Examinations of the macrostructure of the remelted areas revealed that their width and
depth increased with increasing arc energy (Figure 9b,d). Remelting at a linear energy of
more than 0.3 kJ/mm resulted in the entire casting edge being remelted, which is important
in the case of through-casting defects (Figure 9d).

As for the pad welding performed with the use of Inconel 625 wire as the filler material,
the padding-weld faces were correct (Figure 9e). They had a regular shape with no visible
ripples on the surface. Pad welding with a linear energy of 0.3 kJ/mm resulted in the entire
casting edge being remelted, and defects could be filled by filler material, depending on
their size. Examinations showed that the padding welds had correct macrostructures. No
cracks or other welding defects were identified in the padding welds or the HAZ. On this
basis, the padding welds made at a linear energy of 0.35 kJ/mm could be classified as
quality level B according to EN ISO 5817.

Examinations of the microstructure of the remelted areas obtained at a low linear
energy (below 0.15 kJ/mm) confirmed that their surfaces were flat, with the weld lines
being distinctly visible (Figure 9b). A broad partially melted zone was revealed (approx.
300 µm), in which the interdendritic zone was partially melted (Figure 9b).

In the case of the remelting process conducted at a linear energy of more than
0.21 kJ/mm, interdendritic cracks (Figure 10a) that disqualified the remelted areas for
use were identified in the HAZ and the partially melted zone. Such cracks initiated along
MC carbide boundaries in the partially melted zone. They formed as a consequence of the
partial melting of dendrite branches and the loss of cohesion by the interdendritic liquid,
which resulted in decreased adhesion to the base material.
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Figure 9. Surfaces and macrostructures of a remelted area and two padding welds made by TIG:
(a,b) remelting of the base material with no filler, arc linear energy: 0.18 kJ/mm; (c,d) padding weld,
arc linear energy: 0.34 kJ/mm; (e,f) padding weld made with Thermanit 625 wire, arc linear energy:
0.35 kJ/mm.

Figure 10. Structure of a remelted area on an Inconel 713C precision casting, obtained by TIG welding
with no filler material (El = 0.38 kJ/mm): (a) crack in the partially melted zone; (b) cracks along
dendrite boundaries in the area of “Chinese script” carbides.

Dendrites were observed that had been separated from the base material and had not
melted in the welding pool. This confirmed that deep penetration by liquid metal occurred
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in interdendritic spaces in the partially melted zone. The fragmentation of primary carbides
was observed in those spaces, which was related to their partial melting and coagulation
(Figure 11a). Numerous microcracks were also identified that ran along primary carbide
precipitates, along dendrite boundaries (Figure 11b). Analysis of the crack trajectory
confirmed that depending on the heat cycle of the pad-welding process, the cracks were
related to the partial melting of dendrite edges (Figure 10a), eutectic mixture areas, and
carbides (Figure 11b). Cracks initiated in the partially melted zone due to the rupture of
the liquid film, which was stretched during padding-weld crystallisation [36,37].

1 

 

 

Figure 11. Structure of an Inconel 713C padding weld obtained by TIG welding with Inconel 625 as
the filler material (El = 0.35 kJ/mm): (a) crack in the area of Chinese script carbide precipitates, SEM;
(b) material discontinuities in the HAZ, in the area of the γ-γ′ eutectic mixture and carbides.

The use of the TecLine 8910 mixture increased the welding rate and improved the
stability of electric arc discharges. An important technological measure affecting the
remelting process was to increase molten metal liquidity by lowering the surface tension.
This enabled filling developing cracks with liquid metal [16]. The process parameters are
presented in Table 3, and examples of padding-weld faces and macrostructures are shown
in Figure 12. Photographs of the microstructures of the remelted areas and padding welds
obtained are shown in Figures 13 and 14.

Visual examinations of the remelted area surfaces obtained by TIG remelting in a
TecLine 8910 atmosphere revealed that in all cases, the surface was even and smooth,
and free of welding defects (Figure 12a,c). Remelting with a linear energy of less than
0.17 kJ/mm led to the formation of ripples, caused by the gradual crystallisation of the
molten pool (Figure 12a). Increasing the linear energy to more than 0.2 kJ/mm resulted in
a smooth surface without visible ripples (Figure 12c).

Examinations of the macrostructure revealed a correct remelted area geometry with
distinctly marked zones; i.e., the melted metal, with visible dendrites growing in the
heat-dissipation direction, a wide partially melted zone, and the HAZ. The remelting
parameters applied enabled the melting of the entire casting edge (Figure 12b,d). Based on
the visual examinations of the surfaces of the remelted areas and the assessment of their
macrostructures, it was determined that the remelted areas met the requirements of quality
level B according to EN ISO 5817.
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Figure 12. Surfaces and macrostructures of a remelted area and two padding welds made by TIG
in a TecLine 8910 atmosphere: (a,b) remelting of the base material with no filler, arc linear energy:
0.15 kJ/mm; (c,d) padding weld, arc linear energy: 0.31 kJ/mm; (e,f) padding weld made with
Thermanit 625 wire, arc linear energy: 0.35 kJ/mm.

Figure 13. Structure of a remelted area in TIG remelting of Inconel 713C in a TecLine 8910 atmosphere
(El = 0.35 kJ/mm): (a) crack along crystal boundaries in the HAZ; (b) crack along dendrite boundaries
in the carbide area (SEM).
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Figure 14. Padding-weld structure in TIG pad welding of Inconel 713C in a TecLine 8910 atmosphere
(El = 0.35 kJ/mm) with filler material: (a) crack at a dendrite/carbide interface; (b) microcrack along
dendrite boundaries with a visible privileged trajectory determined by carbides.

Visual assessment of the padding-weld faces made by TIG in a TecLine 8910 atmo-
sphere with the addition of Inconel 625 wire revealed that pad welding with a linear energy
of up to 0.15 kJ/mm led to the formation of ripples on the surface. This was related to the
feeding of filler material into the molten pool and the process of padding-weld crystalli-
sation. Increasing the linear energy to more than 0.15 kJ/mm resulted in a smooth and
even weld face (Figure 12e). Examinations of the padding-weld macrostructures revealed
no welding defects. The shapes of the padding welds were found to be correct, with a
clearly outlined fusion zone and an approx. 1 mm wide HAZ (Figure 12f). Examinations
conducted in accordance with EN ISO 17637 enabled qualifying the padding welds as
quality level B according to EN ISO 5817 (Figure 12e,f, Table 3).

Analysis of the microstructure of the remelted areas obtained with a linear energy of
less than 0.17 kJ/mm in a TecLine 8910 atmosphere revealed no cracks or other welding
defects. A small number of hot cracks were only present in the HAZ of the remelted areas
obtained with a linear energy of more than 0.17 kJ/mm. The cracks were found along
dendrite boundaries, and their trajectories were determined by MC carbides (Figure 13).

The structure of the melted metal area was made up of fine columnar crystals, between
which fine carbides, probably of the MC type, were revealed. In the fusion zone, the partial
melting of dendrite boundaries was observed in the base material, as well as the partial
melting of primary carbides, which had undergone fragmentation. On this basis, it can be
stated that due to the identification in the interdendritic spaces of microcracks that were
impossible to detect by nondestructive tests, this technology may be deemed acceptable,
but is recommended only if the remelting is conducted with a linear energy of less than
0.17 kJ/mm.

The padding welds had a complex dendritic structure with carbides located in in-
terdendritic spaces. This arrangement is typical of padding welds made on nickel-based
casting alloys. The partial melting of carbides, leading to their coagulation and fragmenta-
tion, was also observed in the partially melted zone. The use of a gas mixture containing
hydrogen and helium, increasing the arc linear energy and molten metal liquidity, resulted
in a wider partially melted zone (approx. 300 µm), and thus enhanced the penetration of
molten metal into interdendritic spaces.

In addition, in the case of the TIG pad welding in a TecLine 8910 atmosphere, mi-
crocracks were identified in the HAZ that had formed during pad welding at less than
0.17 kJ/mm. The cracks identified initiated at the weld line, where dendrites were partially
melted. They grew as interdendritic cracks in the areas where MC primary carbides were
present (Figure 14a).

The partial melting of carbides and dendrites was also observed in interdendritic
spaces, which led—due to the ongoing crystallisation process—to the development of a
network of fine material discontinuities that constituted DDC initiation spots (Figure 14b).
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During the pad welding, similar to in the case of the remelting process, liquation cracks
were identified in the HAZ. Although they were partially filled with metal, TIG pad welding
should be deemed an acceptable technology only if the linear energy applied is below
0.17 kJ/mm, and if special production supervision and control conditions are satisfied.

The measurements and calculations presented in Table 4 enabled the determination
of the high-temperature brittleness threshold; i.e., the strain value at which no cracking
occurred. The high-temperature brittleness threshold (εp) adapted for the castings tested
was 0.3%. This parameter can be adopted as a criterion for assessing the hot-cracking
susceptibility of Inconel 713C.

Table 4. Results of the measurements and calculations of the indicators used to assess the high-
temperature brittleness range of the Inconel 713C precision castings.

No. Strain
ε (%)

Longest Crack
Length

Lmax (mm)

Crack Growth
Time

tmax (s)

Critical Strain
Speed (1/s)

Critical Strain
Temperature

(1/◦C)

∆HTBR **
(◦C)

HTBR **
(◦C)

1 0.56 4 0.8

1.71 0.0055 1053–1299 246

2 0.77 6 1.2

3 1.12 8 1.6

4 1.67 12 2.4

5 2.50 12.5 2.5

6 5.00 18 3.6

** The results are presented in [38].

With the welding heat cycle and the crack growth time during remelting (Figure 8)
being known, the temperature at the end of the longest crack was determined, which
enabled the identification of the HTBR for the Inconel 713C precision castings under
variable strain conditions; i.e., under crystallisation conditions typical of welding processes.

Determination of the relation of tmax = f(ε) also enabled the determination of the value
of the critical strain speed (CSS) parameter, understood as the tangent of the inclination
angle between the tangent to the crack growth curve and the deformation axis (Figure 15).

Figure 15. Hot-crack growth time as a function of specimen deformation in the transvarestraint
test.The CSS value for the case in question was 1.71 1/s, which indicated that the alloy was highly
susceptible to hot cracking during remelting. The results obtained enabled the determination of
exponential ductility curves using ε = f(T) (Figure 16).
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Figure 16. Strain as a function of temperature for Inconel 713C precision castings, determined based
on transvarestraint tests.

The results of the tests enabled the determination of the maximum crack length in
the padding-weld axis (Lmax), the total crack length (L1max), the cracking threshold (εp),
the HTBR during welding, the critical strain rate for temperature drop (CST), and the
critical strain speed (CSS). The results obtained made it possible to describe the phenom-
ena occurring during padding-weld crystallisation and the factors affecting hot-cracking
susceptibility within the HTBR, and thus to assess the weldability of Inconel 713C and the
possibility of repairing defects in Inconel 713C castings.

Based on the regression and correlation analysis of a single variable function (non-
linear), it was found that the relationship determined was valid. The relation described
enabled the determination of the HTBR under remelting conditions. The HTBR is defined
as the difference between the NST and the temperature at the end of the longest crack.
The relation also enabled the determination of certain hot-cracking criteria, including the
critical strain rate for temperature drop (CST), which is the tangent of the angle between
the tangent to the ductility curve ε = f(T) and the temperature axis (Figure 16). The value of
this parameter was 0.0055 1/◦C.

Figure 17a shows the weld face on a specimen that was subjected to maximum defor-
mation during the transvarestraint test (ε = 5%). It was found that the hot crack caused
by specimen deformation ran along the axis of the padding weld and across its entire
melted part, which indicated its brittleness. Fractographic examinations confirmed that
fine columnar dendrites grew perpendicularly to the remelted area surface, in the heat-
dissipation direction.
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Figure 17. Results of fractographic examinations of the surface of a hot crack that developed during
a transvarestraint test in a specimen subjected to 5% strain during remelting: (a) general view; (b)
ruptured dendrites and interdendritic bridges in the remelted area; (c) crack surface with visible
brittle transcrystalline fracture and areas of liquid film rupture; (d) partially melted carbides in the
partially melted zone.

The crack initiation site was the molten pool, where the interdendritic liquid film
lost cohesion at the NST due to tensile stresses involved in the crystallisation process.
The rupture of “bridges” that formed the rigid structure of the liquid–solid state was
also observed there (Figure 17b). The number of bridges was relatively small, and the
dominant crack-initiation mechanism was the loss of continuity by the liquid film covering
the crystallising dendrites. As the temperature dropped, the solid body lattice expanded,
and thus the number of ruptured bridges between dendrite branches increased (Figure 17b).
Near the solidus temperature, the inflow of liquid metal into the crystallising area of
the padding weld stopped, leading to the formation of local voids, which—with the
material’s ductility dropping in the HTBR—reinforced the tendency for cracks to propagate
(Figure 17c). Partially melted interdendritic spaces with distinctly visible carbides were
observed in the partially melted zone (Figure 17d).

Brittle transcrystalline fracture surfaces were also observed (Figure 17d). They were
ruptured base material dendrites that were partially melted. The fractographic exami-
nations of hot-crack surfaces confirmed the same hot-cracking mechanism for all cases
(irrespective of the strain degree).

4. Discussion

The analysis of the results of the technological TIG remelting and pad-welding tests in
an argon atmosphere showed that the process could not be used for repairing precision
castings. Despite correct surfaces having been obtained (particularly in the pad-welding
process) (Figure 9), the examinations of the microstructure revealed numerous cracks in the
heat-affected zone and the partially melted zone (Figures 10 and 11). The areas that were
the most susceptible to hot cracking were the interdendritic spaces of the base material that
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underwent partial melting. As a result of the plastic strains at work, the liquid metal lost
cohesion. It was found that the areas privileged for the appearance of cracks were sites
with carbides in the Chinese script morphology (Figures 10b and 11a).

In order to enhance electric arc stability and increase metal liquidity during the TIG
welding tests, some of the tests were conducted with a new gas mixture—TecLine 8910,
containing approx. 15% He and 2% H2. The gas mixture considerably improved the
quality of the surfaces obtained (Figure 12); however, correct results were only obtained
for remelted areas and padding welds made with a linear energy of less than 0.17 kJ/cm.
Remelting and pad welding at a higher energy resulted in the formation of interdendritic
cracks, which was related to strain occurring in the HAZ and resulting from the welding
heat cycle (Figure 13).

The hot cracks revealed on metallographic specimens were most often located under
the remelted and pad-welded surface, which made it impossible to identify defects by
nondestructive tests. However, due to the need to ensure the safe use of the repaired
elements, it was necessary to perform RTG examinations of each repaired casting. Further
investigation of the mechanical properties is also advisable for repaired castings, especially
in the field of creep resistance. Such requirements should be included in the qualification
procedure for Inconel 713C precision-casting repair technology.

The high-temperature brittleness range (HTBR) determined in the transvarestraint
test was understood as the difference between the longest crack temperature and the NST.
The range had a width of 246 ◦C, and extended from 1053 ◦C to 1299 ◦C (Table 4). It was
found that the HTBR under remelting conditions was nearly 5 times wider than the HTBR
determined for the base material [38]. This indicated that the material was much more
susceptible to cracking in a remelting process involving concentrated arc energy than under
conditions of even heat distribution involved in Gleeble 3500 simulations [38].

The level of plastic strain at which no cracking occurred in a casting under remelting
conditions was 0.3%. This was the high-temperature brittleness threshold, or the so-called
reserve of plasticity described in Prokhorov’s theory [20].

The results of the transvarestraint tests also enabled the determination of crystallisation
cracking criteria. The critical strain speed (CSS), which for IN713C was 1.71 (1/s) (Table 4),
was used as the criterion for the strain rate during remelting. If this CSS value was exceeded,
crystallisation cracks would appear in the material during remelting (Figure 14). Another
indicator describing the cracking susceptibility of a casting during remelting is the critical
strain rate for temperature drop (CST), which for IN713C was 0.0055 1/◦C. If this value
was exceeded, cracking occurred. The schematic value of the CST, defined as the tangent of
the angle between the tangent to the ductility curve and the temperature axis, is shown in
Figure 15. If angle αwas wider than the critical angle, the material cracked.

Examinations of the surfaces of the crystallisation cracks that appeared during the
deformation of the remelted specimens in the transvarestraint tests indicated a similar
cracking mechanism to the case of specimens deformed using a Gleeble simulator. An area
was observed on the crack surface where parallel dendrites developed. It was found that
the fracture surface changed within the area where columnar dendrites were present (i.e.,
within the melted metal area) (Figure 17c). An area typical of cracking (close to the NST)
was also identified, where ruptured bridges and dendrites in the liquid–solid state were
present (Figure 17b). Below the solidus lines, brittle fracture surfaces were observed in
which voids had formed in the liquid–solid state due to the partial melting of dendrite
edges and carbides (Figure 17d). A schematic change in the fracture surface structure is
shown in Figure 18.
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Figure 18. Change in surface morphology on the surface of a crystallisation crack that developed
during the remelting of a casting under forced deformation conditions. TLmax—temperature at the
end of the longest crack.

The obtained results of the technological and structural tests, including the description
of the hot-cracking mechanism in HTBR and the determination of numerical fracture
criteria in the form of indicators (εp, CST, and CSS), constituted a unique contribution to
the understanding of the weldability of the Inconel 713C alloy. They are also a background
to the evaluation of the possibility of using welding techniques for repair, regeneration, or
surface modification of precision castings composed of Inconel 713C alloy.

The hot-cracking criteria and mechanisms described were used to devise technological
tests for remelting and pad welding of Inconel 713C precision castings. Based on the results
obtained and the requirements set by manufacturers and users, a number of welding
technologies were selected that had the greatest potential for use in the repair of aircraft-
engine components.

5. Conclusions

The test results presented confirmed the hypothesis that the possibility of repairing
Inconel 713C precision castings is decided by hot-cracking susceptibility, which is the effect
of structural phenomena occurring during padding-weld crystallisation. Based on their
analysis, the following conclusions were formulated:

1. The critical strain speed (CSS) of 1.71 1/s and the critical strain rate for temperature
drop (CST), in this case having the value of 0.0055 1/◦C, should be adopted as the
criteria for assessing the hot-cracking susceptibility of Inconel 713C within the high-
temperature brittleness range.

2. Hot cracks appearing when the alloy was being remelted under forced deformation
conditions developed within the high-temperature brittleness range. This was caused
by voids, the formation of which was related to the loss of cohesion by the interden-
dritic liquid and the rupture of the solid body lattice formed of columnar dendrites.
Areas with carbides in the Chinese script morphology favoured the development of
hot cracks.

3. Hot cracks in the HAZ and the partially melted zone resulted from the critical strain
being exceeded during the crystallisation of remelted areas or padding welds. The
Inconel 713C alloy was susceptible to cracking during plastic deformation in the HAZ
at temperatures above 1050 ◦C. The critical circumferential strain for this temperature
was 0.48%.

4. The main difficulty in repairing Inconel 713C castings, as identified during the tech-
nological TIG tests, was due to microcracks initiating in the partially melted zone
and propagating into the HAZ. Due to their size and location, such cracks were very
difficult to detect by nondestructive testing methods.
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5. Under variable-strain conditions characteristic of the remelting and pad-welding
processes, the high-temperature brittleness range widened nearly 5-fold (the HTBR
width was 246 ◦C), and extended from 1053 ◦C to 1299 ◦C. The strain below which
the material was resistant to hot cracking was 0.3%.
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Abstract: The main motivation behind the presented research was the regeneration of the damaged
surface of composite materials. The testing of melting and pad welding of the composite surface by
Gas Tungsten Arc Welding (GTAW) with alternating current (AC) were carried out. The material of
investigation was an AlSi12/SiCp + GCsf hybrid composite made by a centrifugal casting process.
The composite was reinforced with 5 wt.% of silicon carbide particles and 5 wt.% of glassy carbon
spheres. The composites were investigated in tribological tests. It was found that there was a possi-
bility for modification or regeneration of the surface with pad welding technology. Recommended
for the repairs was the pad welding method with filler metal with a chemical composition similar to
the aluminum matrix composite (ISO 18273 S Al4047A (AlSi12 [A])). The surface of the pad welding
was characterized by the correct structure with visible SiCp. No gases or pores were observed in the
pad welding; this was due to a better homogeneity of the silicon carbide (SiCp) distribution in the
composite and better filling spaces between liquid metal particles in comparison to the base material.
Based on the tribological tests, it was found that the lowest wear was observed for the composite
surface after pad welding. This was related to the small number of reinforcing particles and their
agreeable bonding with the matrix. The plastic deformation of the Al matrix and scratching by worn
particles were a dominant wear mechanism of the surface.

Keywords: aluminum matrix composites; silicon carbide; glassy carbon; GTAW welding; tribological test

1. Introduction

Aluminum matrix composites (AMCs) are common materials that are applied in many
fields of industry, such as automotive, aerospace, electricity, chemical, etc., due to their
unique properties [1–3]. The most used reinforcement phases are oxides (Al2O3, ZrO2,
SiO2), carbides (SiC, TiC, B4C, ZrC), and nitrides (Si3N4) [4]. The presence of these phases
in strict proportion (normally between 5 and 30 wt.%) leads to an increase in material
properties [1,4–7].

Aluminum matrix composites reinforced by silicon carbide (SiC) are a material solu-
tion successfully applied in the automotive field [8–10]. The popularity of these composites
is due to a number of their properties, such as wear resistance, stiffness, compressive
strength, low density, low coefficient of thermal expansion, good casting properties, and
low production costs [11,12]. This kind of composite is widely used in tribological con-
ditions where material is constantly subjected to variable loads and high-temperature
conditions. For this reason, AMCs reinforced with SiC particles need to show high stability
of tribological properties regardless of changing working conditions. These special types
of materials are composites used in conditions where the surface is constantly subjected to
wear, such as cylinder liners, brake disk, or pistons of engines or compressors [13–17].

Generally, in the case of wear, the whole element has to be replaced even if only
a small part of the material surface is damaged by external conditions (e.g., pitting or
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scuffing mechanisms). The replacement of the whole element causes negative economic
and environmental impacts because there remains a lack of effective methods of recycling
aluminum matrix composites reinforced by silicon carbide [18–21].

There are various reports on the methods of welding aluminum composite castings.
Based on the literature review, it can be stated that the most popular and promising method
of Al/SiCp joining is Friction Stir Welding (FSW). Kurtyka et al. [22–24] described that
one of the results of FSW process implementation can be a significant improvement in
the distribution of the reinforcing phase particles. This process influences the mechanical
properties of the composite and, compared to the starting material, it allows for an increase
of approximately 40% of compressive strength and 30% of hardness. All the results confirm
the effectiveness of the FSW method for joining aluminum matrix composites reinforced by
SiC particles or other types of ceramic phases. This method is also intended for the joining
of AMCs with different types of ceramic reinforcement [25].

Due to its technological solution, the FSW method is recommended for welding
elements with specific dimensions, which significantly limits the regeneration possibilities
of damaged areas.

The next part of the literature analysis focuses on bonding and remelting through
other advanced welding technologies—Electron Beam Welding (EBW) and Laser Beam
Welding (LBW). Wang at al. [26] described welding of 101Al/SiCp composites by EBW
technology. According to these studies, a small quantity of brittle Al4C3 compound and a
single Si phase were generated in the welded joint. However, the authors proved that the
interfacial reaction between SiC particles and the Al matrix could be greatly suppressed
by high welding speed and low heat input. Based on the research, it was confirmed
that LBW welding and hardfacing enables the production of welding joints with the
required properties.

Studies conducted by Dahotre et al. [27] showed that the alloy matrix composites
reinforced with 10 and 20 vol.% of SiC particulates were more readily welded by LBW. The
opposite effect was observed in the composite materials where the fusion zone contained
the fully melted matrix and the fully reacted SiC reinforcement, and where the heat-
affected zone contained the partially melted matrix and the nearly unreacted SiC particles.
Moreover, the authors showed that increasing the SiC content from 0 to 20% caused a
decrease in the reflection of the laser beam and an increase in melt viscosity. This was
potentially caused by an increasing amount of Al4C3 compound [28].

In turn, Wang et al. [29] described the results of an investigation with the use of
micro-nano (Al–Si–Cu)–Ti foils as filler metal. The high-performance joints of aluminum
matrix composites with high SiC particle content (Al-MMCs/60% SiCp) were observed.
Moreover, the beneficial effect of adding Ti into the filler metal on improving wettability
between SiC particles and the metallic brazed seam was confirmed.

Equally satisfactory results of Al/SiCp joining were obtained using the plasma spray
process [30], welding by oxy-acetylene [31], and soldering and gluing [32].

Based on the literature review, it was found that more and more technologies are help-
ing to obtain a permanent joint of Al/SiCp composites. However, it should be mentioned
that the main problem during welding is the appearance of the Al4C3 phase, which may
lead to a reduction in the strength properties of materials [22,27,29]. It is important to use
strictly defined parameters of welding and pad welding that will limit the formation of the
unfavorable Al4C3 phase.

Unfortunately, many technologies are too expensive and complicated to use, hence
the need to develop a technology for the surfacing and regeneration of the damaged
composite surface that will be relatively easy and available. One of the promising and
still-developing technologies used for the regeneration of different kinds of materials is the
Gas Tungsten Arc Welding (GTAW) method that helps to join metal–ceramic composites
by GTAW DC welding, although SiC reinforcing particles have a much lower thermal
conductivity than a metal matrix. It has also been found that the conditions favor the
precipitation processes in the solidified mixture of the fused composite matrix and the

150



Materials 2021, 14, 6410

additive material, which allows them to be effectively joined. These obtained results [33,34]
are the main motivation for future work on the development of the GTAW method, which
will allow for the regeneration of the composite at low cost.

The available research shows that there are some articles on Al/SiCp composites,
however there is no information on the surface regeneration of the Al/SiCp composites
with the addition of glassy carbon. It is necessary to conduct research that will contribute
to the development an effective technology for the regeneration of the damaged piston
surface of aluminum matrix composites reinforced by SiC and glassy carbon.

2. Materials and Methods

The material of investigation was a composite based on EN AC-48000 alloy (AlSi12CuNiMg)
made by a centrifugal casting process. The material was reinforced with 5 wt.% of silicon
carbide particles (SiCp) of average size in the range of 30–70 µm, and 5 wt.% of spherical
glassy carbon (GCsf) of average size in the range of 5–15 µm.

In the first stage, composite suspensions were prepared by stir casting in an autoclave
furnace with a moving graphite stirrer system, according to the procedure described
in [7,14]. In the second stage, heated composite suspension was cast into the rotating
mold (d = 60 mm; ω = 3000 rpm), according to the method described in previous own
works [12,13]. An example of a cast of composite sleeves and its microstructure in the
outer area is shown in Figure 1. Due to the gradient structure in this type of casting [12],
remelting and pad welding tests were carried out on the outer surface of the composite
sleeve. The welding test was carried out by the GTAW method using filler material AlSi12
with a diameter of 2 mm, and argon as the inert shielding gas, at a flow rate of 10 l/min.
The parameters of welding technology are shown in Table 1. The remelting process was
carried out with 120 A alternating current, and the pad welding with 140 A alternating
current. The results of remelting and pad welding are shown in Figure 2. The material was
not preheated prior to the pad welding process.
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of the SiCp particle-rich region.

Table 1. The parameters of remelting and pad welding of AlSi12/SiCp + GCsf composite.

Composite
Material Process

Welding
Current

(A)

Voltage
(V)

Welding
Speed

(cm/min)

Gas Flow
Rate (L/min)

AlSi12/SiCp + GCsf
Remelting 120 14 20 10

Pad welding 140 16 20 10
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Figure 2. Face of the AlSi12/SiCp + GCsf composite weld: (a) remelting; (b) pad welding.

The tribological investigations were performed by reciprocating movement in ambient
condition and without lubrication. A speed of 4 m/min, a load of 1.5 kg, and a distance
of 500 m were applied as the main tribological parameters. The GJL300 iron was used
as a typical material for a tribological partner. The counterpart was in the form of a pin
with 6 mm diameter. The surfaces before testing were grinded by using sandpaper with
1000 gradation. The scheme of the device is shown in Figure 3.
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Figure 3. Scheme of a device for tribological testing in the reciprocating friction system.

The wear surfaces were analysed on a MicroProf 3000, FRT optical profilometer, FRT
GmbH, Bergisch Gladbach (Germany). Based on these results, roughness values (Ra), root
mean square (Rq), and average maximum height of the surface (Rz) of wear were achieved.

The metallographic examinations were conducted using an Olympus GX71, Warsaw
(Poland) light microscope (LM) at magnifications of up to 500×. The structure of the
surface after the welding and tribological tests were examined under the scanning electron
microscopes (SEM) JEOL JCM-6000 Neoscope II, Tokyo (Japan), and Hitachi S-4200, Krefeld
(Germany). Images were recorded in the secondary electron mode at a magnification of
1000× and at a voltage accelerating the electron beam to 15 keV.

3. Results and Discussion

Aluminum matrix composites made by centrifugal casting are characterized by a
complex and heterogeneous structure. The differences depend on the casting structure of
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the aluminum alloy and the inhomogeneous distribution of reinforcing particles as a result
of the centrifugal force during the casting process (Figure 1b).

The study materials are characterized by AlSi12/SiCp + GCsf, made of silicon eutectic
(α + Si), solid solution α, primary silicon crystals, and intermetallic crystal phases. Spherical
glassy carbon particles were distributed in the matrix, mainly in the middle zone, and
SiC particles were distributed in the surface zone (Figure 4). This particle distribution is
characteristic of centrifugal casting, and it is a result of the density of the individual phases.
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A significant problem was the existence of many pores and gas bubbles, especially
in the concentration of the reinforcement phase, which is related to high surface tension
and the inability to fully penetrate space mainly in the liquid phase during crystallization
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(Figure 5). The second phenomenon determining the formation of voids is excessively
found in fluid of low pressure and caused by the lack of supply of liquid metal to fill the
space between the reinforcing particles. This phenomenon was described, among others,
in works [35,36]. Based on the results, remelting and pad welding are one of the solutions
to reduce the porosity of the subsurface zone, which works in the wear systems described.
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Figure 5. The microstructure of AlSi12/SiCp + GCsf composites: (a) gas porosity in SiCp area, (b) pores and voids with
GCsf in areas of inhomogeneous distribution of particles.

The results of the visual examination of remelting revealed a uniform weld face with
some small discontinuities. This is related to the presence of pores and the inhomogeneous
distribution of the reinforcement phases, mainly for SiCp (Figure 2a). A similar weld face
was observed in the surface of the pad welding (Figure 2b). The weld face was smooth and
uniform, which indicated the correct selection of the pad welding parameters. No pores
and bladders were observed on the surface. On this basis, it was concluded that the welding
filler wire for pad welding (AlSi12) increased the area of the liquid metal pool and filled the
space between the reinforcing particles and the aluminum matrix better. It is also important
to reduce the number of reinforcing particle units of volume of the liquid metal pool.

The examination of the chemical composition of the AlSi12/SiCp + GCsf composites
(pt. 1) by the EDS method in individual areas revealed SiC (pt. 3) and spherical glassy
carbon (pt. 4). Fe-containing phases and Ni- and Cu-containing phases (pt. 2) were
also disclosed.

The microstructure of the cross section with an orientation perpendicular to the
remelting and pad welding direction indicated that pad welding had a positive impact on
the quality of the subsurface layer. The reason for this is the homogenization of the SiCp
reinforcement phases and the reduction in the number of pores in the composite (Figure 6a).
In this area, the GCsf was not observed, providing information about the segregation of
GCsf particles in the inner zone of the sleeve. Single reinforcing particles were revealed
in the pad welding, however no pores and voids were found (Figure 6b). This indicates a
properly selected pad welding technology.

In order to determine the operating conditions of the repaired composite elements,
(e.g., low-loaded pistons engines [34]), the resistance tests of tribological wear in a recip-
rocating system were carried out. This is a typical friction system found in compressors
and reciprocating internal combustion engines. The analysis of the coefficient of friction
for materials without any modification indicated that the coefficient was constant over
the entire range of the experiment (over a distance of 500 m) and was on average equal
to 0.33 (Figure 7). The analysis of the remelting surface showed that in the initial period
(approximately 150 m), the friction coefficient increased significantly to a value of up to 0.4.
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Figure 7. The variation of friction coefficient tested for base material (AlSi12/SiCp + GCsf) and composites repaired by
remelting and pad welding processes.

For the remelted material, slightly higher values of surface roughness parameters
were obtained, Ra = 8.8 µm, Rq = 10.7 µm, and Rz = 37.0 µm, and the wear depth was
approximately 130 µm (Figure 8b). This is a surface wear mechanism similar to that
previously described, however, the cross-sectional profile indicates the scratching and
ridging mechanisms. The profile of the worn surface depends on the behavior of individual
SiC particles (Figure 8b). In the remelting process, the friction effect is reduced. It should
be stated that the remelting of the composite surface does not yield a positive result
for research.

This was related to the lapping process of the surface as a result of pulling out single
SiCp particles (Figure 9b). After this stage, the coefficient of friction value stabilized at 0.3,
which is lower than for the base material. Similar values were obtained for the surface
of the pad welding, which indicates that after the abrasion step, the main friction surface
becomes the matrix. The coefficient of friction value for pad welding was 0.3. Single SiCp
particles were observed on the wear surface of the pad welding (Figures 9c and 10).
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Figure 8. View of the wear surface after tribological tests: (a) surface of the base material (AlSi12/
SiCp + GCsf); (b) remelting area; (c) pad welding area.

The profilometric observations of the wear process were supplemented by metallo-
graphic analysis (Figures 9 and 10). In the case of the base material, the surface development
indices Ra, Rq, and Rz were the highest, with Ra = 6.6 µm, Rq = 7.8 µm, and Rz = 26.4 µm,
respectively. The profile valley depth of the wear was approximately 150 µm (Figure 8a).
These results were confirmed by the wear mechanism observed in metallographic tests
(Figures 9 and 10). The wear of the surface was determined by reinforcing SiC particles,
which furrowed after being pulled out of the matrix. In the next stage, the SiC particles
were pushed into the matrix and the furrow was obliterated as a result of the plastic
deformation of the Al matrix (Figures 9a, 10a and 11a).
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Figure 9. Surfaces after tribological test: (a) base material (AlSi12/SiCp + GCsf); (b) remelting area
with visible SiCp; (c) pad welding area with single reinforcing particles.
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Figure 10. SEM–EDS line analysis after tribological test: (a) base material (AlSi12/SiCp + GCsf);
(b) remelting area; (c) pad welding area.
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Figure 11. X-ray spectroscopy (EDS) mapping analysis of the wear track: (a) base material; (b) remelting area; (c) pad
welding area.

The best results were obtained for the composite surface after pad welding (Figures 10c and 11c).
This was also confirmed by the surface parameters index, which were Ra = 3.7 µm,
Rq = 4.4 µm, and Rz = 16.2 µm, and the valley depth of the wear was approximately
100 µm (Figure 8c). It was found that, due to the small number of reinforcing particles
(Figures 6 and 11c) and their agreeable bonding with the matrix (Figure 9c), no ridging
or particle pull-out phenomena occur. There was even wear as a result of the plastic
deformation of the matrix (Figure 11c) and surface scratching (Figure 9c).

On this basis, it can be assumed that a good technology for layer modification and for
the repair or regeneration of elements working in reciprocating friction wear conditions is
pad welding by GTAW method, with filler metal with a chemical composition suitable to
the matrix.

4. Conclusions

Based on the research and the analysis of the obtained results, the following conclu-
sions were drawn:

1. It is possible to modify or repair the surface of AlSi12/SiCp + GCsf aluminum matrix
composites reinforced by SiCp/GCsf made by centrifugal casting. The application of
GTAW method with filler metal characterized by a chemical composition similar to
the aluminum metal matrix composite is a confirmed method to achieve pad welding
with the required properties. The process should be carried out in argon gas, at a flow
rate of 10 l/min, and with an alternating current from 120 to 140 A.

2. The surface of the composite sleeve after remelting is characterized by the correct
structure, in which the SiCp/GCsf reinforcing particles are observed. A much lower
porosity of the remelted zone was found. This is due to a better homogeneity of
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the SiCp distribution in the composite and better filling spaces between liquid metal
particles in comparison to the base material.

3. Single SiCp particles were observed in the area of pad welding made with AlSi12
filler metal, this results from the major volume of the matrix in the liquid metal pool.
No pores or gases were observed in the pad welding, which confirms the correct
repair process.

4. The surface of the composite after the pad welding process is characterized by similar
tribological properties as the base material, while the pad welding under the same con-
ditions shows a lower degree of wear. This is due to a smaller number of reinforcing
particles that cause the surface to be furrowed and the plastic to deformation.
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Abstract: The article discusses the effect of the hybrid-welding process (laser–electric arc MAG Metal
Active Gas) on the structure and properties of butt joints (having various thicknesses, i.e., 5 mm
and 7 mm) made of steel S960QL. Welding tests were performed in the flat position (PA) and in
the horizontal position (PC). Joints made of steel S960QL in the above-presented configuration are
present in elements of crane structures (e.g., telescopic crane jibs). The welding tests involved the use
of the G Mn4Ni1.5CrMo solid electrode wire and the Ar+18% CO2 shielding gas mixture (M21) (used
in the MAG method). Non-destructive visual and radiographic tests did not reveal the presence of
any welding imperfections in the joints. The welded joints obtained in the tests represented quality
level B in accordance with the requirements of the ISO 12932 standard. Microscopic metallographic
tests revealed that the heat-affected zone (HAZ) contained the coarse-grained martensitic structure
resulting from the effect of the complex welding thermal cycle on the microstructure of the joints.
Destructive tests revealed that the joints were characterised by tensile strength similar to that of the
base material. The hybrid welding (laser–MAG) of steel S960QL enabled the obtainment of joints
characterised by favourable plastic properties and impact energy exceeding 27 J. The tests revealed
the possibility of making hybrid-welded joints satisfying the quality-related requirements specified
in the ISO 15614-14 standard.

Keywords: hybrid welding; steel S960QL; HLAW; laser beam; MAG metal active gas

1. Introduction

Presently, the implementation of advanced welding technologies in various indus-
tries is considered to be one of the most important trends enabling the modernisation of
technological processes [1]. Laser welding is an advanced, continuously improved, and
increasingly common welding process applied in numerous industries (Figure 1). The de-
velopment of laser radiation sources has led to a situation where the market offer includes
lasers having power exceeding 100 kW [2]. The laser-welding process and its variants
(remote welding, hybrid welding, etc.) have become primary joining processes used in
many industrial sectors [3–5].
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Figure 1. Various welding methods used in joining processes [6].

One of the variants of the welding process using laser radiation as the heat source is
hybrid laser arc welding (HLAW). The process involves the simultaneous use of two heat
sources, i.e., laser radiation and electric arc. During the welding process, the use of the two
above-named heat sources leads to the formation of the common weld pool (Figure 2a).
The hybrid laser welding process involving the use of the combined heat source (laser
beam and electric arc) is characterised by a number of advantages in comparison with the
advantages characteristic of each of the aforementioned processes when used separately
(Figure 2b) [7].

Figure 2. Hybrid laser arc welding (HLAW): (a) principle of the hybrid-welding process (laser–MAG Metal Active Gas) and
(b) differences between the shape and geometry of welds obtained using the MAG welding, laser welding, and laser–MAG
welding process [7].

The first tests, aimed to combine two heat sources (i.e., laser radiation and electric arc),
were first performed by Steen and Eboo in the 1970s [8,9]. The two scientists demonstrated
that the simultaneous use of laser and electric arc enabled the obtainment of higher welding
rates and greater penetration depth than those obtainable using laser welding and arc
welding procedures separately.

Obtainable results, the development of lasers, and the advantages resulting from the
simultaneous use of two heat sources encouraged research centres worldwide to perform
tests of hybrid technologies.

162



Materials 2021, 14, 5447

Silva et al. (2020) [10] discussed the hybrid laser welding process performed using
various values of laser radiation power. The authors demonstrated that the application
of the hybrid-welding process enabled the obtainment of joints containing fewer welding
imperfections (gas pores in the weld) in comparison with joints made using laser radiation
only. In addition, hybrid-welded joints obtained by the authors were characterised by weld
face hardness lower by 100 HV than that of the weld root, which, in turn, translated into
reduced steel brittleness.

One of the crucial aspects of the hybrid-welding process is the manner of joint prepa-
ration. Kah et al. (2011) [11] described the effect of a gap located between elements being
joined on the shape and geometry of the weld formed as a result of the hybrid-welding
process. The authors demonstrated that an excessively large gap between the aforesaid
elements (>0.8 mm) resulted in the reduced height of the weld face and the increased height
of the weld root.

Because of their advantages (significant penetration depth, higher welding rates, and
reduced filler metal consumption), hybrid laser technologies are investigated by numerous
research centres around the world. Researchers use HLAW to join various structural
materials including steel [12,13], titanium alloys [14,15], aluminium alloys [16,17], or
dissimilar materials [18–20].

Increased demand for high yield point structural steels (>900 MPa) in the crane-
building industry has led to the intensification of tests concerning the applicability of
hybrid-welding technologies in the joining of various steel grades [21,22].

Toughened steels having a yield point of 960 MPa are characterised by the fine-
grained martensitic or martensitic-bainitic structure obtained through the toughening (i.e.,
hardening and quenching) of steel [23].

The joining of steels having the carbon equivalent value (CEV) ≤0.8% must be per-
formed using processes characterised by a low heat input to the joint. According to Siltanen
et al. (2011) [24], the hybrid-welding method (laser + electric arc) is rated among the afore-
said processes due to the reduction of beads needed to make a joint with full penetration
(regarding the welding of elements having thickness >4 mm). The researchers conducted
hybrid butt welding tests involving 6 mm thick plates made of steel S960QL. The use of
the hybrid method resulted in lower heat input to the joint (only one bead was made) in
comparison with that accompanying the use of the MAG method (where the obtainment
of the same thickness required three beads). The mechanical properties of the joint were
similar to those of the base material.

The article discusses the effect of the hybrid-welding process (laser–electric arc MAG)
on the structure and properties of butt joints having various thicknesses (i.e., 5 mm and
7 mm) and made of steel S960QL. Related welding tests were performed in the flat position
(PA) and in the horizontal position (PC). Joints made of steel S960QL in the above-presented
configuration are used in elements of crane structures (e.g., telescopic crane jibs) [25].

The hybrid-welding of plates having various thicknesses (e.g., 5 mm and 7 mm)
made of high yield point steel S960QL and used in structural elements of cranes has been
seldom discussed in scientific publications. Information on the subject is rudimentary and
often subject to strict know-how-related confidentiality policy of individual manufacturers.
The development of the crane industry and the growing demand for cranes have forced
entrepreneurs to search for new high-performance welding technologies making it possible
to increase production efficiency.

2. Materials and Methods
2.1. Materials

The tests discussed in the article involved the use of plates made of steel S960QL and
having thicknesses of 5 mm and 7 mm; the remaining dimensions were 150 mm × 350 mm.
The chemical composition of the plates was subjected to check analysis performed using
a Q4 TASMAN 170 spark emission spectrometer (BRUKER; Billerica, MA, USA). The
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test results were compared with the requirements specified in the EN 10025-6+A1:2009
standard [26]. The results of the tests are presented in Table 1.

Table 1. Chemical composition and mechanical properties of the test plates made of steel S960QL.

Chemical Composition, (%)

C Si Mn P S Cr Cu Ni Mo V CEV

EN
10025-6

max
0.20

max
0.80

max
1.70

max
0.02

max
0.01

max
1.5

max
0.50

max
2.0

max
0.70 - max

0.82
Check

analysis 0.13 0.39 1.40 0.009 0.001 0.01 0.01 0.19 0.44 0.03 0.47

Mechanical properties

Rm [MPa] Re [MPa] A5 [%]
980 ÷ 1150 960 10

The filler metal used in the welding of steel S960QL was a Union SG700 electrode wire
(G Mn4Ni1.5CrMo: SG700/ID-No. 822000508, ISO 16834-A) having a diameter of 1.2 mm
(Böhler Schweisstechnik). The shielding gas used in the MAG method was an M21 group
gas mixture (Ar—82% and CO2—18%) (Messer). The shielding gas flow rate amounted to
16 dm3/min.

2.2. Welding Method and Equipment

The hybrid-welding (laser–MAG) tests were performed at Łukasiewicz Research
Network—Institute of Welding using a robotic welding station (Figure 3a) consisting of
a TruDisk 12002 disc laser (TRUMPF; Stuttgart, Germany) having a power of 12 kW, a
KRC30HA welding robot (KUKA; Augsburg, Germany) equipped with a hybrid-welding
head (Figure 3b), and a PHOENIX 452 RC PULS MIG/MAG welding machine generating a
maximum welding current of 450A (EWM Hightec Welding GmbH; Mündersbach, Germany).

Figure 3. Robotic laser welding station (TruLaser Robot 5120) with the TruDisk 12002 disc laser: (a) main view, (b) D70
hybrid-welding head (Trumpf) (Łukasiewicz Research Network—Institute of Welding in Gliwice).

The welding tests were performed in two positions, i.e., in the flat position (PA)
(Figure 4a) and in the horizontal position (PC) (Figure 4b). The edges of the plates to be
joined were subjected to square butt weld preparation and set up without a gap (b = 0) at
the interface.

164



Materials 2021, 14, 5447

Figure 4. Setting up and plate thicknesses used in the tests: (a) flat position (PA) and (b) horizontal
position (PC) (according to ISO standard positions).

During the hybrid-welding process, the laser radiation beam was transported using
an optical fibre (dLLK) having a diameter of 400 µm and enabling the obtainment of laser
beam focus diameter dog = 0.8 mm (in relation to fcol = 200 mm—collimator lens focal
length and fog = 400 mm—focusing lens focal length; Figure 5a).

The laser radiation beam was positioned in the plane perpendicular to the surface
of the plates, whereas the MAG welding torch was positioned at an angle of 65◦ (α1) in
relation to the surface of the plates. The angle between the beam axis and the axis of the
MAG welding torch (α2) amounted to 25◦. The distance between the laser beam focus
and the electrode tip (a) amounted to 2 mm (Figure 5b). During welding performed in the
horizontal position (PC), the entire system was inclined at an angle of 90◦ (Figure 5c).

The welding tests were performed in the A–L (arc leading) configuration, i.e., with
the arc power source leading the heat source in the process (Figure 5b).

A heat input was calculated using Equation (1) presented in the ISO 15614-14 stan-
dard [27].

Q =
(Plaser · U · I)

vs
· 10−3[kJ/mm] (1)

where Q—heat input (kJ/mm), Plaser—laser power (W), U—arc voltage (V), I—welding
current (A), and vs—welding rate (mm/s).

The setting up of the plates along with their thicknesses in the welding tests performed
in various welding positions, are presented in Figure 4.

2.3. Tests of Welded Joints

The joints were subjected to visual tests (VT), radiographic tests (RT), and destruc-
tive tests performed in accordance with the requirements of the ISO 15614-14 standard
(concerning hybrid-welding procedure qualification). The results of observations and
measurements performed to identify the quality level (regarding the presence of welding
imperfections) were assessed in accordance with the ISO 12932 standard [28].
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Figure 5. Schematic diagram of the laser optical system as well as the position of the laser beam and electric arc in the
hybrid-welding technology: (a) laser optical system, (b) position of the laser beam and electric arc, and (c) processing head
inclination during welding in the flat position (PA) and in the horizontal position (PC).

The research included the following tests:

• Visual tests performed in accordance with the requirements of the ISO 17637 standard;
• Radiographic tests of the welded joints, performed in accordance with the require-

ments of the ISO 17636-1 standard and involving the use of an Eresco 65 MF3 X-ray
unit (GE Sensing&Inspection Technologies; Ahrensburg, Germany);
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• Macroscopic metallographic tests, performed using an Olympus SZX9 stereoscopic
microscope (Olympus, Tokyo, Japan). To identify their structure, the specimens were
subjected to etching in Adler’s reagent (Chmes, Poznań, Poland);

• Microscopic metallographic tests, performed in accordance with the requirements
of the ISO 17639 standard and involving the use of a Nikon Eclipse MA200 light
microscope (Leuven, Belgium). The specimens were subjected to grinding with
abrasive paper having a granularity of 800 and 1000, polishing performed using a
powerpro 4000 grinder/polisher (Buehler; Germany) and metaldi Monocrystalline
Diamond Suspension (3 µm), as well as etching in 5% Nital (5% HNO3 in ethanol);

• Tests performed using a scanning transmission electron microscope (STEM) involving
the use of thin foils; the specimens were subjected to two-sided grinding (with abrasive
paper) to reach a thickness of 0.5 mm. The process of electrochemical thinning was
performed using a Struers tenupol-5 machine, with a voltage of 45 V and a temperature
of 5 ◦C. The process was carried out in electrolyte composed of 70% CH20H, 20%
glycerine, and 10% hclo4. The cooling agent was liquid nitrogen. The tests were
performed using a Hitachi 2300A scanning-transmission electron microscope (STEM)
(Japan), illuminating thin foils. The microscope was equipped with an FEG-type
gun provided with the Schottky emitter. The accelerating voltage during the tests
amounted to 200 kv;

• Hardness distribution tests were performed in accordance with the requirements of
the ISO 9015-1 standard and involved the use of a GNEHM DIGITAL BRICKERS
220 hardness tester. Vickers hardness tests (HV) were performed along two measure-
ment lines located 2 mm away from the upper and lower edge of the specimen. The
imprints were made in the base material, heat-affected zone (HAZ) and in the weld;

• Static tensile tests involved 2 specimens cut out perpendicularly to the weld and pre-
pared in accordance with the requirements of the ISO 6892-1 standard. The preparation
of the specimens involved the removal of excessive root and face reinforcement as well
as the mechanical reduction of specimen thickness from 7 mm to 5 mm (performed
to obtain the even surface of the plates across the entire specimen). The dimensions
of the specimens were 300 mm × 25 mm × 5.0 mm. The tension rate amounted to
10 mm/min. The tests were performed using an MTS 810 TEST SYSTEMS testing
machine (Eden Prairie, MN, USA);

• Face bend test (FBB) and root bend test (RBB) of the butt weld were performed
in accordance with the requirements of the ISO 5173 standard. The tests involved
4 specimens—two specimens on each side. The thickness of the plate was mechanically
reduced from 7 mm to 5 mm (in order to obtain the even surface of the plates across the
entire specimen). The dimensions of the specimens were 300 mm × 20 mm × 5.0 mm).
The tests were performed using a LOS12126 testing machine (Losenhausenwerk AG;
Düsseldorf, Germany);

• Impact strength tests, performed in accordance with the requirements of the ISO 9016
standard, involved the use of 2 sets of specimens (3 specimens in each set) sampled
from the weld area and from the heat-affected zone (HAZ). The cross-section of the
specimens used in the test was reduced. The dimensions of the specimens were
2.5 mm × 8.0 mm × 55 mm. The depth of the V notch amounted to 2 mm. Before the
tests, the specimens were cooled to a temperature of −40 ◦C. The cooling process was
performed using an FP89 cooling circulator (Julabo). Impact energy was identified
using an RKP 300 impact-testing machine (Amsler).

The parameters of the hybrid-welding process (laser + electric arc MAG) performed
both in the flat position (PA; joint no. 1) and in the horizontal position (PC; joint no. 2) are
presented in Table 2.
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Table 2. Parameters of the hybrid-welding process used when making the joints (having thicknesses
of 5 mm and 7 mm) in the flat position (joint no. 1 PA) and horizontal position (joint no. 2 PC).

Welding Parameters Joint No. 1 (PA) Joint No. 2 (PC)

Laser power (kW) 3.75 3.75
Welding rate (m/min) 1.3 1.3

Filler metal wire feed rate (m/min) 8.5 8.5
Welding current (A) 290 275

Arc voltage (U) 27 27
Interface gap (between the plates) (mm) 0 0

Heat input (kJ/mm) 0.57 0.56

3. Results and Discussion
3.1. Weld Formation

The weld face side and the weld root side of the joints after the hybrid-welding process
are presented in Figure 6.

Figure 6. Joint (having thickness 5 mm and 7 mm) viewed from the face side and the root side after the hybrid-welding
process: (a) joint no. 1 (PA) and (b) joint no. 2 (PC) (in accordance with Table 2).

The visual welding tests revealed that hybrid-welded joints no. 1 and 2 (Figure 6)
made in the flat position (PA) and in the horizontal position (PC) were characterised by the
smooth spatter-free weld face and the properly shaped weld root.

In accordance with the requirements specified in the ISO 12932 standard (concerning
hybrid-welding procedure qualification), the joints made in the PA and PC positions
satisfied related criteria and represented quality level B.

The subsequent stage included the performance of non-destructive radiographic
(X-ray) tests aimed to detect (if any) internal welding imperfections. The X-ray tests
involved 100% of the joint length. The X-ray photographs of joints no. 1 and 2 are presented
in Figure 7. Joint no. 1 and joint no. 2 did not contain any internal welding imperfections.
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Figure 7. X-ray photograph of the hybrid-welded joints: (a) joint no. 1 (PA) and (b) joint no. 2 (PC).

The subsequent stage involved macrostructural tests of joints no. 1 and 2 (Figure 8).
The macrostructural tests did not reveal any welding imperfections within the weld area
and in the heat-affected zone (HAZ).
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The etched metallographic specimens revealed the clearly visible borders between the
base material, HAZ, and the weld.

Geometrical dimensions of hybrid-welded joints no. 1 and 2 made in the flat position
(PA) and in the horizontal position (PC) are presented in Table 3.

Table 3. Geometrical dimensions of hybrid-welded joints no. 1 and 2.

Dimensions Joint No. 1 Joint No. 2

Weld face width (Wf/mm) 9.7 8.3
Weld face height (Rf/mm) 1.5 1.7
Weld root width (Wb/mm) 3.1 2.2
Weld root height (Rb/mm) 1 0.3
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The width of the weld face (Wf/mm) of the joint made in the flat position (PA)
amounted to 9.7 mm, whereas its height (Rf/mm) amounted to 1.5 mm. The width of
the weld root (Wb/mm) amounted to 3.1 mm, whereas its height (Rb/mm) amounted to
1 mm. The width of the weld face (Wf/mm) of the joint made in the horizontal position
(PC) amounted to 8.3 mm and was 1.4 millimetres lower in comparison with that of the
joint made in the flat position (PA). The height of the weld face (Rf/mm) amounted to
1.7 mm. The width of the weld root (Wb/mm) of the joint made in the horizontal position
(PC) amounted to 2.2 mm (0.9 mm less than that of the joint made in the flat position (PA)).
The height of the weld root (Rb/mm) amounted to 0.3 mm (0.7 mm less than that of the
joint made in the flat position (PA)) (Table 3).

The tests revealed that joints no. 1 and 2 represented quality level B in accordance
with the requirements specified in the ISO 12932 standard (concerning hybrid-welding
procedure qualification).

3.2. Microstructure Characteristics

Joint no. 2 (PC) was subjected to microscopic metallographic tests. The microscopic
tests revealed the presence of three typical areas (Figure 9a), i.e., the base material (contain-
ing the fine-grained structure of tempered martensite (Figure 9b), the heat-affected zone
having a width of approximately 1 mm (Figure 9c), and the weld area (Figure 9d).

The heat-affected zone (HAZ) contained the coarse-grained martensitic structure
(having a thickness of 425 HV10) formed as a result of the welding thermal cycle effect
(Figure 9c). In turn, the weld contained the homogenous acicular martensitic structure
having a hardness of 350 HV10 (Figure 8d). The above-presented observation results
were confirmed by tests performed using a scanning transmission electron microscope
(Figure 10a–f).

In article [29], Guo et al. stated that the crucial aspects related to the welding of
fine-grained, high-strength steel S960 MPa were the temperature of the process and the
welding rate. Those two factors significantly affected the microstructure in the zones of the
welded joint (HAZ, weld).
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Figure 10. Microstructure of the welded joint made of steel S960QL: (a) fusion line (SEM), (b) HAZ (SEM), (c) weld (SEM),
(d) base material—martensite with visible dislocations (STEM), (e) martensite observed in the HAZ (STEM), and (f) laths of
martensite in the weld with a visible increase in dislocation density (STEM).

In the structure of the base material (in the martensitic laths), it was possible to
observe significant dislocation density, which was connected with the manufacturing
and hardening of high yield point steel S960QL. During welding, the thermal cycle effect
triggered austenitisation and the growth of austenite grains in the HAZ. The cooling of
the heat-affected zone led to the martensitic transformation, resulting in the formation of
coarse-grained martensite (Figure 10b). The aforesaid area also contained fine carbides
(Figure 10e). The weld contained fine-grained martensite with numerous fine carbides
(Figure 10c). The martensite laths were characterised by significant dislocation density
(indicating the hardening of the joint in the above-named area).

3.3. Hardness Distribution

Hardness measurements concerning joint no. 1 (PA) and joint no. 2 (PC) revealed
that the highest hardness value was characteristic of the weld–HAZ interface. In relation
to joint no. 1, the aforesaid hardness amounted to 436 HV10, whereas in relation to joint
no. 2, the hardness amounted to 448 HV10. An increase in hardness in the aforesaid area
could be ascribed to the rate of heat propagation and the hardening of the joint. A similar
distribution of hardness in hybrid-welded joints made of fine-grained high-strength steel
was observed by Lahdo et al. (2014) [30]. The authors stated that the weld–HAZ interface
underwent hardening, which was connected with the rate at which the above-named
area was cooled. The reduction of hardness at the weld–HAZ interface would require the
application of preheating.

The difference in hardness between the base material and the HAZ in the joints made
in the flat position and in the horizontal position amounted to 22%. Regarding joint
no. 2, hardness in the central area of the weld was similar to that of the base material and
amounted to 344 HV10 (Figure 11b). In turn, regarding joint no. 1, the difference between
the above-named zones amounted to 20 HV10 (Figure 11a).
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Figure 11. Measurement results and the distribution of hardness in the cross-section of the HLAW joint: (a) joint no. 1 (PA)
and (b) joint no. 2 (PC).

Both in the joint made in the flat position (PA) and that made in the horizontal position
(PC), the HAZ was characterised by Vickers hardness above 400 (448 HV10). The above-
presented values are acceptable in accordance with the requirements of the ISO 15614-14
standard concerning hybrid-welding procedure qualification. The hardness increase in the
aforesaid area did not affect other mechanical properties (tension, bending).

3.4. Mechanical Properties

The analysis of the destructive tests concerning the hybrid-welded joints (laser beam—
MAG) revealed that both joint no. 1 and joint no. 2 satisfied the requirements of the ISO
15614-14 standard (Table 4). The hybrid-welding process did not trigger a decrease in the
tensile strength of the joints (1053 MPa and 1068 MPa, respectively) in comparison with
that of the base material (restricted within the range of 980 MPa to 1150 MPa; Table 1). The
specimens ruptured in the HAZ (area characterised by a clearly visible grain growth). The
decrease in tensile strength in the HAZ area resulted from the loss of mechanical properties
obtained by the steel in the manufacturing process (as a result of hardening and tempering).
Figure 12 presents the specimens after the static tensile test of the HLAW joint.

Table 4. Mechanical test results concerning the hybrid-welded joints made of steel S960QL.

Joint No.

Tensile Strength *, 1 Bend Test *,
Bend Angle, ◦

Impact Strength Test KCV **, Impact
Energy J, (Testing Temperature: −40 ◦C)

Rm, MPa Area of
Rupture Weld Face Weld Root HAZ Weld

Joint no. 1 1053 HAZ 180 180 46 30

Joint no. 2 1068 HAZ 180 180 40 30

* Average result of two measurements; ** average result of three measurements, 1 standard deviation σ = 9.9.

The bend angle obtained in the bend test amounted to 180◦—both during the face and
root bend tests of the butt weld. The joints were characterised by high plastic properties.

Impact energy obtained at a temperature of −40 ◦C also indicated the favourable
mechanical properties of the joints. In relation to the specimens sampled from the central
area of the weld, both regarding joint no. 1 (PA) and joint no. 2 (PC), impact energy
amounted to 30 J. In turn, regarding the specimens sampled from the HAZ area, impact
energy amounted to 46 J in relation to the joint made in the flat position and 40 J in relation
to the joint made in the horizontal position.
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Siltanen et al. (2015) [31] obtained similar mechanical properties using another filler
metal (in the hybrid-welding process). In relation to 6 mm thick hybrid-welded joints, the
tensile strength amounted to 1000 MPa, whereas impact energy exceeded 27 J (34 J, 48 J) (at
a testing temperature of −40 ◦C). Therefore, the joints satisfied the requirements specified
in the EN 10025-6 standard [26].

4. Conclusions

The hybrid-welding tests (laser + MAG) involved the making and testing of butt joints
with full penetration. The joints (having various thicknesses, i.e., 5 mm and 7 mm) were
made of steel S960QL plates. The above-named steel is used, among other things, in the
production of telescopic jibs of self-propelled cranes.

The tests revealed the possibility of obtaining welded joints satisfying the requirements
of quality level B (i.e., top quality level) in accordance with the ISO 15614-14 standard.

Both the joint made in the flat position (PA—1G) and that made in the horizontal
position (PC—2G) were characterised by the uniform, smooth, and spatter-free weld face
as well as by the properly shaped weld root. The visual and radiographic tests did not
reveal the presence of surface or internal welding imperfections.

The static tensile tests revealed that the joints were characterised by high strength
(1053 MPa and 1068 MPa, respectively) and high plasticity (bend angle of 180◦).

The specimens sampled from the weld area and from the heat-affected zone revealed
that impact energy amounted to more than 27 J (30 J in relation to the weld as well as 40 J
and 46 J in relation to the HAZ).

The microscopic metallographic tests revealed that the heat-affected zone (HAZ) con-
tained the coarse-grained martensitic structure formed as a result of the complex welding
thermal cycle effect. During welding, the thermal cycle effect triggered austenitisation, the
growth of austenite grains and the precipitation of carbides in the heat-affected zone. In
turn, the weld contained the homogenous structure of acicular martensite.
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Abstract: In this paper, three commercial cermet powders, WC-Co-Cr, WC-Co and WC-Cr3C2-Ni,
were sprayed by the High Velocity Oxy Fuel (HVOF) method onto magnesium alloy AZ31 substrate.
The coatings were investigated in terms of their microstructure, phase analysis and residual stress. The
manufactured coatings were analyzed extensively using optical microscopy (OM), X-ray diffraction
(XRD), scanning (SEM) and transmission electron microscopy (TEM). Based on microstructure studies,
it was noted that the coatings show satisfactory homogeneity. XRD analysis shows that in WC-Co,
WC-Co-Cr and WC-Cr3C2-Ni coatings, main peaks are related to WC. Weaker peaks such as W2C,
Co0.9W0.1, Co and W for WC-Co and W2C, Cr3C2 and Cr7C3 for WC-Cr3C2-Ni also occur. In all
cermet coatings, linear stress showed compressive nature. In WC-Co and WC-Cr3C2-Ni, residual
stress had a similar value, while in WC-Co-Cr, linear stress was lower. It was also proved that
spraying onto magnesium substrate causes shear stress in the WC phase, most likely due to the low
elastic modulus of magnesium alloy substrate.

Keywords: High Velocity Oxy Fuel; AZ31 magnesium alloy; microstructure; X-ray diffraction; residual
stress analysis—sin2ψmethod

1. Introduction

The elements of machines and equipment operated in the conditions of abrasive,
erosion or corrosion wear and tear are exposed to damage. New element production costs
significantly exceed its recovery enabling the restoration of its usable values and increased
durability. One of the numerous methods allowing for a combination of the beneficial
properties of the core with resistance to abrasive wear, heat resistance and increased
hardness is the deposition of coating [1,2]. This enables lifetime increase and improvement
of reliability and operating durability of the machinery elements. One of the most frequently
applied technologies of protective coating deposition is thermal spraying [3–5]. Generally,
it produces metallic, carbide, ceramic and composite coatings of any chemical and phase
composition on an appropriately prepared base [6,7]. Among the most commonly used
methods mentioned above is the HVOF (High Velocity Oxy Fuel) spraying method, which
enables the production of dense coatings with compact structure and high adhesion to the
substrate. In the HVOF method, the flammable gas (or liquid fuel) is fed to the combustion
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chamber together with the oxygen, and the stream of gases produced during combustion
is formed in the nozzle. The HVOF gun works continuously while the liquid fuel is
sprayed. Among the most frequently used flammable gases, ethylene, propylene and
acetylene should be mentioned, while kerosene is a popular liquid fuel. In the stream of
argon or nitrogen, the feedstock material is fed (mainly in the form of powder) axially or
radially along the gun axis [1,8]. The most significant applications of the HVOF method
include spraying cermet coatings based on tungsten carbide (WC), where, due to the
low temperature obtained by the particles, carbide transformation takes place to a lesser
extent. The cermet materials are a combination of metallic and metal materials in which
the substrate is usually formed from Co, Ni, Al, Ti, Mo or their alloys. Because the tungsten
carbide (WC) could be well wetted, without limitation, by cobalt (Co), nickel (Ni), iron
(Fe) and cobalt–chromium (CoCr), the cermet materials based on WC are some of the most
frequently used cermet materials [9–12]. The advantage of these materials is their high
resistance to abrasive, erosion and cavitation wear and the ceramic coatings produced from
them are characterized, without limitation, with higher hardness, low thermal conductivity
coefficient, high corrosion and oxidation resistance and high resistance to abrasion and
erosion [13–15].

In the literature, there is a small gap concerning the deposition of hard and wear-
resistance coatings on soft and low melting temperature substrate. It is much more impor-
tant when combined with mass reduction, e.g., in the automotive and aviation industry.
This study’s novelty is the purpose of using a magnesium alloy as a substrate. This group
of materials has not yet been investigated in depth. Magnesium alloys are lighter than
aluminum ones, which is a significant advantage. However, the main disadvantages are
poor mechanical properties and resistance against wear, erosion, corrosion, etc. In recent
years, some investigations have mainly concentrated on HVOF coating materials, such as
amorphous Fe-based, stainless steel and hydroxyapatite [16–18]. Only a few articles are
dedicated to cermet HVOF coating on magnesium alloy substrate [16,17]. Cermet coatings
produced by HVOF could substantially improve these properties on the top surface. More-
over, because of relatively soft flame and average temperatures (ensured by an appropriate
selection of process parameters), HVOF spraying allows manufacturing such coatings onto
magnesium substrate without damaging it [19,20].

This study’s main aim was to investigate and compare the microstructure and residual
stress in the cermet coatings manufactured by the HVOF method on the AZ31 magnesium
alloy substrate. Such a solution could make it possible to use it in aircraft structures.

2. Materials and Methods
2.1. Powders

In this study, three commercially available powders were used as feedstock material.
They are labelled as follows:

• P1-WC-Co-Cr (86-10-4, Höganäs, Amperit 558.074);
• P2-WC-Co (88-12, Höganäs, Amperit 518.074); and
• P3-WC-Cr3C2-Ni (73-20-7, Woka 3702-1).

Chemical compositions have been given in wt %. For all powders, delivery conditions
were agglomerated and sintered. Moreover, the particle size range was −45 + 15 µm for
each one. The main diameter d50 was around 30 µm for all powders.

2.2. Deposition Process

The magnesium alloy AZ31 with 5 mm thickness was used as a substrate. Before the
spraying, the surfaces of the samples were sand-blasted with corundum and ultrasonic
treated. The JP 5000 spray system TAFA (Indianapolis, IN, USA) by RESURS (Warszawa,
Poland) was used to manufacture the coatings. Kerosene and oxygen were used as the fuel
media, whereas nitrogen was used as the carrier gas. The schematic diagram of the HVOF
coating process is presented in Figure 1, and the spraying parameters are listed in Table 1.
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The coatings manufactured from P1, P2 and P3 powders are labelled in the text as C1, C2
and C3, respectively.
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Figure 1. The schematic diagram of the HVOF coating manufacturing process.

Table 1. Spraying parameters of cermet coatings.

Oxygen Flow Rate, L/min 900
Kerosene flow rate, L/h 26.1

N2 flow rate, L/min 12
Powder feed rate, g/min 70
Water flow rate, L/min 23

Spray distance, mm 360

2.3. Coatings’ Characterization

Microscopic investigations and fracture morphology were carried out by scanning
electron microscope (Supra 35, Zeiss, Oberkochen, Germany) with secondary electron and
backscattered detectors. The chemical composition was analyzed by EDS (energy dispersive
X-ray spectroscopy) (Supra 35, Zeiss, Oberkochen, Germany). The area EDS measurements
were randomly distributed in the coating. It was carried out in one sample in 10 areas,
and three coatings were tested. TEM investigations were undertaken with a field emission
transmission electron microscope (S/TEM Titan 80-300 from FEI, Hillsboro, OR, USA) with
a super twin-lens operated at 300 kV and equipped with an annular dark-field detector. A
focused ion beam method (FIB) prepared thin foils for TEM analysis. The lamella extraction
was performed on the SEM/Ga-FIB FEI Helios NanoLab 600i (FEI, Brno, Czech Republic)
device, while the thinning and removal of the amorphous layer were performed on SEM/Xe-
PFIB FEI Helios G4 PFIB CXe (FEI, Brno, Czech Republic). The coatings’ cross-sections were
observed by a Keyence VHX6000 (Keyence International, Mechelen, Belgium) microscope.
Based on these images, at 2000× magnification, the porosity of sprayed coatings was
estimated according to ASTM E2109-01 standards. Image J open-source software (1.50i
version) was used to calculate porosity. At the same magnification, 10 measurements
carried out at random locations along the coatings cross-sections were taken into account
to calculate the average thickness value and standard deviation.

Microhardness of manufactured coatings were estimated with Vickers indenter under
the load of 2.94 N (HV0.3) using the HV1000 hardness tester (Sinowon Innovation Metrol-
ogy), according to the ISO 4516 standard. Ten imprints at the cross-sections of each coating
were made to calculate the average value and standard deviation.

XRD studies were performed using the D8 Advance diffractometer (Bruker, Karlsruhe,
Germany) with a Cu-Kα cathode (λ = 1.54 Å) operating at 40 kV voltage and 40 mA current.
The scan rate was 0.60◦/min with a scanning step of 0.02◦ in the range of 20◦ to 120◦ 2Θ.
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Identification of fitted phases was performed using the DIFFRAC.EVA program using
the ICDD PDF#2 database, while the exact lattice parameters of the fitted phase were
calculated using Rietveld refinement in the TOPAS 6 program, based on the Williamson–
Hall theory [21–23]. The pseudo-Voigt function described diffraction line profiles at the
Rietveld refinement. The Rwp (weighted-pattern factor) and S (goodness-of-fit) parameters
were used as numerical criteria of the quality of the fit of calculated to experimental
diffraction data.

Residual stress analyses (RSA) were performed using the iso-inclination mode of the
D8 Advance diffractometer (Bruker, Karlsruhe, Germany) with the use of the (211) peak of
the WC phase, according to EN-15305 standards. RSA measurements were performed at
six different ϕ angles (0◦, 45◦, 90◦, 135◦, 180◦, 225◦) to obtain a reliable stress mode [24,25].
Results were evaluated using the DIFFRAC.LEPTOS program, and all peaks were fitted
using standard fit, while the applied stress mode was established as biaxial [24,25] with
consideration of shear stress contribution, due to low hardness and elastic modulus of
substrate material, which is mainly omitted in literature. The following material parameters
were used for residual stress analysis: Young’s modulus 600 GPa and Poisson ration 0.20,
which gives S1 = −3.333 10−7 MPa and 1/2S2 = 2.000 10−6 MPa−1 and are in agreement
with literature data [25]. The 45 MPa limit was used as a stress-free WC material, while a
22.5 MPa limit was used for shear stress contribution.

3. Results and Discussion
3.1. Feedstocks

The morphology of feedstock powders is given in Figure 2. All powders have similar
particles size and spherical shapes. This is important from a technological point of view
because it provides suitable flowability of the powder particles during spraying.
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3.2. Microstructure of the Coatings

The detailed examination at high magnification (Figure 3b,d,f) revealed a dense struc-
ture with fine pores (much lower than 1 µm) and a typical low porosity level. This dense
structure is due to the inherent characteristic of the HVOF process (mainly the high kinetic
energy of the particles). In Figure 3b,d, the hard particles are homogeneously distributed in
the cobalt matrix, whereas for C3 (Figure 3f), there are some areas of nickel matrix islands
without hard particles. This is similar to the phenomenon reported by [26–28].
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The examination of low-magnification polished cross-sections (Figure 3a,c,e) showed
a relatively smooth, dense and homogeneous structure of HVOF-sprayed coatings. The
microstructure is typical for thermal spraying coatings. The interface between cermet
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coating and AZ31 substrate was clear in all samples, and no evidence of delamination
was observed.

The image analysis results in coatings’ porosity determination are collected in Table 2,
and the results are quite similar. The lowest porosity value for the C3 sample could be
related to lower hardness and better porosity filling by nickel than cobalt. In their work,
Yao et al. [13] reported that the coating porosity is related to the powder composition and
oxygen flow rate, and decreased with the oxygen flow increase. In Table 2, the coatings’
thickness values and microhardness (HV0.3) are presented.

Table 2. Average thickness, porosity and microhardness of deposited coatings.

C1 C2 C3

Thickness, µm 279 ± 24 206 ± 8 177 ± 20
Porosity, vol % 2.9 ± 0.7 2.6 ± 0.5 1.9 ± 0.5

HV0.3 1198 ± 195 1269 ± 167 989 ± 124

The chemical composition of the C1, C2 and C3 sprayed coatings is presented in
Figure 4, and the chemical element distributions in the micro areas are shown in Figures 5–7.
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Figure 4. The chemical composition of the HVOF-sprayed coatings.

The map analysis revealed the areas with a higher concentration of individual chemical
elements in the analyzed coatings. In the case of the sample C1, the highest concentration
of tungsten (light area in Figure 5a and purple in Figure 5e) and Cr (black area in Figure 5a
and yellow area in Figure 5c), as well as Co (a gray area in Figure 5a and yellow Figure 5d),
was observed. The increased share of these elements corresponds to tungsten carbide and
a metallic CoCr matrix, respectively. Analysis of the distribution of elements in the area of
the C2 coating showed an even distribution of tungsten carbide (light area in Figure 6a and
purple area in Figure 6d) in the Co matrix (a gray area in Figure 6a and green in Figure 6c).
In sample C3, areas with a large mass fraction of chromium (black area in Figure 7a and
yellow in Figure 7c) and tungsten (bright area in Figure 7a and purple in Figure 7d), as well
as a nickel (a gray area in Figure 7a and blue in Figure 7e) were observed, which correspond
to carbides and a metallic Ni matrix used during the process.
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Figure 6. Elemental distribution maps of spraying elements in the analyzed area of the C2 coating
obtained during thermal spraying: (a)—central part of the layer, (b)—map of the carbon, (c)—map of
the cobalt, (d)—map of the tungsten.

The microhardness of the coatings depends on several factors, including porosity,
carbide particle size and degree of decarburization. Process parameters (among others,
spray distance) determines the temperature of the particles during spraying, which has
a significant effect on hardness value. The coatings’ hardness increases with increasing
particle temperature. It could be explained that decarburization and dissolution of W, Cr
and C in the metal matrix (CoCr) take place at a higher temperature. Consequently, this
leads to the hardness increasing. In general, the matrix hardness is higher and also W2C
hard carbides are formed during spraying, which results in coatings’ hardness increasing.
A similar value of microhardness and porosity for the C3 sample was observed in other
investigations [29] and C1 and C2 samples [30]. Yuan et al. reported that the physical
features such as morphology and density of the WC-Co powders play a very important
role in determining the microhardness of the coatings by affecting the coating porosity and
extent of decarburization [31].

182



Materials 2022, 15, 40

Materials 2021, 14, x FOR PEER REVIEW 8 of 16 
 

 

 
Figure 6. Elemental distribution maps of spraying elements in the analyzed area of the C2 coating 
obtained during thermal spraying: (a)—central part of the layer, (b)—map of the carbon, (c)—map 
of the cobalt, (d)—map of the tungsten. 

 

Figure 7. Elemental distribution maps of spraying elements in the analyzed area of the C3 coating 
obtained during thermal spraying :(a)—central part of the layer, (b)—map of the carbon, (c)—map 
of the chromium, (d)—map of the tungsten, (e)—map of the nickel. 

The microhardness of the coatings depends on several factors, including porosity, 
carbide particle size and degree of decarburization. Process parameters (among others, 
spray distance) determines the temperature of the particles during spraying, which has a 
significant effect on hardness value. The coatings’ hardness increases with increasing par-
ticle temperature. It could be explained that decarburization and dissolution of W, Cr and 
C in the metal matrix (CoCr) take place at a higher temperature. Consequently, this leads 
to the hardness increasing. In general, the matrix hardness is higher and also W2C hard 
carbides are formed during spraying, which results in coatings’ hardness increasing. A 
similar value of microhardness and porosity for the C3 sample was observed in other in-
vestigations [29] and C1 and C2 samples [30]. Yuan et al. reported that the physical fea-
tures such as morphology and density of the WC-Co powders play a very important role 
in determining the microhardness of the coatings by affecting the coating porosity and 
extent of decarburization [31]. 

Results of TEM analysis are divided into three parts, according to the type of coating 
material. The C1 sample analysis revealed that coating contains a matrix and two-particle 

Figure 7. Elemental distribution maps of spraying elements in the analyzed area of the C3 coating
obtained during thermal spraying: (a)—central part of the layer, (b)—map of the carbon, (c)—map of
the chromium, (d)—map of the tungsten, (e)—map of the nickel.

Results of TEM analysis are divided into three parts, according to the type of coating
material. The C1 sample analysis revealed that coating contains a matrix and two-particle
types (Figure 8). The particles marked with red arrows and named with the letter A
(Figure 8a) are larger (1–2 µm) than others and irregular shapes. The analysis of the
chemical composition (Figure 8b) confirmed the presence of tungsten (100 at. %).
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investigation showed the W2C phase (Figure 9b), where Co and Cr replace some W atoms 
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important is the point when high temperature affects particles of feedstock material. The 
2000–3000 K W2C phase is more stable than the WC one in the temperature range. 

Moreover, the higher temperature of the particles causes decarburization of the WC 
phase and leads to W2C precipitation, which is a harder and more brittle phase. Myalska 
et al., in their work, provided a detailed explanation of this phenomenon [34]. It was con-
firmed by SAED electron diffraction that the matrix is amorphous (Figure 9c). 

In the C2 sample, the precipitates marked with the letter B (Figure 10a) occur around 
larger WC carbides. They are irregular in shape and composed of many smaller grains. 
EDS analysis (Figure 10b) showed a high proportion of W (72 at. %) and Co (28 at. %). The 
SAED electron diffraction, performed for the area marked as B, confirmed the polycrys-
talline structure of the precipitation (Figure 11a). SAED diffraction identified the cubic 

Figure 8. STEM micrograph in BF of sample C1 (a); the results of chemical analysis marked with
letter A (b).

The spectrum of the energy-dispersive X-ray spectroscopy (EDS) also shows the signal
from Cu, which was omitted in the analysis. It could results e.g., from holder and pole
pieces. EDS technique has a limitation in the study of light elements (Z < 11). Based on
the obtained spectrum, their presence (especially carbon) in the tested material cannot
be excluded. Electron diffraction SAED (Figure 9a) identified the particles as WC, the
hexagonal phase and the P-6m2 space group [32].

The second type of precipitation, marked with green arrows, has a more regular and
spherical shape. It is occurring in the matrix or around the WC shown earlier. Diffraction
investigation showed the W2C phase (Figure 9b), where Co and Cr replace some W atoms
by the structure. The W2C phase belongs to the hexagonal system, space group P-3m1 [33].
Process parameters significantly influence the microstructure of the coating. Especially
important is the point when high temperature affects particles of feedstock material. The
2000–3000 K W2C phase is more stable than the WC one in the temperature range.

183



Materials 2022, 15, 40

Materials 2021, 14, x FOR PEER REVIEW 9 of 16 
 

 

types (Figure 8). The particles marked with red arrows and named with the letter A (Fig-
ure 8a) are larger (1–2 µm) than others and irregular shapes. The analysis of the chemical 
composition (Figure 8b) confirmed the presence of tungsten (100 at. %). 

 
 

Figure 8. STEM micrograph in BF of sample C1 (a); the results of chemical analysis marked with 
letter A (b). 

The spectrum of the energy-dispersive X-ray spectroscopy (EDS) also shows the sig-
nal from Cu, which was omitted in the analysis. It could results e.g. from holder and pole 
pieces. EDS technique has a limitation in the study of light elements (Z < 11). Based on the 
obtained spectrum, their presence (especially carbon) in the tested material cannot be ex-
cluded. Electron diffraction SAED (Figure 9a) identified the particles as WC, the hexago-
nal phase and the P-6m2 space group [32]. 

   
Figure 9. SAED diffraction analysis of sample C1; for the area marked on Figure 8a with letter A: 
WC [111] (a); with letter B: W2C [011] (b); with letter C as the matrix (c). 

The second type of precipitation, marked with green arrows, has a more regular and 
spherical shape. It is occurring in the matrix or around the WC shown earlier. Diffraction 
investigation showed the W2C phase (Figure 9b), where Co and Cr replace some W atoms 
by the structure. The W2C phase belongs to the hexagonal system, space group P-3m1 [33]. 
Process parameters significantly influence the microstructure of the coating. Especially 
important is the point when high temperature affects particles of feedstock material. The 
2000–3000 K W2C phase is more stable than the WC one in the temperature range. 

Moreover, the higher temperature of the particles causes decarburization of the WC 
phase and leads to W2C precipitation, which is a harder and more brittle phase. Myalska 
et al., in their work, provided a detailed explanation of this phenomenon [34]. It was con-
firmed by SAED electron diffraction that the matrix is amorphous (Figure 9c). 

In the C2 sample, the precipitates marked with the letter B (Figure 10a) occur around 
larger WC carbides. They are irregular in shape and composed of many smaller grains. 
EDS analysis (Figure 10b) showed a high proportion of W (72 at. %) and Co (28 at. %). The 
SAED electron diffraction, performed for the area marked as B, confirmed the polycrys-
talline structure of the precipitation (Figure 11a). SAED diffraction identified the cubic 

Figure 9. SAED diffraction analysis of sample C1; for the area marked on Figure 8a with letter A: WC
[111] (a); with letter B: W2C [11] (b); with letter C as the matrix (c).

Moreover, the higher temperature of the particles causes decarburization of the WC
phase and leads to W2C precipitation, which is a harder and more brittle phase. Myalska
et al., in their work, provided a detailed explanation of this phenomenon [34]. It was
confirmed by SAED electron diffraction that the matrix is amorphous (Figure 9c).

In the C2 sample, the precipitates marked with the letter B (Figure 10a) occur around
larger WC carbides. They are irregular in shape and composed of many smaller grains. EDS
analysis (Figure 10b) showed a high proportion of W (72 at. %) and Co (28 at. %). The SAED
electron diffraction, performed for the area marked as B, confirmed the polycrystalline
structure of the precipitation (Figure 11a). SAED diffraction identified the cubic tungsten
with space group Im-3m [35]. The matrix has an amorphous structure, which may result
from the high cooling rate of the particles while striking the substrate surface. It was con-
firmed by SAED electron diffraction (Figure 11b). The analysis of the chemical composition
of the matrix (Figure 10c) confirmed the content of Co (58 at. %) and W (42 at. %). A similar
morphology has been observed by other researchers [32,36,37].
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Figure 11. The SAED electron diffraction of sample C2, performed for the area marked as B (a) and
amorphous matrix (b).

STEM analysis of C3 coating showed a matrix and two types of precipitations (Figure 12a).
The ones marked by red arrows were identified as WC. They are characterized by irreg-
ular shapes and varied sizes (from 200 nm up to 1 µm). Chemical composition analysis
(Figure 12b) confirmed the presence of W (100 at. %) inside these carbides. SAED pattern
of WC phase and its solution with direction [210] is presented in Figure 13a. Separations
marked by green arrows (Figure 12a) were identified as chromium carbide Cr3C2. They
are rounded with size c.a. several hundred nanometers. Chemical composition analysis
(Figure 12c) confirmed the presence of chromium (94 at. %) and tungsten (6 at. %). The
SAED pattern of Cr3C2 is presented in Figure 13b. It is an orthorhombic space group
Pnma [38]. SAED electron diffraction confirmed an amorphous structure of the matrix
(Figure 13c). It could also be confirmed by uniform contrast in STEM bright-field images
(Figure 12a).
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3.3. Phase Composition

Phase compositions of feedstock powders in the delivery conditions are shown in
Figure 14. As expected, mainly the WC phase was detected. This phase composition was
confirmed by other authors working with similar powders [34,36,39].
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Figure 14. XRD patterns of feedstock powders.

HVOF spraying resulted in changes in the coatings’ phase composition. The phase
composition of cermet coatings consists of hexagonal WC (PDF#00-061-0244), hexagonal
W2C carbide (PDF#00-035-0776), hexagonal Co (PDF#03-065-9722) and a cubic solid solution
of W in Co with composition Co0.9W0.1 (PDF#03-065-9928). Additionally, in the C3 coating,
the Cr3C2 (PDF#00-035-0804) and Cr7C3 (PDF#00-036-1482) carbides have been identified.
Moreover, crystallites were detected in the C2 coating in the presence of cubic W (PDF#00-
001-1204), which is in agreement with literature data [40]. It should be noted that no peaks
coming either from the WC1-x phase or from the Co3W3C or Co6W6C phases were found
in the coatings, but those phases were identified in other papers and feedstock powders
(Figure 15) [24,41–43]. During the deposition process of cermet coating, high temperature
and oxygen lead to the decarburization process of carbides; thus, the formation of new
carbides was detected instead of metal oxidation [24,41–44].
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Figure 15. Typical XRD patterns obtained from cermet coatings sprayed onto magnesium substrate:
(a) whole pattern, (b) magnification of chromium carbides region.

3.4. Residual Stress Analysis

The presence of residual stress in material might implicate unwanted effects during
the exploitation of elements, such as cracks or coating delamination from a substrate. Thus,
it is important to obtain a coating with low residual stress. Stress generation might have
two natures:

(a) Thermal—during spraying, a high temperature is used, resulting in a change in phase
composition and generating thermal stress in the main phase, which is used in WC
coatings.

(b) Impact—in HVOF, a high speed of particles is achieved. When hot particles hit the
substrate, additional stress is generated, which might have both linear and shear
components.

Therefore, the generation of linear stress most likely has a thermal nature, related to
thermal expansion of WC, while the generation of shear stress most likely has an impact
nature. Such a phenomenon was not described earlier as an effect of relatively high hardness
of used substrate materials (steel, cast iron, nickel alloys, etc.), resulting in cracking of
WC particles during impact. Used magnesium alloy has the lowest Young’s modulus and
hardness of all engineering alloys and might deform during the HVOF process.

In all cermet coatings, linear stress shows a compressive nature (Figure 16, Table 3).
In C2 and C3, residual stresses have a similar value, with a different part of shear stress
contribution, while in C1, linear and shear stresses are almost even. However, shear stress
contribution in cermet is very high, most likely as an effect of spraying onto magnesium
substrate, which might deform during the HVOF process. In C2, shear stress is higher than
in C1 (Figure 16), most likely due to the presence of chromium in C2 cermet, which might
partially absorb energy during the HVOF process. The lowest shear stress contribution was
detected in C3 coatings, most likely as an effect of the Cr3C2 carbide presence in powder,
which may also absorb the impact energy (see Table 3).

Due to the complex nature of presence stress, it is nearly impossible to determine the
order of the overall stress. However, compressive stress in HVOF coatings is unlikely to be
eliminated; thus, only shear stress should be considered. Furthermore, it is a new aspect
in HVOF-derived coatings. The C3 coating should be considered the best one because it
is almost a shear stress-free material. On the other hand, in C2 coatings, high shear stress
might have a negative impact on tribological properties, resulting in cracking of WC.

Observed results of residual stress (Figure 16) in the WC phase are in agreement with lit-
erature data describing residual stress in cermet coatings with similar thickness [24,25,45–47].
Oladijo et al. [25] observed residual stress of WC-Co coatings thermally sprayed onto dif-
ferent metal substrates, and residual stress was in the range of −130 MPa (an aluminum
substrate) to −50 MPa (brass substrate). Książek et al. [46] calculated stress in a Cr3C2-NiCr
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coating in the range of −230 to −420 MPa, but Cr3C2 carbide has a much lower Young’s
modulus than WC carbide. On the other hand, Masoumi et al. [45] detected residual stress
around −130 MPa in 400 µm thick WC-Co-Cr coating, but they used E = 316 GPa in their
calculations. Santana et al. [24] show that in WC-Co coatings with thickness in the range of
300–450 µm, residual stresses are −180 to −220 MPa.
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Table 3. Mean residual stress values in various cermet coatings sprayed onto AZ31 magnesium sub-
strate.

Sample
Residual Stress, MPa

Linear Stress Shear Stress

C1 −65.0 ± 28.8 56.5 ± 25.1

C2 −109.3 ± 29.3 86.1 ± 33.4

C3 −113.8 ± 3.7 27.6 ± 11.5

4. Conclusions

This work was focused on HVOF spraying with feedstock powders WC-Co-Cr, WC-Co
and WC-Cr3C2-Ni. The coatings were studied in terms of the influence of feedstock powder
content on the microstructure, phase composition and residual stress.

It can be summarized that:

1. All the coatings revealed relatively smooth, dense and homogeneous structure. In all
samples, the interface between the coating and magnesium alloy substrate was clear,
and no evidence of delamination was observed.

2. The porosity in all of the investigated coatings was quite similar (in vol %)—2.9 ± 0.7
for C1, 2.6 ± 0.5 for C2 and 1.9 ± 0.5 for C3—and the thickness was in the range
of 177 ± 20 µm to 279 ± 24 µm. In addition, the lowest microhardness (HV0.3) was
observed for the C3 sample (989 ± 124), while the highest was observed for the C2
(1269 ± 167).

3. Based on the results of the TEM analysis, the C1 coating contains an amorphous matrix
and two types of precipitates: WC and W2C. The C2 coating contains a matrix with
an amorphous structure and precipitation of WC. Finally, analysis of the C3 coating
showed a matrix with an amorphous structure and two types of precipitations: WC
and Cr3C2.

4. XRD studies showed that phase composition of cermet coatings consists of hexagonal
WC, hexagonal W2C carbide, hexagonal cobalt and a cubic solid solution of tungsten
in cobalt with composition Co0.9W0.1. Additionally, in the WC-Cr3C2-Ni coating,
Cr3C2 and Cr7C3 carbides were identified.
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5. In all cermet coatings, linear stress shows a compressive nature. However, in C2 and
C3, residual stress has a similar value, with a different part of shear stress contribution,
while in C1, both linear and shear stresses are almost even and lower than in other
coatings.
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Abstract: Erosion of the elbow due to non-Newtonian viscous slurry flows is often observed in
hydrocarbon transportation pipelines. This paper intends to study the erosion behavior of double
offset U-bends and 180◦ U-bends for two-phase (liquid-sand) flow. A numerical simulation was
conducted using the Discrete Phase Model (DPM) on carbon steel pipe bends with a 40 mm diameter
and an R/D ratio of 1.5. The validity of the erosion model has been established by comparing it with
the results quantified in the literature by experiment. While the maximum erosive wear rates of all
evaluated cases were found to be quite different, the maximum erosion locations have been identified
between 150◦ and 180◦ downstream at the outer curvature. It was seen that with the increase in
disperse phase diameter, the erosive wear rate and impact area increased. Moreover, with the change
of configuration from a 180◦ U-bend to a double offset U-bend, the influence of turbulence on the
transit of the disperse phase decreases as the flow approaches downstream and results in less erosive
wear in a double offset U-bend. Furthermore, the simulation results manifest that the erosive wear
increases with an increase in flow velocity, and the erosion rate of the double offset U-bend was
nearly 8.58 times less than the 180◦ U-bend for a carrier fluid velocity of 2 m/s and 1.82 times less
for 4 m/s carrier fluid velocity. The erosion rate of the double offset U-bend was reduced by 120%
compared to the 180◦ U-bend for 6 m/s in liquid-solid flow.

Keywords: erosion; wear; U-bends; discrete phase model; sand; elbow

1. Introduction

Erosion of pipeline components can cause serious malfunction for the hydrocarbon
extraction and processing industries, as the sand produced can impact the walls of the
pipeline, resulting in wear damage [1,2]. When the dispersed phase has to be transported,
flow-changing devices, i.e., elbows, are inclined to erosion damage because of the redirected
flow at curvature. Most of the available experimental and numerical data focus on long
radius 90◦ elbow erosion [3–5]. In erosive wear modeling, the understanding of flow
physics around the erodent and the target surface is crucial. Many researchers investigated
to understand the flow of physics during particle wall interaction. The particle trajectories
and the erosion rate are strongly affected by the momentum exchange between flowing
fluid and solid particles [6–10].

Elemuren et al. [11] investigated 90◦ elbow erosion by employing experimentation.
It was noticed from the surface topographies of the elbow upstream, middle and down-
stream sections that ridges and valleys are discerned downstream of the elbows at higher
particle loadings.
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X. Zhao et al. [12] performed numerical prediction on the wear of bends installed in
a series configuration in the two phase (gas-solid) flow. The result of the study shows a
V-shaped erosion pattern due to the secondary impaction of the disperse phase at outer
curvatures. Additionally, they found that the erosion of downstream bends is significantly
influenced by the upstream pipe due to the considerable change in particle impaction
velocity and angle.

Q. Wang et al. [13] simulated erosion in elbow geometry using large eddy simulation
(LES). It was observed that the highest erodent impaction remains at the outer wall of the
elbow outlet. Moreover, the maximum erosion rate decreases as the bend curvatures increase.

Wang et al. [14] utilized the CFD approach to predict the erosion of a 90◦ elbow. It was
noticed that the erosion distribution is also influenced by the erodent size; the maximum
impaction and erosion location will be located near the elbow outlet. The location of
maximum impaction shifted close to the exit section with the increase in particle size.

Khan et al. [15] investigated multiphase erosion flow for bend angles (60◦ and 90◦)
with sand particles using a flow loop. They observed that as the elbow angle increases,
the erosive wear increased for the 90-degree pipe bend, and the erosion rate decreases
as bend angles decrease. It was also found that the maximum erosion location will be at
the downstream section for both elbow configurations. Duarte et al. [16] decoupled the
relationship between sand erodent concentrations and erosive wear for elbow pipes by
employing CFD. It was observed that the influence of interparticle collisions on the erosion
rate is significant for low mass loading conditions, and erosive wear decreases with an
increase in mass loading due to particle–particle interactions. Karimi et al. [17] predicted
sand fines erosion of a 90-degree elbow utilizing numerical simulations. They found that
CFD inaccurately predicts erosion due to sand fines in the elbow configuration; however,
for direct impact cases, CFD results show good agreement with experiments. In elbow
configuration, the rebound models were not simulating the fine particle trajectories inside
the pipe correctly.

Bilal et al. [4] studied the influence of pipe bend R/D ratio on the wear rate and
concluded that the erosive wear rate in multiphase flow is larger than that of single-phase
flow conditions. Cui et al. [18] conducted a computational fluid dynamics simulation to
quantify particle erosion in the elbow pipe for the bubble flow regime.

Li et al. [19] calculated erosion for continuous elbows in different directions by utilizing
CFD-based simulation. It was noticed that the erosion rates of 50-micron particles are larger
than those of the 10-micron particle size for the identical gas flow rate. H. Zhu and Y. Qi [20]
numerically investigated the flow erosion of multiphase flow in a U-bend. They found that
flow velocity and particle size significantly influence erosion rate and lead to excessive
erosion. Mazumder [21] performed a numerical and experimental investigation on S-bend
geometry erosion in multiphase flow to identify the location of erosion inside the pipeline.

In erosive wear modeling, the understanding of flow physics around the erodent and
the target surface is crucial. Many researchers investigated erosive wear to understand
the flow of physics during particle wall interaction. The particle trajectories and the
erosion rate are strongly affected by the momentum exchange between flowing fluid and
solid particles [6–9]. In gas-solid flows due to the high inertia of erodent, they cross the
flow streamlines, while in liquid-solid flow the drag forces on erodent are higher due to
high viscosity. Numerical predictions of impact conditions require many assumptions to
quantify erosion rate, but CFD has been a widely adopted method to predict the impact
condition in the fluid flow [22–24]. The most important factor that strongly influences
the accuracy of CFD erosion prediction in liquid-solid-gas flow is particle distribution
and size in carrier phases. For erosion-induced wear, hydrodynamics plays an important
role. Numerous flow dynamics parameters due to slurry (liquid-solid) transport through
90◦ elbow configurations were numerically simulated and experimentally investigated in
previous studies, and erosion prediction models were developed to quantify the erosion-
induced damage for elbow configurations [25,26].
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Previous studies on the erosion of elbow pipelines have mainly focused on 90◦ elbows.
To the best of our knowledge, studies related to double offset U-bend and 180◦ U-bend
erosion in liquid-solid flow have not been reported in the literature. In the hydrocarbon
production industry, there are cases where elbow pipes were suspected to have an erosional
impact on production systems, especially in transient operations. Prediction of such an
effect will be beneficial to material selection, wall thickness design as well as erosion
mitigation methods.

In this paper, the erosion of inverse double offset U-bend and 180◦ U-bend is studied
for different flow velocities and particle sizes using a CFD-DPM. To validate the simulation
model and flow physics, the predicted erosive wear of an elbow was compared with the
data obtained by Mazumder [21] and W. Peng, X. Cao [27].

2. Problem Description
2.1. Model Geometry

Figure 1a,b is a geometry of a double offset U-bend and a 180◦ U-bend used as a
computational domain in this study. The double offset U-bend and 180◦ U-bend with an
internal diameter (ID) of 40 mm and an R/D ratio of 1.5 are selected in the research. The
entry and exit pipe of the bend geometry is 600 mm to ensure the fully developed flow
in the upstream pipe. The elbows are made of carbon steel and the orientation is inverse
(vertical upward–vertical downward).
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2.2. Carrier and Solid Phase Model

In this study, the numerical equations of the FLUENT module of ANSYS used to solve
the liquid-solid flow physics are represented as Equations (1) and (2):
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→
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→
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In Equation (2), ρ = density, τ = stress tensor, ρg = body force, and SM = momentum.
The disperse phase model can be expressed in Equation (3), where mp = erodent mass,
F1 = drag force, F2 = pressure force, F3 = particle force, and F4 = buoyancy force.
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2.3. Erosion and Turbulence Model

The erosion model defined by Oka is used in this study to quantify the erosion
distribution of the double offset U-bend and the 180◦ U-bend, which is the reasonably
accurate erosion prediction model of curve pipes [1] and is defined as:

ER = 109 × ρtkF(α)(Hv)
ka(

Ve

V′
)

kb
(

de

d′
)

kc

(4)

In Equation (4), ρt = density of wall, α = sand incidence angle, Hv = Vickers hardness
of wall, Ve = incidence speed, V′ = reference speed, de = sand size, and d′ = reference sand
size. In this study, the Grant and Tabakoff model [28] is selected to model particles and
wall collision. The turbulence model (k–ε) was selected in this study since the Reynolds
number calculated is larger than 4000.

2.4. Mesh and Model Validation

As shown in Figure 2, hexahedral structured meshing was generated on the U-bend
configurations with approximately 478,000 cells. The boundary layer grids with 10-layer
were implemented near the wall to capture the flow field structure near the wall. The flow
solution chosen for this study is steady-state with 10−6 of the convergence criterion and
the SIMPLEC numerical procedure is used to discretize the multiphase phase flow.
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Figure 2. Computational mesh.

To further improve the simulation accuracy, the mesh independence study was per-
formed. The validation study was performed by comparison with the maximum rate of
erosion with the benchmark case of W. Peng and X. Cao [27]. The flow conditions are set the
same in comparison with the benchmark study. It can be concluded that, for this geometry,
most of the erosion is predicted at the outlet location irrespective of the type of mesh. The
erosion rate was evaluated from three meshes of different sizes, as presented in Figure 3. It
can be seen that there is less than a 2% difference in the results between mesh 2 and mesh 3,
and the numerical simulations for the present investigation was conducted using mesh 2
with 478,000 cells. Fourteen cases with carrier fluid water (W) and Air (A) are scrutinized,
as summarized in Table 1.
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results in W. Peng, X. Ca [27].

Table 1. Summary of simulation cases.

Case Fluid Orientation Sand Size
(µm) Bend Type

Flow
Velocity

(m/s)

Erodent
Flow Rate

(kg/s)

1 A H–V upward 300 180◦ 45.72 1
2 W H–V upward 200 180◦ 10 0.2
3 W V-V 450 180◦ 2 0.3
4 W V-V 450 180◦ 4 0.3
5 W V-V 450 180◦ 6 0.3
6 W V-V 450 Double offset 2 0.3
7 W V-V 450 Double offset 4 0.3
8 W V-V 450 Double offset 6 0.3
9 W V-V 75 180◦ 6 0.3

10 W V-V 150 180◦ 6 0.3
11 W V-V 250 180◦ 6 0.3
12 W V-V 75 Double offset 6 0.3
13 W V-V 150 Double offset 6 0.3
14 W V-V 250 Double offset 6 0.3

A validation case was simulated to adjudge the effectiveness of the numerical model
and particle tracking algorithm used in this study. The same parameters as the experi-
ment of Mazumder [21] were set in the validation case. Air-solid flow enters a U-bend
(ID = 12.7 mm, r/D = 1.5) at a velocity of 45.7 m/s, and 300 microns sand size. The compar-
ison of the erosive wear location between the simulation and experiment at the outer wall
is shown in Figure 4. The results obtained by CFD-DPM are consistent with the experiment
with the first location of erosion observed at 19–69◦ and the second observed at 106–159◦.
As seen in Figure 4, the CFD identified accurately the erosion location that occurs at the
outer wall as compared to the qualitative experiment.
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3. Results and Discussion
3.1. Effects of the Flow Velocity on Erosion

To decouple the influence of flow velocity on erosive wear distribution in the 180◦

U-bend and double offset U-bend, to avoid settling of erodent particles by maintaining the
carrier flow velocities above certain levels in the pipelines, the cases with inlet velocity set
to 2, 4 and 6 m/s are considered. The carrier fluid is water and the length of the pipe before
and after the bend is set to 600 mm. Figures 5 and 6 show the erosive wear distribution
contours on the 180◦ U-bend and double offset U-bend for different flow velocities. It can
be discerned that the maximum erosive wear remains located in the outlet for all inlet
velocities, and the maximum erosion rate of both the 180◦ U-bend and double offset U-bend
increases drastically with the accretion in flow velocity. As presented in Figure 5, at the
lowest flow velocity of 2 m/s, the highest erosion rate of the 180◦ U-bend locates adjacent
to the exit of the bend. With the accretion of the fluid velocity, the exit of the bend at the
outer curvature is significantly eroded and becomes the highest impaction location when
the flow velocity reaches 6 m/s. The most severely eroded location of the double offset
U-bend is shown in Figure 6, the simulation predicts a reduction of maximum erosion rate
by a factor of 8.58 from Case 1 to Case 4 because more sand impaction occurs at the outer
elbow curvature of Case 1 as opposed to Case 4. Furthermore, for Case 2 and Case 5, the
decrease in the maximum erosion rate was about 1.81 times. As the redirection of flow
is smoother for double offset U-bend, more sand follows the fluid stream, and less sand
impaction occurs at the outer elbow curvature. For similar cognitions, Case 6 eroded less
compared to Case 3, as shown in Figure 7.
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The erosion contour changes from symmetric to a more concentrated outer wall with
the change from the 180◦ U-bend and double offset U-bend, and the zone affected by sand
erosion is the minimum.

Figures 8 and 9 show the pressure distribution at selected planes inside the 180◦

U-bend and double offset U-bend. Simulations were undertaken with input velocities of 2,
4, and 6 m/s for the 180◦ U-bend and double offset U-bend. The centrifugal force acted
on the fluid and was impelled to the outer curvature of the bend, which was exposed to
higher pressure, while the inner curvature was subjected to lower pressure. However, as
an example, only two extreme velocity distributions in the 180◦ U-bend and double offset
U-bend are shown here for the case with the maximum erosion rate in Figure 10a,b. It is
evident from these figures that the changing geometry from the 180◦ U-bend to the double
offset U-bend can significantly influence the flow field. As the input velocity increased
from 6 to 8.8 m/s in the 180◦ U-bend and from 6 to 22 m/s in the double offset U-bend, the
flow pattern changed significantly, especially at the curvature of the 180◦ U-bend with a
1.46 times increase in velocities. In contrast, the input velocity accreted from 6 to 22 m/s in
the double offset U-bend with a 3.66 times increase in velocities.
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Wall shear stresses inside the 180◦ U-bend and double offset U-bend under 6 m/s
velocities of carrier fluid were simulated by CFD-DPM as shown in Figure 10c,d. The
highest wall shear stress is observed at the inner curvature in the 180◦ U-bend and outer
curvature in the upstream pipe of the double offset U-bend and then the second location of
maximum wall shear located in the inner curvature of pipe in the double offset U-bend.
When the carrier fluid is transported into the bend pipe, the fluid direction is altered and
the pressure of the fluid on the outer wall of the bend pipe enhances under the action
of centrifugal force. The carrier fluid kinetic energy on the outer curvature results in
the pressure, and the carrier fluid velocity on the outer curvature of the bend reduces.
Consequently, the reduction in wall shear stress at outer curvature is observed as shown in
Figure 10c,d.
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3.2. Effect of Sand Size on Erosion

The maximum sand impaction zones will dynamically change with the change of
particle diameter in the 180◦ U-bend and double offset U-bend in Figures 11 and 12. Zone
A is inclined to maximum erosive wear when the particle diameter is 75 µm as shown in
Figure 11. Consequently, as particle diameter increases, this maximum particle impaction
will remain in Zone 1 with the addition of a medium erosion zone in the downstream
section. When the particle size is 75 µm, the drag force is prepotent, and the transportation
of sand is due to secondary flow. The flow pushes the sand in the circumferential path from
the curvature to the exit of the bend and then moves the sand to the exit of the bend’s outer
curvature and, as a result, causes maximum erosion in Zone A. For 250 µm sand, the inertia
force is a significant parameter in the transportation of the sand. The sand erodent has high
momentum; thus, the flow velocity and direction have a slight effect on the sand. Since the
sand particles divagate from the flow streamlines, impaction occurs at Zones A, B, and C. It
is noticed that for all the evaluated case, the one maximum erosion zone appears along the
curvature of the 180◦ U-bend. Nevertheless, the erosive wear becomes more serious as the
particle size accrete. For 75 µm, erosion spots are located at Zone A at the outer curvature.
As the sand size changes from 75 to 250 µm, the area of erosion location is significantly
increased and hence leads to maximum erosion. Additionally, the severe erosion in the
exit elbow section becomes visible for the sand size of 250 µm. The width of the maximum
eroded region grows as the size of sand further increases.
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Figure 12. The contour of the erosion distribution in the double offset U-bend elbow under three
different particle sizes.

Figure 13 shows that turbulence intensity increases sand impaction impact and erosive
wear at the curvature near the outlet of the 180◦ U-bend and double offset U-bend. The
turbulence in the fluid stream at the outlet of both bend configurations enhances the motion
of sand in the radial directions and turns out to be a maximum erosive zone. This signifies
that turbulence intensity causes the shift of particle trajectories inside the 180◦ U-bend and
double offset U-bend. Based on analysis, turbulence weigh more in the 180◦ U-bend at
the downstream as compared to the double offset U-bend. Figure 13 shows the contours
of turbulent intensity in the entry, middle, and exit of the 180◦ U-bend and double offset
U-bend. Figure 13 suggests that the reduction in the blue area and the enhancement in
the red and yellow area signify the increase in turbulence. This means that maximum
turbulence turns out in the 180◦ U-bend elbow exit sections.
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Figure 13. Turbulence intensity at the different locations inside the elbow pipe for 250 µm particle
size: (a) 180◦ U-bend; (b) double offset U-bend.

Figure 14a,b show the trajectories of selected sand within the 180◦ U-bend and double
offset U-bend. When the sand is 250 µm, the turbulence leads to the sand distribution and
sand particles distribute evenly in the upstream pipe in a 180◦ U-bend. With the change of
configuration from the 180◦ U-bend to the double offset U-bend, the effect of turbulence on
the motion of sand particles maximizes in the downstream section and results in erosive
wear in Zones A, B, and C. Moreover, the gravitation force direction is parallel to the flow,
and the sand particles are more likely to alter the path followed and fall down. A typical
sand trajectory is simulated, and no significant rebounding takes place. It can be observed
from sand tracks that particles travel in a direction close to the outer wall in both elbow
configuration and continuing downstream.
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Figure 14. Trajectories of 250 µm sand particles under the particle velocity of 6 m/s: (a) 180◦ U-bend;
(b) double offset U-bend.

The erosion rate is one of the most vital measures of flow-changing devices (i.e., elbow)
lifetime in erosive flow conditions. Although the maximum erosion rate was seen to accrete
with the increase in sand size for both the 180◦ U-bend and double offset U-bend for
all evaluated cases, the double offset U-bend is less prone to erosive wear as shown in
Figure 15. Notwithstanding this, the double offset U-bend proves its worth, as the highest
rate of erosion is 1.23 times less than that of the 180◦ U-bend in the worst-case scenario.
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Figure 15. Maximum erosion rate in 180◦ U-bend and double offset U-bend for three different
particle sizes.

201



Materials 2022, 15, 5558

4. Conclusions

A liquid-solid erosion simulation of the 180◦ U-bend and double offset U-bend has
been employed to predict the erosive wear rate and distribution on both types of bend
for sand-water flow conditions. Several simulations were performed to understand ero-
sion patterns and trajectories of sand particles. Conforming to the numerical results, the
following conclusions can be derived:

1. Erosive wear is the maximum at the outer curvature of the 180◦ U-bend and double
offset U-bend for all evaluated cases. The maximum erosion area occurs between
curvature angles of 150◦ and 180◦. Additionally, the double offset U-bend proves its
worth, as the highest wear rate is 1.23 times less than that of the 180◦ U-bend in the
worst-case scenario.

2. The erosion rate of the double offset U-bend was nearly 8.58 times less than 180◦

U-bend for the fluid velocity of 2 m/s and 1.82 times less for 4 m/s fluid velocities.
The maximum erosion rate of double offset U-bend was reduced by 120% compared
to the 180◦ U-bend for 6 m/s in liquid-solid flow.

3. The 180◦ U-bend can be replaced with a double offset U-bend to slow down pipe
erosion, especially for inverse orientation. Since many hydrocarbon and mineral
processing plants require sand particle transportation, the double offset U-bend elbow
appears to be a worthwhile alternative.

4. The formation of an erosive wear pattern at the double offset U-bend and 180◦ U-bend
is explained through the sand particle tracking. With the change of configuration from
the 180◦ U-bend to the double offset U-bend, the effect of turbulence on the motion of
sand decreases as the flow approaches downstream and results in less erosive wear in
the double offset U-bend.
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Abstract: Erosive wear due to the fact of sand severely affects hydrocarbon production industries
and, consequently, various sectors of the mineral processing industry. In this study, the effect of the
elbow geometrical configuration on the erosive wear of carbon steel for silt–water–air flow conditions
were investigated using material loss analysis, surface roughness analysis, and microscopic imaging
technique. Experiments were performed under the plug flow conditions in a closed flow loop at
standard atmospheric pressure. Water and air plug flow and the disperse phase was silt (silica sand)
with a 2.5 wt % concentration, and a silt grain size of 70 µm was used for performing the tests. The
experimental analysis showed that silt impact increases material disintegration up to 1.8 times with a
change in the elbow configuration from 60◦ to 90◦ in plug flow conditions. The primary erosive wear
mechanisms of the internal elbow surface were sliding, cutting, and pit propagation. The maximum
silt particle impaction was located at the outer curvature in the 50◦ position in 60◦ elbows and the
80◦ position in 90◦ elbows in plug flow. The erosion rate decreased from 10.23 to 5.67 mm/year
with a change in the elbow angle from 90◦ to 60◦. Moreover, the microhardness on the Vickers scale
increased from 168 to 199 in the 90◦ elbow and from 168 to 184 in the 60◦ elbow.

Keywords: erosion; wear; corrosion; sand; plug flow; elbow

1. Introduction

Erosion of pipeline is the cumulative removal of material due to the target surface and
impinging dispersed phase interaction. It is a critical and convolute issue in the hydrocar-
bon and mineral processing industry. Erosion can substantially reduce the service life of
pipelines and increase the production cost [1]. The erosion induced in multiphase flow is
very complicated and is essentially sustained by flow regimes, impact conditions, disperse
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phase properties, and flow characteristics [2,3]. Complex disperse phase and carrier fluid
interactions take place inside pipelines that affect the erosion-induced damage [4]. Aside
from the flow conditions, the parameters that considerably affect pipe erosive wear also
include the geometrical configuration of pipelines.

Erosion–corrosion in ductile metals has been investigated by many researchers, who
found that it was due to the cutting action of the abrasive particles [5,6]. Erosion-induced
damage is very much influenced by dispersed phase properties, particle impact conditions,
and properties of the target material [7,8].

Sedrez et al. [9] investigated erosion by liquid–solid flow for elbow configurations.
The wear pattern identified that the maximum impaction was found at the outer wall near
the end of the elbows. Moreover, their computational fluid dynamics (CFD) study and
experimental results showed good agreement.

Recently, Owen et al. [10] designed a test methodology for erosion–corrosion analysis
in 3D printed 90◦ elbows in a representative of field flow conditions; it appeared that high
flow disturbance would be generated by the protruded samples, significantly influenc-
ing hydrodynamics in the flow through the elbow. This could significantly affect local
turbulence inside the elbow pipe.

Vieira et al. [11] reported that for gas–sand flow, the highest erosion was identified at
45◦. In addition, the sand size had no significant influence on the wear rate in gas–sand
flows. It was found that the 300 micron sand degrades material between 1.9 and 2.5 times
higher compared to the 150 micron sand. Wang et al. [12] performed a numerical analysis
and found that the maximum wear hot spot was also influenced by the particle size due to
the fact that the sedimentation will be enhanced with the increase in erodent size; the peak
erosion location will be located adjacent to the elbow exit. Vieira et al. [13] observed that a
sand size of 300 µm disintegrated 3.7 times more material compared to 20 µm; similarly, the
300 µm sand created 3.1 times more degradation compared to the 150 µm sand particles. In
annular flow conditions, the highest erosion was identified at the axial angle of 45◦ in the
outer curvature of the elbow. The influence of erodent size and flow viscosity on material
degradation was investigated in [7,14].

X. Cao et al. [15] studied the effect of superficial carrier phase velocities on the erosive
behavior of steel pipe bends in water–sand slug flow. They concluded that with the
escalation in superficial velocity, the degradation of the maximum eroded specimen reduces.
Zahedi et al. [16] observed that for annular flow conditions, erosive wear was incurred
with the highest particle wall impaction at 40–50◦ at the outer radius.

Surprisingly, there is a dearth of research on the 90◦ elbow and 60◦ elbow configura-
tion related to the study of the erosion mechanism of pipes and, more specifically, for silt
particles under plug flow. In the plug flow pattern, the bubbles are smaller in size and drive
more slowly in comparison with slug flow. This paper aimed to investigate the erosion
mechanism for a 1018 carbon steel 90◦ elbow pipe and a 60◦ elbow pipe in water–sand
plug flow conditions. In this work, a novel erosion test methodology was designed by
using representative curve elbow specimens of 90◦ and 60◦ elbows; it appeared that in
literature, the tests performed on flat specimens mounted inside the elbow influenced the
hydrodynamics and increased turbulence inside the pipe. Because existing methods for
evaluating the erosion–corrosion of elbows are inadequate, in this research, new experi-
mental procedures are developed to quantify elbow erosion-induced damage under three
phase flow conditions.

In this paper, the paint modeling method, microscopic imaging, mass loss quantifi-
cations, and hardness testing were used to evaluate the erosive wear of carbon steel 90◦

and 60◦ elbow pipelines in plug flow. Furthermore, the erosive wear mechanism of the
impact of water–silt–air plug flow was elucidated. In this study, sand of 70 µm size was
primarily used to simulate the field operating conditions, with water and air as carrier
phases, including the internal erosion of hydrocarbon production and mineral process-
ing industries in multiphase flow, where erosion is due to the sand production such as
conditions encountered in oil and gas fields.
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2. Experiment Procedure and Test Methods

The elbow specimen used in this experimental study was 1018 carbon steel (CS) used
with the following composition (in weight %): 0.2% C, 0.26% Si, 0.52% Mn, 0.21% Cr, and
98.12% Fe. The specimens were obtained from the supplier in the form of 90◦ elbow pipes
and 60◦ elbow pipes. The elbow pipe, specimens in the shape of an axially cut section, as
shown in Figure 1, were machined using wire electric discharge machining (WEDM). The
finely polished specimens were obtained by grinding and polishing procedures resulting in
a low-level surface roughness. The 10 × 10 mm2 sizes of the specimens after the test were
cut from the different locations of the elbow for microscopic imaging, as shown in Figure 2.
A total of 36 specimens were cut from the upper and bottom walls of the 90◦ elbows and
60◦ elbows at various locations. The Vickers hardness of the specimens was evaluated
under 5 N load using a diamond indenter for a 15 s indentation time using a Leco LM 247AT
microhardness tester. The worn surface of the 90◦ and 60◦ elbow specimens was studied
with a backscattered electron microscope (Phenom ProX, Eindhoven, The Netherlands).
Each 10 × 10 mm specimen mass loss was measured using a precision weighing scale
to quantify the wear rate after the test. The device used to acquire surface roughness
parameters was Mitutoyo SURFTEST SJ-210. Details about the testing procedure were
published in our previous work [17,18].
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The locally fabricated erosion test flow loop was fabricated in University Technology
PETRONAS, Seri Iskandar, Malaysia, using an abrasive pump that used a rubber liner
to avoid wear of the pump. The silt particle (silica sand) was used as an erodent for all
the experimental evaluations, as shown in Figure 3. The designed flow loop was semi-
automated to simulate multiphase flow test conditions. The silt and water carrier phases
were mixed in the slurry tank using a stirrer. The dispersed phase and water were then
circulated using a variable speed pump in the flow pipelines, as shown in Figure 4. The
liquid flow rate was measured by a magnetic flow meter through a 50.8 mm diameter PVC
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pipe. The test section was designed to mount 90◦ and 60◦ elbows for both multilayer paint
modeling and erosion investigation for multiphase flow conditions.
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The literature review showed that various erosion test methods have been imple-
mented to study elbow erosion under different flow conditions [19]. Some of the tests use
the square sample in which the flat plate is placed at a different axial angle along the elbow
pipe. This method leads to huge mass transfer shifts and inaccuracy in measurements
and reduces the accuracy of measured data. To resolve this issue, the finely polished
elbow sample cut axially into two sections was integrated with the specimen holder in
this study, as shown in Figure 5. To quantify the localized erosion rate, the 36 specimens
(10 × 10 mm2) were cut from different locations on the 90◦ and 60◦ elbows, and a standard
mass loss test was adopted for erosion rate measurement after the test. The initial mass
of all the samples was measured before the test using separate specimens. The location
numbers of the specimens are shown in Figure 2a,b. The test section designed in this study
used the representative elbow configuration, which provided a better understanding of the
erosion mechanism.
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3. Results and Discussion
3.1. Qualitative Paint Erosion Test

Paint erosion studies were executed on 90◦ and 60◦ elbows with a 70 µm particle size
for a 90 min flow time. In the paint removal experiment, the inside area of the axially
cut elbow specimen was coated with red colored enamel paint and silver colored acrylic
paint applied by a spray gun. A digital paint thickness gauge was used to ensure the
uniformity of each paint layer. Prior to the paint erosion test, it was necessary to make sure
that the paint removal was not caused by flow conditions, and it must be ensured that it
was exclusively due to the particle impaction. For tests under nonerosion conditions, it
has been concluded that nonerosion flow conditions do not contribute to painting removal
in the elbow specimens. Therefore, it can be deduced that the considered paint removal
method qualitatively measures the particle impaction regions. Each paint removal test was
performed three times to ensure accuracy; it was noticed that the paint erosion pattern
tended to be similar for all tests.

The location of particle impaction in the pipe wall was evaluated after visualization
of the paint-eroded regions. Figure 6 shows the paint removal patch in the upper and
bottom 90◦ elbow sections with a 1.5 m/s (liquid velocity) and 0.7 m/s (air velocity) using
silt of 70 µm. The high impaction region, on the 90◦ elbows, tended to be at a location
approximately 45◦ and 90◦ in the bottom wall and the middle of 0◦ and 90◦ in the upper
wall of the elbow, respectively. The paint removal marks were nonsymmetric in the top
and bottom of the 60◦ and 90◦ elbows and the reason air with abrasive particles moving in
the upper part and liquid was moving in the bottom section; thus, less erosion occurred
in the bottom compared to the top. Figure 7 illustrates the paint erosion pattern in the
60◦ elbows with silt impact in the bottom and upper half sections for plug flow. For the
60◦ elbow, the paint was removed between 30◦ and 60◦ in the bottom wall and middle of
0◦ to 60◦ in the upper section, with greater paint removal pattern clearly seen towards the
downstream section in all evaluated cases. In the plug flow regime, the plug body was the
key source of erosive wear, because the maximum sand particles were transported by the
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continuous phase, i.e., water and the plug body had the highest water phase holdup. The
highly turbulent plug front with abrasive particles at the elbow curvature can accelerate
erosion-induced damage in the top part of pipelines which was evident in the experimental
data collected in this study.
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3.2. Roughness Measurements and SEM Microscopic Imaging

In erosion, the degradation mechanism usually varied from upstream to downstream
on the elbow’s internal surface. Identifying the erosion mechanism is important, because
it provides a pattern of the degree of wear at different locations. Therefore, after the
test, samples were subjected to surface roughness evaluation and microscopic imaging to
identify the wear mechanism due to the multiphase flow.

Surface roughness (Ra) values were measured in the flow direction for all 36 specimens
cut from 90◦ and 60◦ elbows. Three measurements were conducted along the length of the
surface of 10 mm of the cut specimen. In Figure 8a, the arithmetic surface roughness values
(Ra) of the 1018 carbon steel depending on the location of the bottom elbow section are
given. In Figure 8a,b, the arithmetic surface roughness values of the carbon steel varied
dramatically as the flow approached from upstream to downstream. The maximum Ra
value was observed between 45◦ and 90◦ axial angles at the upper and bottom half of the
90◦ elbows. Hence, it was concluded that carbon steel 90◦ elbow showed maximum erosion
behavior near the outlet, as mentioned in the literature [17]. On the other hand, the Ra
of the samples was maximum in the outer wall in both the top and bottom of the elbow

209



Materials 2022, 15, 3721

pipe. In Figure 9a,b, arithmetic surface roughness values of the 60◦ elbow samples at the
different locations inside the elbow are given. It can be seen that the surface roughness
was significantly changed depending on the location. It was clearly observed that surface
roughness increased in downstream locations. On the other hand, the maximum surface
roughness was between the axial angle of 30◦ and 60◦; however, it decreased in the upstream
location. As a result, it can be said that the arithmetic roughness value of the carbon steel
generally increased with increases in particle impingement. It was reported in the literature
that erosion increases the surface roughness of metallic materials [20].
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SEM micrographs of the carbon steel elbow specimen from the upper half and bottom
half having maximum arithmetic surface roughness values (Ra) after erosion are shown
in Figures 10 and 11. The SEM images showed the surface morphology after the carbon
steel elbow was exposed to silt particles under plug flow conditions (a total of 10 h of
erosion). Magnified images of sections 6, 7, 16, and 18 with maximum Ra values is shown
in Figure 10. Upon impact with silt particles, it locally damaged the surface by the cutting
and ploughing action at downstream sections during the erosion and formed pits with
corrosion attack at outlet due to the high particle wall impactions.
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At the top of the 90◦ elbow, more areas of pitting and cutting were observed, and
this was due to the silt particles impacting with higher kinetic energy which disintegrated
materials. Additionally, indentation was also seen at the outlet due to the plastic deforma-
tion. Such plastic deformation is usually due to the silt particles redirecting at a curvature
and impacting the outer curvature of the elbow pipe. Scratching, pitting, and ploughing
are the predominant erosion mechanisms in the downstream section of the elbow. In the
outlet, more perforation sites with corrosion attacks were observed which suggests that
erosion-corrosion pitting is the dominant erosion mechanism here. Figure 11 presents the
erosion mechanism on a carbon steel sample observed after 10 h of testing with silt particles
for 60◦ elbow. After the test, the downstream sections 9 and 18 have smooth areas on the
target surface, but in sections 7 and 17 multiple particle impact was visible. In 90◦ elbow,
more pits were detected downstream, pitting corrosion mainly most often at sensitive
sites, such as at high particle-wall impaction zones. If these zones are predominant, pitting
corrosion is confined to new locations on the surface. Therefore, the number of perforation
pits sites will gradually coalesce with the stable pits. In comparison the 60◦ elbow SEM
micrographs showed minimal particle impaction, resulting in the sliding and indentation
with relatively small pits.

Significant disparities in the surface morphologies and development of the pattern of
corrosion products at the elbow exit surface after 10 h of tests with silt particles were visible
from the SEM microscopy analysis. It can be seen from micrographs that after exposure
to the silt particles in the plug flow, the pitting corrosion profile was attributed to a large
corrosion zone around the pits, which was covered by a corrosion products layer vicinity of
elliptical pits and wide–narrow pits that were evident in the micrographs of the elbow exit
section. Moreover, the pits in the 60◦ elbow grew individually, and the 90◦ elbows showed
sensitive sites that grew up to elongated pits as identified in Figure 10.

The corrosion product concentrated around the pits could be seen in the SEM images.
An intriguing observation was that corrosion was detected at the pits because the corrosion
product washed out the onset of pits with the increase in particle impact. Notwithstanding,
the extent of erosion-induced damage to the 90◦ elbow was more than those of the 60◦ elbow
surface in the same flow conditions. In the 60◦ elbow, the erosive wear was less, because the
change in the flow direction of the 60◦ (small angle) elbow was not as abrupt as for the 90◦

(wide angle) elbow. Apparently, fewer particles are prone to impact the 60◦ elbow’s outer
curvature compared to a 90◦ elbow outer wall. At the 60◦ elbow, the flow was redirected
more smoothly, which causes the abrasive particles to follow the flow and impact the
bottom part with less frequency as compared to the upper part of the elbow.

The EDS method is used for identification and quantifying elemental compositions
after the test for sample #16 in the 90◦ elbow. The analytical identification of the elements
(elemental composition) after the erosion imparted the presence of iron (Fe) and oxygen (O)
atoms on sample #16 at the 90◦ elbows, as shown in Figure 12. In addition, the identification
of Si on the eroded surface confirmed that the silt was embedded in the surface after
the erosion.

3.3. Mass Loss

Figure 13a,b show the erosion rate for 90◦ and 60◦ elbow pipes under plug flow with
silt particles. For both elbows, the maximum erosion rate occurred downstream near the
outlet. In the 90◦ elbow, the corresponding maximum erosion rates were 10.23 mm/year
compared to the 60◦ elbow which was 5.67 mm/year. Regardless of the elbow angle,
Figure 13b shows that specimens at locations 16 and 18 of the 90◦ elbow’s upper half
provided the highest erosion, and specimens at locations 16 and 17 of the 60◦ elbow’s upper
half reflected the maximum wear rates compared with other positions. This identified that
the location adjacent to an outlet for both the 90◦ and 60◦ elbows was likely to be eroded
during the silt particle’s impact under plug flow conditions. Moreover, the wear rate of the
upper half elbow section was more than that of the bottom half. It can be concluded that in
plug flow, the top of the elbow downstream is more prone to erosion due to the multiple
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particle impactions than in other positions. There was an approximately 1.8 times increase
in the erosion rate of the maximum impaction region in the 90◦ elbow compared to the
60◦ elbow observed for carbon steel for identical flow conditions. The severe silt particle
impaction was located at the outer curvature in the 50◦ position in 60◦ elbows and the 80◦

position in 90◦ elbows in plug flow.
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3.4. Hardness Measurements

Figure 14 shows the results of microhardness evaluation at the different locations of
the 90◦ and 60◦ elbows. As indicated in Figure 14, the hardness of the polished specimen
after the test of carbon steel 1018 samples increased due to the impact of silt particles as
flow approached downstream. Figure 14 shows a similar trend in the results for both the
90◦ elbow and the 60◦ elbow. It was clear from the results that the maximum hardness in
both 90◦ and 60◦ elbows was, however, observed adjacent to the outlet, which was due to
maximum particle impaction. The erosive wear leads to strain that hardened the target
surface and the hardness of the carbon steel improved from 168 to 199 in the 90◦ elbow exit
section and to 181 in the 60◦ elbow exit section on the Vickers hardness scale. The escalation
in the hardness value after erosive wear in Figure 14 was accordant with the findings in a
previous study [20].
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4. Conclusions

This paper investigated the influence of elbow angle on the erosive behavior of carbon
steel due to the impaction of silt particles in plug flow conditions. A total of 36 specimens
were cut from the upper and bottom halves of the 90◦ elbow and the 60◦ elbow at various
locations. Moreover, a paint removal method, mass loss analysis, microscopic imaging,
surface roughness evaluation, and microhardness analysis were employed to study the rela-
tionship between the erosion distribution and the elbow angle. The following conclusions
were drawn:

1. In plug flow, the erosive wear increased significantly with a change in elbow angle
from 60◦ to 90◦. Compared with the 60◦ elbow, there was an approximately 1.8 times
increase in maximum erosion rate in 90◦ elbows for identical flow conditions;

2. At the top of the 90◦ and 60◦ elbows adjacent to the outlet, the erosion maximized
due to the redirected flow, and the maximum silt particle impaction was identified
at the outer curvature in the 50◦ position in the 60◦ elbow and the 80◦ position in
the 90◦ elbow in plug flow. In the 60◦ elbow, the erosive wear was less because the
change in the flow direction of the 60◦ (small angle) elbow was not as abrupt as for
the 90◦ (wide angle) elbow;

3. The arithmetic mean surfaces roughness of the samples was dramatically influenced
by elbow angle. The surface roughness values and microhardness obtained showed
that the surface roughness and hardness of the samples were increased on the top of
the elbow compared to the bottom part at the elbow exit. The silt particle impact on
the surface of the 60◦ and 90◦ elbows in the top part and the subsequent surface dam-
age through scratching, pitting, and material removal resulted in subsequent strain
hardening of the surface, which resulted in increased surface roughness and hardness;

4. The microscopic study of the eroded sample showed that the primary causes of wear
in the 90◦ elbow included pitting, ploughing, and cuttings. The microscopic images
of the test specimens manifested that pitting, scratching, and indentation eventuated,
which is an indication of plastic deformation due to the impact of the silt particles.
The progressive effect of pitting, scratching, and indentation increased erosion in the
exit of the 90◦ elbow pipe.
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Abstract: Metallic coatings based on cobalt and nickel are promising for elongating the life span
of machine components operated in harsh environments. However, reports regarding the ambient
temperature tribological performance and cavitation erosion resistance of popular MCrAlY (where
M = Co, Ni or Co/Ni) and NiCrMoNbTa coatings are scant. This study comparatively investigates
the effects of microstructure and hardness of HVOF deposited CoNiCrAlY, NiCoCrAlY and NiCr-
MoNbTa coatings on tribological and cavitation erosion performance. The cavitation erosion test was
conducted using the vibratory method following the ASTM G32 standard. The tribological examina-
tion was done using a ball-on-disc tribometer. Analysis of the chemical composition, microstructure,
phase composition and hardness reveal the dry sliding wear and cavitation erosion mechanisms.
Coatings present increasing resistance to both sliding wear and cavitation erosion in the following
order: NiCoCrAlY < CoNiCrAlY < NiCrMoNbTa. The tribological behaviour of coatings relies on
abrasive grooving and oxidation of the wear products. In the case of NiCrMoNbTa coatings, abrasion
is followed by the severe adhesive smearing of oxidised wear products which end in the lowest
coefficient of friction and wear rate. Cavitation erosion is initiated at microstructure discontinuities
and ends with severe surface pitting. CoNiCrAlY and NiCoCrAlY coatings present semi brittle
behavior, whereas NiCrMoNbTa presents ductile mode and lesser surface pitting, which improves
its anti-cavitation performance. The differences in microstructure of investigated coatings affect the
wear and cavitation erosion performance more than the hardness itself.

Keywords: cavitation corrosion; wear; surface engineering; roughness; nickel; cobalt; tribology;
hardness; erosion rate; failure analysis; MCrAlY

1. Introduction

Thermal spraying processes are commonly used methods for metallic materials restora-
tion and modification of surface layer properties that are applied in many industries. The
process is used in the aerospace industry, automotive engineering, and maritime sec-
tors [1–3]. One of the most popular thermal spraying methods is the HVOF (high velocity
oxygen-fuel). The HVOF method is most often used because the process is characterized
by a high particle velocity, relatively low temperature and a short time of particle exposure
in the stream, which results in a low content of oxides and minimal porosity [4,5]. In
comparison to other thermal spraying techniques such as arc, flame spraying, or APS
coatings deposited using the HVOF, they are usually characterized by high adhesion to the
substrate and low porosity [6–9]. This technology allows for the extension of the service life
of materials, the improving of the mechanical properties, and the increase in the operational
performance of the engineering devices. These features determine the economic benefits of
HVOF-deposited coatings. Systematic broadening of the coatings industrial applications
followed by the diversity of the feedstock materials makes the thermally sprayed coatings
a crucial subject of recent scientific papers.
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A broad range of materials is deposited via the HVOF method, such as metals, ceramics
and composites. Overall, the main application of thermally sprayed coatings is protection
against different types of wear [10–13], and more sophisticated implementation involves the
prevention from cavitation erosion [14–16]. Besides, industrial applications combine these
two deterioration processes, such as pressure values, diesel liners or specialised chemical
equipment. As an example, MCrAlY coatings (where M = Co, Ni or Co/Ni) are widely used
in the aviation industry, as MCrAlY is used as the bond coat of TBCs or as a standalone
protective coating to increase resistance to high temperatures and high pressure occurring
in gas turbines [17,18]. Therefore, the wear resistance of MCrAlY and NiCoMo coatings is
most often analysed in publications in terms of high-temperature environments [19–22].
Few studies describe the behaviour of these coatings at room temperature, and to the best
of the authors′ knowledge, there is no comparative analysis for the MCrAlY and NiCrMo
coatings in terms of dry sliding wear and cavitation erosion behavior.

Similarly to tribological deterioration, cavitation erosion (CE) can harm the service
life of machinery and equipment [23–26]. Therefore, HVOF coatings constituted of nickel
and/or cobalt-based feedstock powders are often used as a protective layer [16,27–29].
However, in terms of cavitation erosion, it is believed that cobalt-based materials present
one of the highest cavitation erosion resistances [28,30,31]. On the other hand, the nickel-
based powders also give interesting anti-cavitation erosion results [32–34]. Still, the effect
of the metallic matrix type, influencing microstructure and other properties, is not clearly
stated, especially in the case of HVOF Ni/Co-based coatings, including MCrAlY and
NiCrMo. Besides, nickel-based coatings present desirable properties in anti-wear and
cavitation, preventing applications due to the availability of various deposition methods,
high adhesion of the coating to the substrate, and resistance to corrosion required in the wet
environment. Furthermore, plastic deformation of nickel-based coatings may also reduce
the rate of CE damage of the material by absorbing the energy generated by cavitation
pressure waves and micro-jets [35,36]. Therefore, it seems interesting to investigate the CE
resistance of HVOF coatings containing nickel and clarify the effect of coatings properties
on the CE behavior.

Furthermore, depositing a protective MCrAlY and NiCrMo coating on a base metal
substrate is usually studied concerning their typical high-temperature operation condi-
tions [36,37], while their sliding behaviour at ambient temperature and anti-cavitation
performance are not thoroughly investigated by the literature of the object [38]. Nev-
ertheless, a well-known fact is that cobalt-based HVOF metallic [28,39,40] and Co-WC,
CoCr-WC [41–43] cermet coatings present superior tribological performance and resistance
to cavitation erosion. The anti-cavitation properties of Ni/Co-based HVOF deposits are
not completely discussed. Mainly, limited studies describe the research on CE resistance
for MCrAlY, NiCoMo deposits. Therefore, this study comparatively analysed the coatings
microstructure and properties with a resistance to cavitation erosion and dry sliding wear
at ambient temperature. The results give useful remarks for broadening the knowledge
regarding dry sliding wear and cavitation erosion failure mechanisms of MCrAlY and
NiCrMo coatings.

This work aimed to investigate the effect of microstructure and hardness of HVOF
sprayed metallic coatings on their tribological and cavitation erosion performance. More-
over, sliding wear and cavitation erosion mechanisms were studied. The research analysed
commercial HVOF coatings deposited from popular nickel-based feedstock powders: CoN-
iCrAlY, NiCoCrAlY and NiCrMoNbTa.

2. Materials and Methods
2.1. Materials

In this article, three coatings thermally sprayed via the HVOF (High Velocity Oxygen
Fuel) method using popular commercial powders were examined to state the effect of
nickel content on tribological and cavitation erosion (CE) behaviour. (Ni,Co)CrAlY and
NiCrAlNbTa feedstock powders were sprayed on 2 mm thick Inconel 617 sandblasted sub-
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strates and thickness of coatings yielding 100 ± 25 µm. The nominal chemical composition
of substrate and feedstock powders are given in Tables 1 and 2, respectively.

Table 1. Nominal chemical composition of Inconel 617.

Ni Cr Mo Cu Co C Mn Si S Fe Ti Al B

Wt.% 44.5 20–24 8–10 0–0.5 10–15 0.05–0.15 0–1 0–1 0–0.015 0–3 0–0.6 0.8–1.5 0–0.006

Table 2. Nominal chemical composition of feedstock powders used for HVOF spraying.

CoNiCrAlY NiCoCrAlY NiCrMoNbTa

Element (wt.%) Element (wt.%) Element (wt.%)

Ni 29.00–35.00 Ni Bal. Ni Bal.
Co Bal. Co 22.00 Co -
Cr 18.00–24.00 Cr 17.00 Cr 21.50
Al 5.00–11.00 Al 12.50 Al -
Y 0.10–0.80 Y 0.55 Y -

Mo - Mo - Mo 9.00
Nb + Ta - Nb + Ta - Nb + Ta 3.70

Fe - Fe - Fe 2.50

The CoNiCrAlY coating was fabricated using cobalt-based powder Amdry 9954 man-
ufactured by Oerlikon Metco (Pfäffikon, Switzerland), which is intended to protect surfaces
against oxidation and corrosion at high temperatures above 850 ◦C. The second coating
of NiCoCrAlY nickel-based powder is made of a powder called Ni-191-4 (PRAXAIR),
which is also designed to produce high-temperature layers, protecting against oxidation
and high-temperature corrosion. The last tested NiCrMoNbTa coating was sprayed using
spheroidal powder with the trade name Diamalloy 1005 (Oerlikon Metco), which is dedi-
cated to surface regeneration, protection of the surface against oxidation and corrosion at
high temperatures above 982 ◦C. MCrAlY and NiCrMoNbTa coatings are usually studied
concerning their typical high-temperature operating conditions. The other practical appli-
cations are not identified. Thus, this paper comparatively analyses their tribological and
anti-cavitation performance.

2.2. Research Methodology

The coatings were investigated using scanning electron microscopy (SEM), X-ray
phase analysis (XRD) and profilometer measurements. The surface morphology of the
as-sprayed coatings and cross-section microstructures of the coatings were examined using
the SEM-EDS method. The phase composition of the coatings was investigated by the
X-ray diffraction method. The phase composition studies were carried out according to the
procedure described in a previous paper [38]. The surface roughness Ra parameter was
determined using the surface profiler (Surtronic S-128, Taylor-Hobson, Leicester, UK) ac-
cording to the ISO 4287 standard. Finally, the hardness of the tested coatings was measured
following the PN-EN ISO 6507-1 standard. The tests were carried out on polished transverse
specimens. Investigations were done with the use of the load of 0.9807 N and the dwelling
time of 10 s. At the latest, ten indentations were made to obtain statistical accuracy.

In order to compare the wear resistance of as-sprayed HVOF coatings with other
engineering materials tested by our group [44–46] the ball-on-disc method was employed.
Wear tests were carried out on a CS-Instruments ball tribotester. The idea of the wear
test is presented in Figure 1. As a counter-sample (ball), six mm diameter balls made
of tungsten carbide-cobalt (WC–Co) cemented carbide (supplied by CSM Instruments,
Needham Heights, MA, USA) were used. The tests were carried out under an applied load
of F = 10 N. The tests were carried out with a linear speed of 0.05 m/s for a radius of 3 mm
and a sliding distance of 200 m. Test conditions prevent local abrasion of coatings to the
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substrate. The friction coefficient was also determined. Additionally, the wear factor K was
determined using the procedure and the Equation (1) described in a previous paper [44].

K =
volume loss

[
mm3]

load [N]·sliding distance [m]
(1)

Figure 1. Scheme of ball-on-disc wear testing.

Additionally, this research aimed to test the wear resistance of the as-sprayed coatings,
i.e., investigated coatings differ in surface roughness. Therefore sliding wear resistance
(estimated by wear factor) was validated using the weighting method. HVOF coatings
mass loss was measured with an accuracy of 0.1 mg. Finally, the sliding wear mechanism
was comparatively investigated using the SEM-EDS method.

The cavitation erosion resistance tests were carried out in accordance with the ASTM
G32 standard [47]. The sonotrode tip distance from the sample was 1 mm ± 0.05 mm,
the medium in which cavitation was induced was distilled water, see Figure 2. The tip
working area equals 1.92 cm2. The analysis of the resistance to cavitation erosion consisted
of systematic measurements of the weight loss of the tested samples with an accuracy of
0.01 mg. The cavitation testing conditions conform to the previous research conditions
done for APS [45], HVOF [48], cold spray [49] and electrostatic [50] deposits investigated
by our group. In the current study, the total exposure time lasted 3 h. The study cavitation
erosion mechanisms, surfaces of test samples were finished by grinding with emery papers
# 240, # 320 and # 600 to achieve the surface roughness of Ra < 5.28 µm, Rt < 38.3 µm and
Rz < 28.5 µm. At stated time intervals of the cavitation erosion testing, the eroded surfaces
roughness measurements and SEM microscopic analysis were carried out.

Figure 2. Schematic representation of the ultrasonic vibratory system used for cavitation.

3. Results and Discussion
3.1. Microstructure and Coatings Properties

The tests carried out showed the presence of a microstructure characteristic for ther-
mally sprayed coatings. The as-sprayed surfaces are characterised by the presence of splats,
unmelted particles and oxides (Figure 3). Much more uniform surface roughness was
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identified for NiCrMoNbTa than for MCrAlY’s (Figure 4). Besides, the mean value of
the Ra roughness parameter was the highest for the CoNiCrAlY coating (7.94 µm) and
presented the widest spread of results. The obtained value compares to the mean rough-
ness of the same type of HVOF coating (Ra = 7.41 µm) reported by Rajasekaran et al. [51].
As-sprayed NiCoCrAlY presents surface roughness even lower than those reported by the
literature for the same type of MCrAlY [52]. The smoothest surface roughness of the Ra
(4.56 µm) was obtained for NiCrMoNbTa. Thus, the Ra roughness ranges between values
reported by Oladijo et al. [53] and Al-Fadhli et al. [54] reported for HVOF sprayed Inconel
625 coatings (similar chemical composition to NiCrMoNbTa). According to the literature,
the roughness of MCrAlY bond coat affects adhesion between the metallic bond coat and
the ceramic topcoat and is an important factor for the extended TBC life [52,55]. Whereas
one of the typical applications of NiCrMoNbTa is surface regeneration. Thus, the low
coating roughness of NiCrMoNbTa is optimal for the restoration and repair technology of
superalloy components.

Figure 3. Surface morphology of as-sprayed coatings: (a) CoNiCrAlY; (b) NiCoCrAlY and
(c) NiCrMoNbTa.

Figure 4. Comparison of the roughness of as-sprayed coatings.

The cross-section microstructures (Figure 5) show a sufficient interlocking between
the applied coating and the substrate. The coatings have a lamellar structure, porosity,
and oxides at the clear boundaries between the lamellas, and incompletely melted powder
particles are visible. In the case of the NiCoCrAlY coating (Figure 5a), a much more dense
structure was observed than in the case of MCrAlY coatings. The SEM-EDS investigations
(Figure 5 and Table 3) reveal the percentage content of the main elements in the range of
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the nominal feedstock powders (Table 2). Due to the low nominal content and EDS method
limitations, the yttrium was not detected, and the percentage content of other chemical
elements varied. Both nickel and cobalt constitute the coatings metallic matrix and are
crucial for phase composition and overall properties and anti-wear performance. Thus, the
X-ray phase composition was investigated, see Figure 6. In the case of coating CoNiCrAlY
the γ-Co,Ni phase with fcc structure was identified. On the other hand, the literature of
the subject [56–59] suggests the presence of an intermetallic phase β-(Co,Ni)Al with bcc
structure, although this phase wasn’t confirmed in CoNiCrAlY sample. The second HVOF
coating NiCoCrAlY has a two-phase composition consisting of γ-Ni(Co,Cr) and β-NiAl,
which follows findings obtained for MCrAlY coating deposited by HVOF [60,61]. The third
sample, NiCrMoNbTa presents a single-phase structure based on γ-Ni(NiCr) which corre-
sponds to the results obtained for HVOF fabricated NiCrMoNb-matrix composites [12,62].
The coatings’ microstructure and phase composition differs and, of course, influences
coatings hardness, see Figure 7. Coatings hardness exceeds Inconel 617 substrate, namely
248.1 HV. The highest average hardness was noted for the NiCoCrAlY coating, about
393 HV. The lowest hardness was found for NiMoCrNbTa and it was 342 HV. In sum, the
hardness of CoNiCrAlY exceeds those reported for NiCoCrAlY, which agrees with the
trends given in the literature [21]. On the other hand, even though the mean hardness
differs, it should be noted that analysis of hardness variability confirms overlapping of
standard deviations, as shown in Figure 7. On the whole, the coatings nominal chemical
composition affects morphology, phase composition, and hardness which are essential
factors to clarify tribological and cavitation erosion performance.

Figure 5. Coatings cross sections: (a) CoNiCrAlY, (b) NiCoCrAlY, (c) NiCrMoNbTa, SEM-EDS (spot
analysis are given in Table 3).

Table 3. Chemical composition of coatings estimated in spots marked in Figure 5, SEM-EDS.

CoNiCrAlY NiCoCrAlY NiCrMoNbTa

Element (wt.%) Element (wt.%) Element (wt.%)

Ni 35.15 Ni 47.49 Ni 64.56
Co 37.33 Co 22.14 Co -
Cr 19.83 Cr 20.03 Cr 18.71
Al 7.68 Al 10.34 Mo 9.34
Y - Y - Nb 4.32

Ta 2.81
Fe 0.25
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Figure 6. Comparison of phase composition of coatings, XRD.

Figure 7. Hardness variability of coatings and the substrate.

3.2. Tribological Testing

The coefficient of friction (COF) was determined for the tested coatings. The results are
presented in Figure 8, while mass loss and wear factor K are shown in Figures 9 and 10, re-
spectively. The tribological tests were conducted for as-sprayed surfaces. Therefore, the ac-
curacy of tribological results was positively validated by comparing mass losses (evaluated
using the weighting method) with the volume losses (wear factors), see Figures 9 and 10.
In other words, utilised test conditions allow obtaining reliable tribological results for the
as-sprayed coatings. Nonetheless, the investigated HVOF coatings present inferior wear
behaviour compared to other MCrAlY, and NiCrMo mostly tested at elevated tempera-
tures [13,22,63], as well as to ceramic [10,45], metallic [44,46] materials tested at the same
load at ambient temperature.
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Figure 8. Coefficient of friction (COF) of the tested coatings.

Figure 9. Mass losses of tested coatings.

Figure 10. Sliding wear result of investigated coatings.

The influence of mean hardness on the wear resistance of the coatings was stated.
NiCoCrAlY coating with the highest mean hardness 393 HV0.1 showed the worst resistance
to wear. Moreover, the coating with the lowest mean hardness 342 HV0.1 showed the
highest resistance to wear. It contradicts the literature, which reports that higher hardness
increases material wear resistance [64]. It should be noted that differences were identified
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for the mean hardness and the spread of hardness results overlaps. Therefore, it can be
concluded that the microstructure of investigated coatings affects the wear performance
more than the hardness itself. Even though the NiCoCrAlY coating has the highest mean
hardness, the presence of the second phase could be responsible for its poor tribological
performance. Besides, the NiCrMoNbTa coating has the lowest COF and material loss. At
the same time, the NiCoCrAlY coating had the highest COF and K factor, which can be
explained by the presence of the second phase β-NiAl. Other coatings present a single-
phase structure. The wear factor of NiCrMoNbTa was almost 13 times lower than the
one obtained for coating NiCoCrAlY. This can be explained by the microstructure of the
coating, which affects the wear mechanisms. The NiCrMoNbTa coating is much more
affected by the adhesive smearing of wear debris than the MCrAlY coatings. In the case
of all samples, the abrasive wear grooving and the tribochemical wear, namely oxidation
of wear products, were confirmed by the SEM-EDS investigations, as shown in Figure 11.
In the case of sliding testing of as-sprayed HVOF coatings, the hard WC counter-ball
smashes the rough surface, and the produced wear debris acts as a third body, which is
confirmed by other researchers [65]. Then the sliding wear mechanism changes to abrasion
affected by grooving. Moreover, the adhesive transfer of smeared wear products is visible in
CoNiCrAlY and NiCrMoNbTa coatings, shown in Figure 11a,b, which affects the decrease
of wear factor and COF in comparison to NiCoCrAlY. Finally, their wear mechanism is
supported by fatigue which is observed especially for wear debris. Fatigue took place
as a result of repeated movement of the counter-sample on the surface of the coating
and initiated microcracks, which proceeds and finally causes the material detachment
and transfer through the wear tack. In the case of the NiCrMoNbTa coating shown in
Figure 11c, the abrasive grooving followed by adhesive smearing of oxidised wear products.
In sum, the NiCrMoNbTa coating present superior ambient dry sliding performance than
the MCrAlY one.

Figure 11. Wear traces and spot chemical analysis: (a) CoNiCrAlY, (b) NiCoCrAlY, (c) NiCrMoNbTa
wear trace, SEM-EDS in wt.%.
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3.3. Cavitation Erosion (CE) Resistance

The cavitation erosion (CE) results, presented in Figure 12a, indicate an almost twice
lower material loss of NiCrMoNbTa than for the MCrAlY coatings. All investigated
materials present negligible incubation time (Figure 12b), following the results obtained
for plastic and ceramics coatings [45,50]. The cavitation damage varies in the erosion
rates. The highest erosion rates were obtained for NiCoCrAlY and CoNiCrAlY, and the
lowest for NiCrMoNbTa coating. The literature reports that in the case of similar types of
materials, higher hardness facilitates cavitation erosion resistance. Additionally, research
papers [30,66,67] report that in the case of different materials systems, hardness alone is
not a direct indicator of cavitation erosion performance. The microstructure of investigated
coatings’ is not similar and affects the hardness. Figure 13 confirms that the mass loss
correlates with the decreasing mean hardness and the increase of the surface roughness
of the eroded area. The highest material loss was obtained for the hardest coating (mean
hardness of 393 HV0.1). The softest NiCrMoNbTa (mean hardness of 342 HV0.1) presents
the lowest mass loss. As discussed in previous sections, the analysis of hardness variability
indicates overlapping of standard deviations (see Figure 7), even though it seems that
overall hardness can be employed as an indicator of material deformability. Moreover, the
previous study regarding NiCrSiB alloys [32] confirms it. Softer nickel-based phases were
prone to plastic deformation, which effectively mitigated cavitation damage. Overall, in the
case of investigated HVOF metallic coatings containing nickel, hardness and deformability
are essential factors for CE resistance. However, these factors derive from the microstructure
of coatings, and microstructure features are responsible for cavitation erosion behavior.

Figure 12. Cavitation erosion curves: (a) mass loss; (b) erosion rate plots.

The erosion mechanism was analysed by combining SEM microscopic observations
(Figure 14) with coating properties and profilometric measurements (Figure 13). Therefore,
the presence of microstructure discontinuities, such as unmelted particles and pores re-
sults in the creation of deep pits and facilitates material removal, especially at the initial
stages of erosion, see Figures 12b and 14. At greater exposure times, severe pitting is
observed. On the contrary, the well-melted splats undergo plastic deformation, which
slows down the erosion rate (see Figure 14c). Finally, brittle cracking is visible in the
NiCoCrAlY coating, which leads to material detachment. Profilometric measurements of
eroded surfaces (Figure 13) confirmed that the NiCrMoNbTa coating was characterised
by more uniform surface roughness and lesser pitting. Its plastic deformation slowed
down the large craters’ growth and material loss. Consequently, a relatively soft NiCr-
MoNbTa coating shows an ability to consume the cavitation loads for plastic deformation
(visible in Figure 14), while other coatings present much more brittle behaviour resulting in
accelerating material detachment.

226



Materials 2022, 15, 93

Figure 13. Effect of hardness (a) and material loss (b) on eroded surface roughness, 3 h of exposure.
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The severe erosion of the coatings relies on the formation of deep pits, and the coatings
subject to more significant erosive damage were characterised by higher roughness pa-
rameters (see Figure 13). High nickel content facilitates the deformability of NiCrMoNbTa
coating, resulting in ductile erosive behaviour. Contrary to this, MCrAlYs are characterised
by lower deformability (higher mean hardness). Therefore, their failure mechanisms have
a semi brittle mode which speeds erosion damage. It seems that microstructure features
affect mechanical properties and determine the CE behaviour. Uniform microstructure and
high deformability are crucial factors for increasing the CE resistance of thermally sprayed
metallic coatings.

4. Conclusions

The thermally sprayed coatings, namely CoNiCrAlY, NiCoCrAlY, and NiCrMoNbTa,
were comparatively examined in terms of the effect of microstructure and hardness on
sliding wear and cavitation erosion resistance. As a result, the following conclusions can
be drawn:

− The coatings present increasing resistance to both wear and cavitation erosion in the
following order: NiCoCrAlY < CoNiCrAlY < NiCrMoNbTa.

− The NiCrMoNbTa and CoNiCrAlY coatings’ microstructure is dominated by a single-
phase matrix and presents mean hardness of 342 HV0.1 and 365 HV0.1, respectively.
Even though the NiCoCrAlY coating presents the highest mean hardness (393 HV0.1),
it shows the worst tribological and cavitation erosion performance. The differences
in microstructure of investigated coatings affect the wear and cavitation erosion
performance more than the hardness itself.

− Superior sliding wear behaviour, i.e., lowest coefficient of friction and wear factor K,
was noted for NiCrMoNbTa coatings. This coating presents abrasive grooving wear,
adhesive smearing, and fatigue of oxidised wear products, while the NiCoCrAlY wear
mechanism relies mainly on the abrasive grooving and oxidation of wear products
which results in the highest wear rate and COF.

− The coatings’ microstructure affects mechanical properties and determines the CE
behaviour. Cavitation erosion is initiated at microstructure discontinuities and ends
up with severe surface pitting. MCrAlY coatings present semi brittle behavior, while
NiCrMoNbTa coating shows ductile mode and lesser surface pitting.

− In the case of cavitation erosion, the hardness correlates well with the erosion results,
i.e., softer coatings present higher deformability and display better performance under
cavitation load by absorbing it for plastic deformation. Thus, NiCrMoNbTa coatings
present the lowest cavitation erosion rate.
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Abstract: Magnesium (Mg) alloy has attracted significant attention as a bioresorbable scaffold for
use as a next-generation stent because of its mechanical properties and biocompatibility. However,
Mg alloy quickly degrades in the physiological environment. In this study, we investigated whether
applying a parylene C coating can improve the corrosion resistance of a Mg alloy stent, which is
made of ‘Original ZM10’, free of aluminum and rare earth elements. The coating exhibited a smooth
surface with no large cracks, even after balloon expansion of the stent, and improved the corrosion
resistance of the stent in cell culture medium. In particular, the parylene C coating of a hydrofluoric
acid-treated Mg alloy stent led to excellent corrosion resistance. In addition, the parylene C coating
did not affect a polymer layer consisting of poly(ε-caprolactone) and poly(D,L-lactic acid) applied as
an additional coating for the drug release to suppress restenosis. Parylene C is a promising surface
coating for bioresorbable Mg alloy stents for clinical applications.

Keywords: corrosion resistance; magnesium alloy; bioresorbable stent; parylene C; surface coating

1. Introduction

Coronary vascular disease is a major cause of death in the developed world [1]. Percu-
taneous coronary intervention combining balloon angioplasty and stent implantation is a
primary treatment for coronary heart disease [2]. Drug-eluting stents are now widely used
because they can reduce in-stent restenosis and target lesion revascularization compared
with bare-metal stents [3]. Sirolimus (SRL) is an antiproliferative drug widely used in
drug-eluting stent applications [4]. However, drug-eluting stents have been reported to
impair endothelial regeneration, leading to an increased risk of very late stent thrombosis
in patients after stent implantation [5]. Thus, bioresorbable stents have been developed to
address the problems associated with conventional metallic stents [6]. The bioresorbable
stents made of biodegradable polymers or bioresorbable metals have become major trends.
Compared with biodegradable polymer stents, bioresorbable metals such as magnesium,
zinc, and iron have better mechanical properties and are expected as new-generation stent
materials [7].

Magnesium (Mg) alloy is expected as the new generation metal for use in the de-
velopment of bioresorbable stents because it exhibits good mechanical properties and its
corrosion products are non-toxic [8]. However, Mg alloy exhibits rapid corrosion in the
physiological environment, limiting its successful clinical application [9]. A vascular stent
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is required to maintain its mechanical strength for at least 6 months and to be resorbed over
6 months to 2 years [10,11]. Therefore, enhancing the anti-corrosion properties of Mg alloy
is key to its clinical application as a bioresorbable stent.

To improve the corrosion resistance of Mg alloy, the addition of rare earth element to
Mg alloy [12,13], surface coating [14,15], and chemical conversion treatment [16,17] have
been widely studied. The rare earth elements refer to the metals yttrium (Y), dysprosium
(Dy), neodymium (Nd), gadolinium (Gd), etc. However, the suitability and biocompatibility
of rare earth elements are still considered carefully [18]. Conventional Mg alloy, i.e., WE43,
contains rare earth elements and is suspected to show cytotoxicity [19]. Moreover, AZ31B
contains aluminum, which is not a rare earth element but is suspected to be related to
Alzheimer’s disease [20]. In this study, we used ‘Original ZM10’, free of rare earth elements
and aluminum, and it is appropriate for medical applications with higher biocompatibility.

In our previous studies, both surface coating with biodegradable polymers and chem-
ical treatment with hydrofluoric acid (HF) have been reported to be effective strategies
for improving the corrosion resistance of Mg alloy stents [21,22]. Surface coating with
biodegradable polymers is used not only for corrosion resistance, but also for loading drugs
to inhibit in-stent restenosis [23]. HF treatment is an effective approach for improving the
corrosion resistance of Mg alloys. An HF-treated Mg alloy stent can support the vessel
wall in a coronary artery for several days, but it is not possible for a gradually degrading
stent to maintain its radial strength for several months [22]. Therefore, another approach is
required to improve the durability of Mg alloy stents.

It has been reported that poly(chloro-para-xylynene) (parylene C) coating has the
potential to reduce the surface wettability of Mg alloy owing to its dense structure and
hydrophobic surface [24]. Parylene C is widely used for various medical devices, such as
conventional stents and catheters [25,26], because of its durability and biocompatibility [27].
It can also be formed on the surface of various biomaterials by chemical vapor deposition
(CVD) [28].

However, surface coating of a bioresorbable Mg alloy stent with parylene C has not
yet been reported. As stated above, HF treatment was effective for improving the corrosion
resistance of a Mg alloy stent. The objective of this study was to examine the effect of the
parylene C coating on the corrosion resistance of Mg alloy stent, particularly to evaluate
if it could be resistant to shape changes caused by crimping on the balloon catheter and
subsequent expansion.

2. Materials and Methods
2.1. Chemicals

Hydrofluoric acid (HF, 46% w/w aqueous solution), tetrahydrofuran (THF), and
Eagle’s minimal essential medium (E-MEM) were purchased from Wako Pure Chemical
Industries Ltd. (Osaka, Japan). Fetal bovine serum (FBS) was purchased from Cosmo Bio
Co., LTD. (Tokyo, Japan). Poly(D,L-lactide) (PDLLA) and poly(ε-caprolactone) (PCL) were
purchased from LACTEL Absorbable Polymers (Birmingham, AL, USA). Mg alloy ‘Original
ZM10’ was developed and manufactured by Fuji Light Metal Co., Ltd. The component
was analyzed with an inductively coupled plasma optical emission spectrometry (ICP-OES
Agilent 720, Agilent Technologies, Santa Clara, CA, USA) as shown in Table S1.

2.2. Stents

The Mg alloy stent made of ‘Original ZM10’ was designed, fabricated, and mirror-
polished by Fuji Light Metal Co., Ltd. (Kumamoto, Japan) and Japan Medical Device
Technology Co., Ltd. (Kumamoto, Japan). The specifications of the stent used in this study
are shown in Table S2. The structure of our original stent is shown in Figure S1.

The bare Mg alloy stents were immersed in 46% (w/w) HF aqueous solution for 24 h
at room temperature. Then, they were rinsed with deionized water and acetone in turn,
and we finally dried the samples at 55 ◦C under vacuum [22].
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2.3. Parylene C Coating

The parylene C coating of the HF-treated Mg alloy stent was performed by Spe-
cialty Coating Systems coating service (Specialty Coating Systems Inc., Indianapolis, IN,
USA) [24]. The thickness of the parylene C coating layer was measured by reflection
spectroscopy using an optical thickness meter (OPTM-F2, Otsuka Electronics Co., Ltd.,
Osaka, Japan).

2.4. Polymer Coating

Additional polymer coatings were applied after the parylene C coating. First, the
stent was coated with a soft polymer, poly(ε-caprolactone) (PCL), as a base layer, and
poly(D,L-lactic acid) (PDLLA) with sirolimus (SRL; a conventional antiproliferation drug)
as a top layer, as described in our previous report [21]. Briefly, for the base layer, PCL was
dissolved in THF to obtain a 0.5 wt% solution. Then, 400 ± 30 µg of polymer was applied
to each stent at 0.02 mL/min using an ultrasonic spray coater, Exacta Coat Ultrasonic
Spraying System (Milton, NY, USA). For the top layer, PDLLA and SRL were dissolved
in THF to obtain a 0.5 wt% and 5 mg/mL solution, respectively. Then, 250 ± 30 µg and
1.0 µg/mm2 of polymer and SRL, respectively, were applied to each stent at 0.02 mL/min
using the ultrasonic spray coater.

2.5. Contraction and Expansion of the Stent

We used a manual crimp tool (13JSK, Blockwise Engineering, Chicago, IL, USA) to
crimp the coating stent on a balloon-tipped catheter (Vega SDD, Arthesys, Saclay, France)
to 1.2 mm in outer diameter, as described in our previous studies [21,22]. Then, before
the expansion, the crimped stent was immersed in 37 ◦C cell culture medium (E-MEM)
containing 10% fetal bovine serum (FBS) for 2 min to simulate the clinical stent implan-
tation process. For the expansion of the stent, we inflated the catheter with an Encore™
26 Inflator (Boston Scientific, Marlborough, MA, USA) and expanded the stents to 3 mm in
outer diameter.

2.6. Surface Observation

The surface morphology of the Mg alloy stents before and after balloon expansion
were observed by field emission scanning electron microscopy (FE-SEM, JSM-7100F, JEOL,
Tokyo, Japan) with a hot electron gun. The observe condition was at an accelerating voltage
of 15 kV and a working distance of 15 mm by a secondary electron (SE) detector.

2.7. Evaluation of Corrosion Behavior

After expansion of the polymer-coated Mg alloy stents, the stents were immersed in
10 mL cell culture medium (E-MEM + 10% FBS) in an incubator with a condition of 5%
CO2, 37 ◦C under 100 rpm agitation for 12 months. The supernatant medium of 100 µL
was collected after immersion for 1 month and 6 months, using a Magnesium B-test Wako
test kit (Wako Pure Chemical Industries Ltd., Osaka, Japan) to measure the amount of Mg
ions released from the Mg alloy stent, following the manufacturer’s protocol [29]. Mean
values were calculated from measurements for five different stents. After the incubation,
the stents were removed from the medium and dried in a vacuum overnight.

Elemental analysis of the cross-sections of the stents after incubation for 1, 6, and
12 months was carried out using an X-ray energy dispersive spectroscopy (EDS) detector in-
stalled into the FE-SEM (JSM-7100F, JEOL, Tokyo, Japan). The EDS mappings were recorded
with a JEOL resolution silicon drift detector and indicated the location of elements analyzed.

2.8. SRL Elution from the Polymer Layer

After the expansion of the stent coated with SRL-loaded polymer using the same
method as described in Section 2.5, the stent was then immersed in 10 mL PBS in an
incubator at 37 ◦C in the dark under 100 rpm agitation for 64 days. To evaluate the SRL
release from the polymer, 1 mL supernatant solution after immersion for 1, 3, 7, 14, 21,
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28, and 64 days was measured with an ultraviolet/visible spectrometer at 278 nm. The
amount of SRL eluting was calculated from three different samples. The SRL elution rate
was calculated based on the SRL loading density of each stent.

3. Results and Discussion
3.1. Parylene C Coating of Mg Alloy Stents

The thickness of the parylene C coating layer was approximately 0.5 ± 0.15 µm (data
not shown). Normally, a coronary stent is made of flexible tube-like meshes that is crimped
onto a balloon-tipped catheter, and then the balloon is deflated and the stent is expanded
at a narrowed coronary artery [30]. Considering the changes in the surface structure of
the balloon-expanded stent is therefore essential. The surfaces of the Mg alloy stents were
observed using a scanning electron microscope (SEM). The bare Mg alloy stent had a
smooth surface both before and after the balloon expansion (Figure 1a). The HF-treated Mg
alloy stent had a smooth surface before the balloon expansion but showed small wrinkles
after the expansion, with no large cracks (Figure 1b). Following parylene C coating, the
stent surface was smooth before the expansion, while after the expansion small wrinkles,
similar to those shown by the HF-treated Mg alloy stent, were observed, with no large
cracks. Because the parylene C coating was very thin (~0.5 µm) and flexible, it was able
to expand and follow the structural changes of the HF-treated stent without peeling off
(Figure 1c).

Materials 2022, 14, x FOR PEER REVIEW 4 of 9 
 

 

and 64 days was measured with an ultraviolet/visible spectrometer at 278 nm. The amount 
of SRL eluting was calculated from three different samples. The SRL elution rate was 
calculated based on the SRL loading density of each stent. 

3. Results and Discussion 
3.1. Parylene C Coating of Mg Alloy Stents 

The thickness of the parylene C coating layer was approximately 0.5 ± 0.15 µm (data 
not shown). Normally, a coronary stent is made of flexible tube-like meshes that is crimped 
onto a balloon-tipped catheter, and then the balloon is deflated and the stent is expanded at 
a narrowed coronary artery [30]. Considering the changes in the surface structure of the 
balloon-expanded stent is therefore essential. The surfaces of the Mg alloy stents were 
observed using a scanning electron microscope (SEM). The bare Mg alloy stent had a smooth 
surface both before and after the balloon expansion (Figure 1a). The HF-treated Mg alloy 
stent had a smooth surface before the balloon expansion but showed small wrinkles after 
the expansion, with no large cracks (Figure 1b). Following parylene C coating, the stent 
surface was smooth before the expansion, while after the expansion small wrinkles, similar 
to those shown by the HF-treated Mg alloy stent, were observed, with no large cracks. 
Because the parylene C coating was very thin (~0.5 µm) and flexible, it was able to expand 
and follow the structural changes of the HF-treated stent without peeling off (Figure 1c). 

 

Figure 1. Surface morphology of original Mg alloy stents observed by SEM (a), HF-treated stents
(b), and HF-treated Mg alloy stents coated with parylene C (c) before and after balloon expansion at
different magnifications.

235



Materials 2022, 15, 3132

3.2. Corrosion Behavior of the Parylene-Coated Mg Alloy Stents after Expansion

The corrosion behavior of the stents after the balloon expansion was examined over a
1-month and 6-month immersion in cell culture medium at 37 ◦C (Figure 2 and Table S3).
Mg ion release (%) represents the relative corrosion rate of Mg alloy stent calculated from
the total amount of Mg alloy stent [29]. After 1-month immersion, the bare Mg alloy
stent indicated a rapid corrosion rate calculated as 38%, while the HF-treated Mg alloy
stent exhibited a corrosion rate of 13%. The HF treatment of Mg alloy stent enhanced the
corrosion resistance due to a protective layer of MgF2 and Mg(OH)2 formed on the Mg alloy
stent surface, which prevented rapid corrosion [22,23]. Additional coating of the HF-treated
Mg alloy stents with parylene C resulted in complete resistance (almost 0% corrosion). To
further evaluate the corrosion resistance of the parylene C coating on HF-treated Mg alloy
stent, it was immersed in cell culture medium for 6 months (Figure 2B). Compared with
HF-treated Mg alloy stents, parylene coating still exhibited excellent corrosion resistance
over a 6-month period. The HF-treated Mg alloy stents showed the corrosion rate of 78%
was due to the MgF2 content with high mechanical strength inducing cracks on the surface
after balloon expansion [22,31]. Additional coating with parylene C perfectly improved this
disadvantage. Kandala et al. also studied the corrosion behavior of Mg alloy (AZ31) stents
with parylene C coating (without HF treatment) in the cell culture medium for 3 days [32].
Compared with bare Mg alloy stent, parylene C-coated Mg alloy stent improved the
corrosion rate from 0.45 mm/year to 0.12 mm/year. However, the balloon expansion of
parylene C-coated stents accelerated the corrosion of Mg alloy stents from 0.05 mm/year to
0.15 mm/year due to defects and openings in the parylene C coating [33]. Therefore, tight
adhesion between MgF2 and the parylene C layer was thought to form a strong and stable
water barrier that was not affected by the balloon expansion of the stent struts.
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Figure 2. Mg ion release rate from Mg alloy stents with balloon expansion after 1-month (A) and
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Drugs to suppress restenosis are generally introduced in additional polymer layers;
therefore, we examined the effect of subsequent PCL and PDLLA polymer coatings on
the performance of parylene C in protecting the HF-treated Mg alloy stent from corrosion.
In our previous study, coating with PCL and PDLLA was found to be the best approach
for enhancing the corrosion resistance of the Mg alloy stent and achieving long-lasting
drug release from the polymer layer [21]. The polymer-coated HF-treated Mg alloy stents
showed similar corrosion resistance to that of the HF-treated Mg alloy stents without
polymer coating. The polymer-coated, HF-treated, and parylene C-coated stent showed
almost complete resistance to corrosion. This indicates that the additional polymer coating
did not affect the complete corrosion resistance provided by HF treatment and parylene
C-coating over a 1-month period.

We examined further corrosion of the polymer and parylene C-coated HF-treated Mg
alloy stent after 1-, 6-, and 12-month incubations by SEM images and EDS mapping of
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their cross-sections (Figure 3). At 1 month, the SEM images and Mg signal from the EDS
mapping showed no significant degradation of the Mg alloy. At this stage, F and O signals
were observed on the surface of the strut and corresponded to the HF treated layer and the
polymer layer, respectively. After 6 and 12 months, the area of the Mg signal had decreased,
and a small amount of the O signal was observed on the Mg signal. The O signal that
emerged is attributed to corrosion products of the Mg alloy. P and Ca signals also indicated
corrosion products, corresponding to magnesium phosphate and calcium phosphate [34].
The source of phosphate and calcium was the incubation medium (E-MEM + 10% FBS) for
the corrosion resistance experiment. According to the EDS mapping, the shallow corrosion
on the Mg stent surface under the coating layer was observed, even after immersion for
12 months. In addition, it was confirmed that the coating layer remained on the Mg alloy
stents because of a slow corrosion rate after the 12-month incubation.
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Figure 3. EDS mapping for cross-sections of parylene C and polymer-coated HF-treated stents
immersed for 1 month (a), 6 months (b), and 12 months (c) in the cell culture medium. The white
and orange arrow heads indicate O signal from polymer layer and corrosion products of the Mg
alloy, respectively.

3.3. SRL Release from the Polymer Layer

For clinical application of the cardiovascular stent, drug release from the polymer
outer layer is key for suppressing restenosis after implantation. We therefore examined the
release of the drug SRL from the polymer layer (Figure 4). The polymer layer had eluted
approximately 60% of the SRL at 14 days, 70% at 28 days, and 90% at 64 days. Cypher—a
drug-eluting stent made of stainless steel coated with parylene C, polyethylene-co-vinyl
acetate, and poly-n-butyl methacrylate—eluted 80% of the loaded SRL over 1 month [35].
Ultimaster—a drug-eluting stent made of Co-Cr alloy coated with PDLLA and poly(L-
lactide–co-ε-caprolactone)—showed 90% elution at 3 months [36]. The elution profile of
the reported stent is therefore considered to be similar to those of Cypher and Ultimaster.
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4. Conclusions

This study demonstrated that parylene C coating is an efficient method to improve
the corrosion resistance of Mg alloy stent. According to a long-term evaluation of corrosion
behavior, the parylene C coating is expected to be a promising surface coating of Mg alloy
stents for clinical applications. The following conclusions are obtained:

(1) Parylene C coating on a HF-treated Mg alloy stent exhibited a smooth surface without
cracks after balloon expansion. Because the parylene C coating was very thin (~0.5 µm)
and flexible, it was able to expand and follow the structural changes of the HF-treated
Mg stent without peeling off.

(2) Combining the parylene C coating with the HF treatment of the Mg alloy stent showed
complete corrosion resistance for at least 1 month in physiological conditions. The
tight adhesion between the MgF2 and parylene C layers was thought to form a strong
and stable water barrier even when the structure of the struts was deformed.

(3) The parylene C coating did not affect subsequent layers of biodegradable polymer
coating applied to a long-lasting release of antiproliferative drug for 64 days to
suppress restenosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15093132/s1, Table S1: Elemental composition (wt.%) of
‘Original ZM10’; Table S2: Specifications of the stent; Table S3: Mg ion release (%) from Mg alloy stent
after balloon expansion; Figure S1: Structure of Mg alloy stents, 3.0 × 20 mm with six-crown two-link
design and square-shaped struts. (A) Developed structure of the stent. (B) Structure of one unit of the
stent. (C) Microscopy images of the stent before (upper) and after (lower) balloon expansion.
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writing—original draft preparation, M.S, W.X. and T.N.; writing—review and editing, M.S., W.X.,
A.W., I.S. and T.N. All authors have read and agreed to the published version of the manuscript.
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ogy Development Organization (NEDO) (P14033-28J1011).
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Abstract: The electrochemical corrosion resistance of nanostructured hardmetals with grain sizes
dWC < 200 nm was researched concerning Co content and the chemical nature of the Co binder. Fully
dense nanostructured hardmetals with the addition of grain growth inhibitors GGIs, VC and Cr3C2,
and 5 wt.%Co, 10 wt.%Co, and 15 wt.%Co were developed by a one cycle sinter-HIP process. The
samples were detailly characterized in terms of microstructural characteristics and researched in the
solution of H2SO4 + CO2 by direct and alternative current techniques, including electrochemical
impedance spectroscopy. Performed analysis revealed a homogeneous microstructure of equal
and uniform grain size for different Co contents. The importance of GGIs content adjustment was
established as a key factor of obtaining a homogeneous microstructure with WC grain size retained
at the same values as in starting mixtures of different Co binder content. From the conducted
research, Co content has shown to be the dominant influential factor governing electrochemical
corrosion resistance of nanostructured hardmetals compared to the chemical composition of the Co
binder and WC grain size. Negative values of Ecorr measured for 30 min in 96% H2SO4 + CO2 were
obtained for all samples indicating material dissolution and instability in acidic solution. Higher
values of Rp and lower values of icorr and vcorr were obtained for samples with lower Co content.
In contrast, the anodic Tafel slope increases with increasing Co content which could be attributed
to more pronounced oxidation of the higher Co content samples. Previously researched samples
with the same composition but different chemical composition of the binder were introduced in
the analysis. The chemical composition of the Co binder showed an influence; samples with lower
relative magnetic saturation related to lower C content added to the starting mixtures and more W
dissolved in the Co binder during the sintering process showed better corrosion resistance. WC-
5Co sample with significantly lower magnetic saturation value showed approximately 30% lower
corrosion rate. WC-10Co sample with slightly lower relative magnetic saturation value and showed
approximately 10% lower corrosion rate. Higher content of Cr3C2 dissolved in the binder contributed
to a lower corrosion rate. Slight VC increase did not contribute to corrosion resistance. Superior
corrosion resistance is attributed to W and C dissolved in the Co binder, lower magnetic saturation,
or WC grain size of the sintered sample.

Keywords: nanostructured hardmetals; Co content; GGIs; chemical nature of Co binder; grain size;
electrochemical corrosion resistance; H2SO4 + CO2

1. Introduction

Hardmetals contain tungsten carbide WC particles joined by a binder, most commonly
cobalt Co, by a liquid phase sintering process. The properties of the obtained composite
derive directly from its constituents; hard and brittle carbides and softer and more ductile
binder [1]. By connecting these two components, superior mechanical, physical, and

241



Materials 2021, 14, 3933

chemical properties are achieved. In recent years, the development of hardmetals is based
mainly on the application of ultrafine and nano WC particles (grain size less than 0.5 µm)
which require the addition of grain growth inhibitors GGIs to retain the WC grain size
in the sintered product. Consequently, a homogeneous microstructure and significantly
improved mechanical properties (hardness, wear-resistance, and strength) are achieved.
Furthermore, achieving a homogeneous microstructure with a WC grain size in the nano
area (<0.2 µm) allows application at higher cutting speeds, lower tolerance, and longer tool
life. Due to superior mechanical properties, hardmetals are used in various applications
with certain limitations in chemically aggressive environments because of relatively poor
corrosion resistance [1].

The corrosion mechanism of conventional WC-Co hardmetals in the neutral and
acidic solution is governed by the reduction of the Co binder. At the same time, WC
particles are not affected by the corrosion attack [2–4]. Zheng et al. found that the binder
dissolution started from the center of binder pools in the acid media, independent of binder
chemical nature, and spreads to the edges until the binder phase was consumed entirely [4].
Accordingly, it is expected that the corrosion rate will increase with increasing Co content
in the starting mixture.

Besides Co binder content, the corrosion mechanisms in hardmetals depend on many
other factors such as surface characteristics and integrity, corrosive environment, and
hardmetal microstructure [5–7]. Hardmetal microstructure, including WC grain size,
binder composition/binder chemical nature, grain growth inhibitors GGIs, and porosity,
influence the corrosion behavior of hardmetals [3–10]. Researchers have reported different
experimental variations concerning the relationship between microstructure and corrosion
resistance.

The chemical nature of the Co binder is represented by magnetic saturation. It depends
on the C content added to the starting hardmetal mixture and technological processes
of consolidation, among which the most important are sintering parameters and atmo-
sphere [11–13]. Co binder is advantageous because of the relatively large carbon contents
that give the preferred two-phase WC-Co composition, commonly called the carbon win-
dow [14,15]. During sintering, the Co binder is alloyed with tungsten (W) and carbon (C);
other constituents such as GGIs also add alloying elements to the binder [14]. If a higher
amount of tungsten is dissolved in the Co binder, lower relative magnetic saturation values
would be obtained [3], and the formation of the brittle η-phase carbides M6C and M12C
would occur in the microstructure of hardmetals. It was found from previous research that
hardmetals with lower relative magnetic saturation values show lower values of corrosion
current density (icorr) and critical current density (icrit) measured by potentiodynamic
polarization [2,6,7,16].

Regarding the influence of the WC grain size, different conclusions can be found in the
literature. Li Zhang et al. found pseudo-passivation behavior of conventional hardmetals
with the WC grain sizes ranging from 1.2 µm to 8.2 µm in sulfuric acid H2SO4 and better
corrosion resistance of the coarse WC grain sizes [3]. On the other hand, Imasato et al.
found that the corrosion rate of the WC-Co alloy with a smaller WC grain size was lower
than coarse WC grain size both in acid and neutral solution. WC-Co alloy with a smaller
WC grain size showed a higher corrosion resistance in the polarization test because of
the low current densities of active dissolution and passivated region in the polarization
curve [17]. Also, they found that the amount of dissolved metals in neutral and acidic
solutions decreased with decreasing WC grain size and carbon content. Most published
papers refer to conventional hardmetals, while there is still a lack of results published on
nanostructured hardmetals with a WC grain size less than 200 nm.

The paper summarizes long-term research on the corrosion resistance of nanostruc-
tured hardmetals. From previous research it was found that the chemical nature of the
binder has a more substantial influence on the electrochemical corrosion resistance com-
pared to Co content in the starting mixture in neutral and acidic solution, which was
quite surprising and not in line with conventional WC-Co hardmetals [6,7]. The presented
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research was performed to bring more exact conclusions on the influence of Co content
and other microstructural characteristics on the corrosion resistance of nanostructured
hardmetals.

2. Materials and Methods

Different starting mixtures were prepared to investigate the influence of Co content
and chemical nature of the Co binder on the corrosion resistance of nanostructured hard-
metals with a grain size dWC < 200 nm. WC powder produced by H.C. Starck Tungsten
(Goslar, Germany) with an average grain size dBET of 95 nm and a specific surface area (BET)
of 3.92 m2/g, classified as real nanopowder with a grain size less than 100 nm, was used
as a carbide phase. Grain growth inhibitors GGIs, vanadium carbide VC and chromium
carbide Cr3C2 were added to the starting mixtures. VC powder has an average grain size
dBET of 350 nm and a specific surface area (BET) of 3.0 m2/g, while Cr3C2 has an average
grain size dBET of 450 nm and a specific surface area (BET) of 2.0 m2/g. Besides controlling
the WC grain growth, VC and Cr3C2 increase hardness and reduce the rate of corrosion. At
the same time, Cr significantly lowers the initial melting point and broadens the melting
range, particularly at low carbon levels [12–14,16]. The amount of VC and Cr3C2 differs
for each mixture; it was optimized to withhold WC powder size in the sintered samples
and increased Co binder content. Half micron cobalt HMP Co, produced by Umicore
(Brussels, Belgium), was used as a binder. Three mixtures with different Co content; 5, 10,
and 15 wt.%Co were prepared. The consolidation process consisted of powder mixture
homogenization in a horizontal ball mill (Zoz GmbH, Wenden, Germany). Compacting was
performed by uniaxial die press type CA-NCII 250 (Osterwalder AG, Lyss, Switzerland).
Final consolidation to total density was achieved by one cycle sinter-HIP process by furnace
FPW280/600-3-2200-100 PS (FCT Anlagenbau GmbH, Sonneberg, Germany) at 1350 ◦C
for 30 min, followed by 100 bars Argon 4.8 pressure for 45 min. The characteristics of the
starting mixtures are presented in Table 1.

Table 1. The characteristics of the starting mixtures.

Mixture Starting WC Powder Grain Size
dBET, nm

Specific
Surface, m2/g Co, wt.% GGI, wt.%

WC-5Co
WC DN 4-0 (H.C. Starck) 95 3.92

5 0.3% VC 160 (H. C. Starck)
0.5% Cr3C2 160 (H. C. Starck)

WC-10Co 10 0.5% VC 160 (H. C. Starck)
0.75% Cr3C2 160 (H. C. Starck)

WC-15Co 15 0.75% VC 160 (H. C. Starck)
1.13% Cr3C2 160 (H. C. Starck)

The goal was to develop fully dense samples with optimal microstructural characteris-
tics with no irregularities such as η-phase in the structure. Previous research found that C
and GGIs content and WC grain size have a more substantial influence on the corrosion
resistance of nanostructured hardmetals than Co content [6,7]. For the mentioned reason,
special care was taken to obtain the optimal and comparable microstructural characteristics
of consolidated samples.

The samples were detailly characterized, especially in terms of microstructural char-
acteristics. The characterization of samples consisted of density measurements (Metler
Toledo) according to ISO 3369:2006, the specific saturation magnetization (Setaram Instru-
mentation, Sigmameter) according to D6025, and the coercive field strength measurement
(Foerster, Koerzimat 1.096) according to ISO 3326. Diamond disc and pastes were used
to grind and polish the samples’ surface before microstructural characterization and elec-
trochemical measurements. Microstructural characterization consisted of porosity, free
carbon, and η-phase evaluation. It was performed by comparing the sample’s surfaces
with photomicrographs from the standard ISO 4499-4:2016. For that purpose, an optical
microscope (Olympus, Shinjuku City, Tokyo, Japan) was used. A field emission scanning

243



Materials 2021, 14, 3933

electron microscope FESEM (Zeiss, Oberkochen, Germany) was used for WC grain size
measurement by the linear intercept method and detection of irregularities such as ab-
normal growth and WC grains grouping or Co lakes. X-ray diffraction XRD analysis was
used to identify the phases present in consolidated samples and exclude the occurrence of
η-phase.

After detailed characterization of the samples and determination of optimal mi-
crostructural characteristics, the corrosion measurements were performed. The surface
of the samples was placed into the corrosion cell filled with H2SO4 + CO2 (pH = 0.6). As
reference electrode, saturated calomel electrode SCE (SCHOTT Instruments GmbH, Mainz,
Germany) with a potential of + 0.242 V according to the standard hydrogen electrode
was selected. Graphite wires were used as a counter electrode. The samples were first
researched by direct current techniques DC, the open-circuit potential Ecorr, the linear
polarization resistance (LPR), and the Taffel extrapolation method. Corrosion potential
Ecorr versus SCE was recorded for 30 min. LPR was carried out in the potential range from
−0.02 V vs. open circuit potential to 0.02 V vs. open circuit potential with a scan rate of
0.167 mV/s. Tafel extrapolation was conducted in the potential range from −0.25 V vs.
open circuit potential to 0.25 V vs. open circuit potential, total points 1001 with a scan
rate of 0.167 mV/s. Immediately after the DC techniques, the samples were researched
by alternating current (AC) techniques, more precisely by electrochemical impedance
spectroscopy (EIS).

The EIS start frequency was 100,000 Hz, and the end frequency was 0.001 Hz; the
amplitude was in the range of 10 mV root-mean-square (RMS). The recorded measurements
were analyzed by software SoftCorr III (AMETEK Scientific Instruments, Princeton applied
research, Berwyn, PA, USA). A convenient electrical equivalent circuit (EEC) was selected
by fitting the results of measurements and presented in Nyquist and Bode plots. At each
excitation frequency, an imaginary impedance component Zim is drawn according to the
actual impedance component Zre. The impedance and the phase shift curves were plotted
against the excitation frequency. Both DC and AC techniques were performed on the
potentiostat AMETEK, Princeton applied research, model VersaSTAT3, and the results were
recorded and analyzed by software SoftCorr III (AMETEK Scientific Instruments, Princeton
applied research, Berwyn, PA, USA).

3. Results
3.1. Microstructural Characteristics of Consolidated Samples

Characteristics of consolidated samples with different Co content are presented in Ta-
ble 2. This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

Table 2. Characteristics of consolidated samples.

Sample Density,
g/cm3

Relative
Density, %

Magnetic Saturation,
µTm3/kg

Rel. Magnetic
Saturation, %

Coercive
Force,
kA/m

ISO Porosity dWC,
nmA B C

WC-5Co 14.91 100.0 8.4 92 52.0 A00 B00 C00 187
WC-10Co 14.31 100.0 14.8 79 40.0 A00 B00 C00 198
WC-15Co 13.84 100.0 22.3 79 37.0 A00 B00 C00 192

Full densification was achieved for all samples. The samples are characterized by
the lowest possible degree of porosity, A00, B00, and C00, meaning no uncombined/free
carbon or η-phase were revealed on the sample’s surface. A high density of samples is
related to Co liquid phase, which is spreading onto the surrounding WC particles. Binder
propagation is associated with Laplace forces acting along the wetting front between Co
binder and WC grains while rearranging the WC particles and reducing the mean distance
between neighboring particles, resulting in densification [16,18]. It may be concluded
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that the WC particles were rearranged, and Co binder filled the micropores between the
neighboring WC grains resulting in a theoretical/full density of the samples.

The amount of W dissolved in the Co binder phase can be assessed by measuring the
magnetic saturation. The saturation value of Co decreases linearly with the addition of
tungsten W and is not affected by the carbon content in the solution [19]. Typical relative
magnetic saturation/percentage saturation ranges from 80–100% [19], while percentage
saturation values higher than 70% indicate two-phase WC-Co microstructure. The highest
percentage of 91% was measured for the WC-5Co sample, while 79% was measured for WC-
10Co and WC-15Co samples. The two-phase WC-Co microstructure of researched samples
is confirmed by optical analysis. Based on coercive force measurement it was estimated
the WC grain size. Measured values indicate that all samples fall in the nano range. Two-
phase WC-Co microstructure was confirmed by optical analysis, XRD analysis where only
WC with the hexagonal crystal structure and Co with FCC cubic crystal structure were
identified. Investigation of microstructure revealed homogeneous, uniform distribution
of WC grains, without abnormal grain growth due to optimal GGIs content added to the
starting mixtures. It was necessary to adjust the content of GGIs for different Co content to
achieve a homogeneous and comparable microstructure with retained WC grain size of the
starting powders in the sintered samples. Co binder was uniformly distributed, and no
Co lakes occurred. Microstructure images and XRD patterns of samples are presented in
Figures 1–3.
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3.2. Results of DC Techniques

The results of electrochemical DC techniques are presented in Table 3.

Table 3. Electrochemical DC techniques results.

Sample Ts [◦C]
Ecorr vs.

SCE
[mV]

Rp
[Ωcm2]

βa
[mV/dec]

βc
[mV/dec]

icorr
[µA/cm2]

vcorr
[mm/y]

WC-5Co 20 ± 2 −249 654.5 75.31 90.37 20.7 0.1748
WC-
10Co 20 ± 2 −308 452.8 98.34 97.67 36.6 0.3888

WC-
15Co 20 ± 2 −291 349.9 120.19 86.95 50.8 0.4162

Ts—measured temperature; Ecorr—corrosion potential; Rp—polarization resistance; βa—a slope of anodic Tafel
curve; βc—a slope of cathodic Tafel curve; icorr—corrosion current density; vcorr—corrosion rate.

3.3. Results of Electrochemical Impedance Spectroscopy EIS

EIS measurements aimed to investigate the corrosion behavior at the interface between
the sample surface and electrolyte solution and determine the samples’ corrosion rate. The
results are presented in Table 4.

Table 4. Electrochemical impedance spectroscopy EIS technique results.

Sample Ts
[◦C]

Rs
[Ωcm2] Q n1

Rp/Rct

[Ωcm2]

WC-5Co 20 ± 2 4.022 1.761·10−3 0.745 1.101·10−3

WC-10Co 20 ± 2 4.504 2.213·10−3 0.725 8.068·10−2

WC-15Co 20 ± 2 5.797 2.552·10−3 0.683 4.657·10−2

Ts—measured temperature; Rs—solution resistance between the working electrode and the reference electrode in
a three-electrode cell; Q—Constant Phase Element (CPE); n1—constant; Rct—polarization resistance or resistance
to charge transfer on the electrode/electrolyte interface.

As already mentioned in Section 2, a convenient and optimal electrical equivalent
circuit (EEC) was selected using software SoftCorr III by fitting the measurements’ results
and presented in Nyquist and Bode plots. At each excitation frequency, an imaginary
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impedance component Zim is drawn according to the actual impedance component Zre.
The impedance and the phase shift curves were plotted against the excitation frequency.
The selected ECC model is shown in Figure 4.
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Figure 4. Selected EEC [22].

The same model R(QR), which best corresponds to the processes and reactions on the
sample’s surface, was selected for all samples. It is essential to mention that the same EEC
model was established in previous research performed on near nanostructured WC-11Co
and WC-11Ni samples [22]. The mentioned indicates the repeatability of the corrosion
process between nanostructured hardmetal and acidic solutions. The impedance of a
constant phase element is defined as:

Q =
[
Y(jω)n]−1 (1)

where Y and n (− 1 ≤ n ≤ 1) are constants independent of the angular frequency (ω) and
temperature. For the value in the range 0.6 < n ≤ 1, CPE has the physical meaning of
capacitance, an ideal inductor for n = −1, and an ideal resistor for n = 0.

4. Analysis and Discussion
4.1. Influence of Co Content on the Corrosion Resistance of Nanostructured WC-Co Hardmetals

From conducted research, it can be concluded that the corrosion potential Ecorr of
samples changes depending on the Co content. Ecorr of WC-5Co and WC-10Co samples
changed from more negative to more positive values indicating that the surfaces of the
samples are getting passivated, and a reduction occurred. The corrosion potential curves
are unstable and show random fluctuations. A drop from more positive to more negative
values was detected for the WC-15Co sample, indicating sample oxidation in contact with
the acidic electrolyte and reducing protons at the surface. The changes of Ecorr are not
significant, and the corrosion potential variations of each sample occurred in a narrow
range. Negative values of Ecorr measured for 30 min in 96% H2SO4 + CO2 were obtained
for all samples indicating material dissolution and instability in acidic solution. The Ecorr
vs. time curves are presented in Figure 5, and sample Tafel extrapolation curves in Figure 6.
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Figure 6. Tafel extrapolation curves.

Higher values of Rp and lower values of icorr were obtained for samples with lower
Co content. Accordingly, the corrosion rate in acidic solution increases with increasing Co
content due to selective dissolution of the Co matrix. The cathodic Tafel slopes of samples
show a similar trend. In contrast, the anodic Tafel slope increases with increasing Co
content which could be attributed to more pronounced oxidation of the higher Co content
samples. The dependence of polarization resistance Rp and corrosion rate vcorr for different
Co contents is presented graphically in Figure 7.

Materials 2021, 14, x FOR PEER REVIEW 10 of 17 
 

 
Figure 6. Tafel extrapolation curves. 

Higher values of Rp and lower values of icorr were obtained for samples with lower 
Co content. Accordingly, the corrosion rate in acidic solution increases with increasing Co 
content due to selective dissolution of the Co matrix. The cathodic Tafel slopes of samples 
show a similar trend. In contrast, the anodic Tafel slope increases with increasing Co con-
tent which could be attributed to more pronounced oxidation of the higher Co content 
samples. The dependence of polarization resistance Rp and corrosion rate vcorr for different 
Co contents is presented graphically in Figure 7. 

 
Figure 7. The dependence of Rp and vcorr concerning Co content. 

Even though the addition of the refractory metal carbides, VC, Cr3C2 in the starting 
mixtures was increased with increasing Co content to maintain the WC powder size, Co 
content showed stronger influence on the electrochemical corrosion resistance of 
nanostructured hardmetal samples with optimal microstructural characteristics. The low-
est vcorr of 0.1748 mm/y was obtained for the WC-5Co sample, while the highest vcorr of 
0.4162 mm/y was measured for the WC-15Co sample. 

Figures 8–10 present the Nyquist and Bode diagrams for the WC-5Co, WC-10Co, and 
WC-15Co samples, obtained using the corresponding EEC simulation model of EIS re-
sults. The highest Rp of 1.101·103 Ωcm2 was measured for the WC-5Co sample, followed 
by Rp of 8.068·102 Ωcm2 measured for the WC-10Co sample, and Rp of 4.657·102 Ωcm2 
measured for the WC-15Co sample. Higher Rp values were detected for the samples with 
lower Co content, indicating better corrosion resistance (Figure 11) which corresponds to 
the results obtained by DC linear polarization techniques. It can be seen from Figures 8–

0.0

0.1

0.1

0.2

0.2

0.3

0.3

0.4

0.4

0.5

0

100

200

300

400

500

600

700

WC-5Co WC-10Co WC-15Co

Co
rr

os
io

n 
ra

te
 v

co
rr

, m
m

/y
ea

r

Po
la

ris
at

io
n 

re
sis

ta
nc

e 
Rp

, Ω
cm

2

Rp vcorr

Figure 7. The dependence of Rp and vcorr concerning Co content.

Even though the addition of the refractory metal carbides, VC, Cr3C2 in the starting
mixtures was increased with increasing Co content to maintain the WC powder size, Co
content showed stronger influence on the electrochemical corrosion resistance of nanos-
tructured hardmetal samples with optimal microstructural characteristics. The lowest vcorr
of 0.1748 mm/y was obtained for the WC-5Co sample, while the highest vcorr of 0.4162
mm/y was measured for the WC-15Co sample.

Figures 8–10 present the Nyquist and Bode diagrams for the WC-5Co, WC-10Co, and
WC-15Co samples, obtained using the corresponding EEC simulation model of EIS results.
The highest Rp of 1.101·103 Ωcm2 was measured for the WC-5Co sample, followed by Rp
of 8.068·102 Ωcm2 measured for the WC-10Co sample, and Rp of 4.657·102 Ωcm2 measured
for the WC-15Co sample. Higher Rp values were detected for the samples with lower
Co content, indicating better corrosion resistance (Figure 11) which corresponds to the
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results obtained by DC linear polarization techniques. It can be seen from Figures 8–10
that the radius r of the capacitive semi-circles in the Nyquist plots differ for samples with
different Co content. The diameter of the capacitive loop decreased with increasing Co
content, indicating better charge transfer resistance on the electrode/electrolyte interface.
Subsequently, the decrease in the diameter of the capacitance loop may be ascribed to the
weaker protective ability of the sample surface.
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Figure 11. The dependence of Rp concerning Co content.

Nanostructured hardmetals with optimal microstructural characteristics exhibited
behavior similar to previously researched conventional hardmetals with coarser WC grain
size. Electrochemical corrosion resistance decreases with increasing Co content in a corro-
sive, acidic environment due to predominant active Co binder reduction, also known as Co
leaching.

4.2. Influence of Co Binder Chemical Nature on the Corrosion Resistance of Nanostructured
WC-Co Hardmetals

The chemical nature of the Co binder can be characterized by magnetic saturation.
It depends on the C content added to the starting hardmetal mixture and consolidation
procedure, where sintering parameters and atmosphere have a crucial influence. As
referred in the Introduction, it was found from previous research that C content added to
the starting mixture can significantly influence the electrochemical corrosion resistance
in both neutral (3.5% NaCl with pH = 6.6) and acidic (96% H2SO4 + CO2 with pH =
0.6) environments [6,7]. Comparing WC-5Co samples of the same composition, better
corrosion resistance was observed for samples with lower C-added content, lower magnetic
saturation, and coarser WC grain size. The opposite behavior governed by the C content
and magnetic saturation was noted for WC-15Co samples [7]. Compared to C content, GGIs
content, and grain size, the Co content showed less impact on the electrochemical corrosion
resistance in both acid and neutral solutions. There was no clear trend of increasing
corrosion current densities icorr and decreasing polarization resistance Rp with increasing
Co content typical for conventional hardmetals. Microstructural characteristics, in this case
WC grain size, has shown to have a greater influence on the sintered samples corrosion
resistance [6,7]. To obtain better insight into the electrochemical corrosion resistance of
nanostructured hardmetals, previously researched samples designated as WC-5Co-1 and
WC-10Co-1 were introduced in the analysis. WC-5Co-1 and WC-10Co-1 samples were
consolidated using same production procedure and characterized by the same methods
described in Section 2. The only alteration was the use of lower C and GGIs content
added to the starting mixture, which caused different chemical nature of the Co binder and
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lower values of relative magnetic saturation. Characteristics of the additionally introduced
samples and comparison with previously characterized nanostructured hardmetals with
dWC < 200 nm are presented in Tables 5 and 6.

Table 5. Comparison of WC-5Co samples with different characteristics.

Sample GGI,
wt.%

Added C,
wt.%

Density,
g/cm3

ρ,
%

Relative
Magnetic

Saturation,
%

Coercive
Force,
kA/m

vcorr
[mm/y]

WC-5Co-1 0.41%VC,
0.80% Cr3C2

0.150 14.96 100 48.0 44.9 0.1181

WC-5Co 0.30%VC,
0.50% Cr3C2

0.275 14.91 100 92.0 52.0 0.1748

Table 6. Comparison of WC-10Co samples with different microstructural characteristics and magnetic saturation.

Sample GGI,
wt.%

Added C,
wt.%

Density,
g/cm3

ρ,
%

Relative
Magnetic

Saturation,
%

Coercive
Force,
kA/m

vcorr
[mm/y]

WC-10Co-1 0.37%VC,
0.72% Cr3C2

0.225 14.35 100 74.7 35.1 0.3463

WC-10Co 0.5%VC,
0.75% Cr3C2

0.250 14.32 100 79.0 40.0 0.3888

As indicated in Table 5, the WC-5Co-1 sample has a significantly lower relative mag-
netic saturation of 48.0%, attributed to the lower added C content and the different chemical
nature of the Co binder. As mentioned, typical relative magnetic saturation/percentage
saturation ranges from 80–100%. Saturation percentage values lower than 70% indicate the
presence of microstructural irregularity η-phase, confirmed by optical, FESEM, and XRD
analysis [6,7]. Previous research found that η-phase most likely enhances the passive layer
formation on the sample surfaces, thereby reducing the tendency of sample dissolution
and increasing the stability of oxides forming in addition to the existing passive layer on
the surface [2,6,7]. The slightly higher measured density of the WC-5Co-1 sample is also
associated with η-phase presence in the structure since W6Co6C or W3Co3C has higher
density when compared to a two-phase WC-Co hardmetal. The coercive force obtained for
the WC-5Co-1 sample amounts to 44.9 kA/m and is lower than that of WC-5Co, suggesting
a coarser grain size of the WC-5Co-1 sample. Thus, its microstructure can be classified as
near nano, in the ultrafine range from 200 to 500 nm. Tafel extrapolation curves of WC-5Co
samples are presented in Figure 12.
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The WC-5Co-1 sample with lower magnetic saturation value and consequently higher
W and C content in the Co binder showed approximately 30% lower corrosion rate, which
is in line with previous research. Sutthiruangwong and Mori found that the magnetic
saturation related to Co binder composition plays an essential role in the corrosion prop-
erties of hardmetals [15,23,24]. F.J.J. Kellner et al. found that electrochemical corrosion
resistance of hardmetals is influenced by the W and C diffusion in the Co binder amount
which is increased by decreasing the WC grain size [25]. They concluded that W and
C dissolved in Co binder during the sintering process stabilize the thermodynamically
unstable FCC Co crystal structure at room temperature, the amount of which is increased
by an increase of W and C content in the binder. FCC Co is characterized by better corrosion
resistance compared to the HCP crystal structure of Co, thermodynamically stable at room
temperature [25], when a HCP+FCC Co layer around the HCP Co binder is formed [25].
Their research was performed in an alkaline medium. Still, since in this study the tests
were performed in an acidic solution where the lower corrosion resistance of hardmetals is
attributed to the dissolution of the HCP Co matrix, these claims could be expected to be
more pronounced.

Besides lower magnetic saturation, the WC-5Co-1 sample has a higher content of GGIs,
VC, Cr3C2 in the starting mixture, as presented in Table 5. It is well-known that GGIs are
dissolved and distributed among the WC phase and binder during sintering and influence
characteristics of hardmetals [26]. Sutthiruangwong and Mori have found that higher
corrosion resistance can be assigned to binders that experience higher chromium dissolution
rates during sintering [23,24]. Tomlinson and Ayerst found that small additions of Cr3C2
improve the electrochemical corrosion resistance of hardmetals due to the formation of
Cr2O3 film on the Co binder surface [26]. On the other hand, a small addition of VC in
combination with Cr3C2 decreases the positive Cr3C2 influence in acidic solution [26].
The WC-5Co-1 sample has a 0.3 wt.% higher content of Cr3C2, which dissolved in the
binder and contributed to a 30% lower corrosion rate than the WC-5Co sample. In this
research, it is hard to distinguish which factor has the most substantial influence on
electrochemical corrosion resistance. To specify more clearly, WC-10Co samples with
different microstructural characteristics and magnetic saturation were compared in Table 6.

The WC-10Co-1 sample has a slightly lower relative magnetic saturation of 74.7% than
the WC-10Co sample, which is related to marginally lower C content in the amount of
0.025 wt.% added to the starting mixture. Lower C content resulted in more W dissolved in
the Co binder, which, as in the case of the WC-5Co sample, most probably stabilized Co’s
thermodynamically unstable FCC crystal structure. Consequently, the WC-10Co-1 sample
is characterized by a marginally higher measured density. Density values vary within the
two-phase region of the WC-Co phase, and is increased with an increasing amount of W
which remains in the Co binder [27]. Sample WC-10Co-1 is located at the lower end of the
two-phase WC-Co region in the isothermal part of the WC-Co phase diagram. Therefore,
the measured density value is slightly higher than the theoretical density, despite η-phase
not detected. The coercive force of WC-10Co-1 amounts to 35.1 kA/m, i.e., lower when
compared to WC-10Co, which indicates a coarser grain size of the WC-10Co-1 sample. The
same was noted for WC-5Co samples. Tafel extrapolation curves of WC-10Co samples are
presented in Figure 13.
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The WC-10Co-1 sample with a lower relative magnetic saturation value showed
approximately 10% lower corrosion rate. Both microstructures consist of two phases,
WC and Co, with no η-phase detected in the microstructure. The difference in GGIs
content is relatively small and amounts to an extra 0.13 wt.%VC and 0.03 wt.% Cr3C2
added to the WC-10Co mixture. It can be concluded that the slight increase of VC wt.%
did not contribute to corrosion resistance which corresponds to previously published
research. Machio et al. found that small VC addition of 0.4 wt.% increase icorr and make
hardmetals more sensitive to pitting corrosion due to VC influence on the W dissolution
in the Co matrix and formation of (V,W)C layer around the WC grains. VC decreases the
dissolution of W atoms in the Co binder during the sintering process and increases the
magnetic saturation compared to pure WC-Co hardmetal without GGIs [1,28]. D.S. Konadu
et al. found that WC-Co hardmetal possesses nobler corrosion resistance compared to 0.4
wt.%VC containing hardmetal in both HCl and H2SO4 [1]. Accordingly, better corrosion
resistance in this research may be related to W and C dissolution in the Co binder, magnetic
saturation, or WC grain size in the sintered sample.

5. Conclusions

The following conclusions can be drawn from the conducted research:

(1) Fully dense nanostructured hardmetals with a WC grain size dWC ≤ 200 nm were
developed utilizing the single-cycle sinter-HIP process. For different Co contents, a
homogeneous microstructure of equal and uniform grain size without microstructural
defects in the form of carbide agglomerates, abnormal grain growth, or Co lakes was
successfully obtained.

(2) The importance of GGIs content adjustment was established as a key factor of obtain-
ing a homogeneous microstructure with WC grain size retained at the same values as
in starting mixtures of different Co binder content.

(3) The Co content in the starting mixture proved to have a significant influence on the
electrochemical corrosion resistance of nanostructured hardmetals in acidic solution.
A noticeable trend of polarization resistance Rp decrease, and current density icorr
and corrosion rate vcorr increase has been established with increasing Co content.
Nanostructured hardmetals with the grain size dWC < 200 nm showed the same
corrosion behavior as coarser grain-size conventional WC hardmetals depending on
the Co content.

(4) The chemical composition of the Co binder showed a significant influence. Samples
with lower relative magnetic saturation related to lower added C content and more W
dissolved in the Co binder showed better corrosion resistance. Significant differences
in magnetic saturation for samples with the same Co content lead to more pronounced
differences in the corrosion rates. A slight difference in magnetic saturation and WC
grain size changed the Taffel curves.

(5) Co content was shown to be the dominant influential factor governing electrochemical
corrosion resistance of nanostructured hardmetals when compared to the chemical
composition of the Co binder and WC grain size. Samples with lower Co content
exhibited lower corrosion rates.
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(6) The slight increase of GGIs content, Cr3C2, and VC did not improved the corrosion
resistance significantly for the samples with the same Co content. Higher content
of Cr3C2 dissolved in the binder contributed to a lower corrosion rate. Slight VC
increase did not contribute to corrosion resistance. Superior corrosion resistance is
attributed to W and C dissolved in the Co binder, lower magnetic saturation, or WC
grain size of the sintered sample.
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Abstract: This work presents a comparison of values of the contact resistivity of silicon solar cells
obtained using the following methods: the transmission line model method (TLM) and the potential
difference method (PD). Investigations were performed with two independent scientific units. The
samples were manufactured with silver front electrodes. The co-firing process was performed in
an infrared belt furnace in a temperature range of 840 to 960 ◦C. The electrical properties of a
batch of solar cells fabricated in two cycles were investigated. This work focuses on the different
metallisation temperatures of co-firing solar cells and measurements were carried out using the
methods mentioned. In the TLM and PD methods, the same calculation formulae were used.
Moreover, solar cell parameters measured with these methods had the same, similar, or sometimes
different but strongly correlated values. Based on an analysis of the selected databases, this article
diagnoses the recent and current state of knowledge regarding the employment of the TLM and PD
methods and the available hardware base. These methods are of interest to various research centres,
groups of specialists dealing with the optimisation of the electrical properties of silicon photovoltaic
cells, and designers of measuring instruments.

Keywords: transmission line model (TLM) method; potential difference (PD) method; contact
resistance; resistivity; silicon solar cells; I–V characteristics

1. TLM and PD Methods—Presentation of Statistical Data Based on
Electronic Databases

Information on the use of TLM transmission lines in electronics is collected in the
IEEE Explore database by IEEE (Institute of Electrical and Electronics Engineers) and IET
(Institution of Engineering and Technology). The method was originally proposed by
Shockley in 1964 [1] and later modified by Berger [2]. Based on the data contained in
the database, it can be concluded that in the period from 1990 to 2020, 17 related articles
were published in journals from the Philadelphia list, including the Journal of Photovoltaics,
Electron Device Letters, Transactions on Electron Devices, and the Journal of Display Technology.

Information on the use of the transmission line method was also analysed based
on data contained in the Scopus database using the SciaVal tool. Based on studies from
100 countries from 2015 to 2020, a ranking of the scientific achievements of 35 countries
was prepared in which Poland placed 14th. In the case of Poland, only the author of this
publication published three works in the period of 2015–2020, so this is an interesting issue
and a subject that requires further investigation.

Articles covering the application of the transmission line method in various fields of
science from 2015 to 2020 were also analysed from the Scopus database, following the ASJC
(All Science Journal Classification) classification of thematic areas. Based on this analysis, it
was found that the most significant applicability of the TLM method was observed in the
field of science—materials engineering (32%). In contrast, the value did not exceed 5% in
energy, chemistry, or other fields. In the field of photovoltaics, from 1989 to 2020 the most
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significant number of publications on the application of the transmission line method in
the Scopus database was recorded in 2019.

According to the Web of Science database, the topic of TLM covers the literature from
1973 to 2021, for a total of 12,996 publications. After limiting the search to the electronics
category, we obtained 7722 scientific papers.

From 1983 to 2020, the IEEE Explore database in the field of electronics and electrics
collected 34 publications; we searched these using the term “contact resistance and PD
method”. However, from 1978 to 2020, 30 publications were recorded, of which four were
in the field of photovoltaics. These were found using the keyword “contact resistance
scanning,”. According to the search “contact resistance scanning” in the Scopus database,
there were eight publications from 1979 to 2021, while in the Web of Science database, there
were seven publications from 2005 to 2020.

Certain discrepancies in the scientific circulation of published research results in the
form of scientific journals within the aforementioned bibliographic databases may result
from the emergence of an increasing number of scientific journals which themselves fulfil
the role of a sieve, separating the valuable scientific publications while omitting those of
poor quality or that are non-scientific [3,4].

This work aims to test the value of contact resistivity of the front metallisation of solar
cells. These cells were made only for measurement purposes. This work uses two methods,
TLM and PD, to determine the same parameters in different ways and with different
measuring stands, depending on the needs and expectations of the person performing the
measurement.

The correct performance of this technological process requires the precise selection
of parameters. The production of metallisation requires the correct execution of the front
electrode of the correct size and shape and proper cavity in the semiconductor material.
In the area where the front electrode connects to the semiconductor, junctions are formed,
introducing additional resistances to the electrical circuit that limit the photocurrent flow.
The use of electrode pastes minimises these losses and the level of emitter doping can be
determined. There are also leakages of separated charge carriers in the junction area,
causing a photovoltage drop in the solar cell. The power loss of a photovoltaic cell
is influenced, among other things, by resistivity, which is a feature of cells that has a
fundamental impact on their quality.

The determined parameters of the technological process strongly depend on the
composition of the conductive paste or the metallic powder from which the paste is made.
This is because the conductivity of the tested paste depends on the granulation, particle
shape, and powder content of the paste. Ceramic glaze (e.g., SiO2) binds the particles of the
base material with the silicon substrate; the rest is an organic carrier mixture that makes the
paste sticky. The thickness of the applied layer on the front electrode and the morphology
of the substrate affect the resistivity value obtained as a result of the measurements.

2. Methods Applied to Measuring Selected Parameters of the Electrical Properties of
Photovoltaic Cells

Currently, research and development in electronics and photovoltaics are focused on
developing and producing electrical contacts using various techniques and determining
the dependence of the resistivity of these contacts between multicomponent metallic
components and conductive layers. The goal is to optimise the technology of contact
metallisation. The metallic element layer should meet various requirements to ensure
the low resistivity in the vicinity of the metal–semiconductor junction. Of particular
importance in a correctly performed technological process are the proper selection of the
material (conductive coating and substrate); its thickness; its coating geometry (shape and
size); the conditions of its production; the adhesion of the metallic element to the substrate;
and the substrate morphology (e.g., structure and roughness).

The external operating parameters that characterise a silicon solar cell include the cell
open-circuit voltage (Voc), short circuit current (Isc), fill factor (FF), maximum obtainable
power (Pm), and photovoltaic conversion efficiency (Eff). These values depend, for example,
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on technological factors (the reflectance factor; cover factor; incomplete absorption factor
due to limited material thickness; and the Qi collection factor, taking into account that
not all generated charge carriers reach the pn junction, where they can be separated) and
are determined by the influence of the manufacturing process on the parameters, the
material and physical properties of the individual layers, and the structural elements of a
solar cell. The most important of these physical parameters include: the electromagnetic
radiation reflection coefficient (Rref); the thickness of the base material of the cell (Dc); the
concentration of charge carriers (ni); the mobility (µ) and lifetime of charge carriers (τ); the
length of the carrier diffusion path charge (L); the speed of surface recombination (SRV); the
resistance (R) and resistivity (ρ) of areas and structural elements of the cell; and the types
and concentration of defects and the resulting density of recombination centres (Nit) [5,6].

Basic measurements of photovoltaic cells include the current–voltage characteristics
(I–V), which determine the physical parameters of the manufactured solar cell [7]. A one-
or two-diode model can be matched numerically to the measured I–V characteristics. In
the measuring system of the stand used for measuring the I–V characteristics of light
and dark cells, four basic elements that determine the quality of the measurement can be
distinguished: a light source, measuring system, table, and contact probes.

The I–V characteristics must be measured under the strictly defined conditions of a
specific radiation spectrum and temperature. The standard used is the AM1.5 spectrum,
which has an intensity of 1000 W/m2 at a cell temperature of 25 ◦C. The measured cell
is placed on a brass table that acts as a current electrode for the back contact, while
gold-plated probes provide the contact to the front electrode with telescopic pressure.
The lighting elements are four independently positioned halogen lamps powered by a
highly stabilised power supply with a “ramp” voltage increase (the so-called soft start). A
reverse-biased reference photodetector controls the stability of the light intensity during
the measurement. The measurement of the I–V characteristics of the cell consists of the
simultaneous measurement of the voltage biasing the reverse link in the range of ±0.75 V
and the measurement of the current, the value of which is calculated for the selected load
resistance and the measured voltage drop.

One of the operations used for producing photovoltaic cells is the application of
electrical contacts. As numerous studies show [8–11], the electrode layer should meet
various requirements to ensure the low resistance of the electrode connection zone with the
substrate. Of particular importance is the appropriate selection of the material, including
the electrode and substrate; the conditions of its production; the shape and size of the
electrode and its adhesion to the substrate; and the substrate morphology [12–14]. The resis-
tivity is understood to be the quantity that characterises the metal–semiconductor junction,
considering the area above and below the junction. The value of contact resistance, which
depends on the type of paste used, the substrate resistance, and the temperature of the
metallisation process, can be determined experimentally—for example, by using the TLM
(transmission line model) method [15–25] or the PD (potential differences) method [26–32].
In the case of the TLM method, the measurement consists of forcing an electric current
signal between the selected pair of adjacent front conductive lines on the tested sample
through the supply soda and the spontaneous generation of a potential difference in them
through the measuring probes (Figure 1a). In the PD method, local lighting produces a
current and the voltage is measured with a metal probe placed on the front metallisation of
the test sample (Figure 1b). During the measurement, the sample is short-circuited with an
external receiver.
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Figure 2. Sequence of actions when carrying out measurements using the (a) TLM and (b) PD methods. 

Table 1 shows the procedure for determining the selected electrical parameters (in-
cluding resistivity) of semiconductor structure contacts using the aforementioned meas-
urement methods. In order to standardise the results obtained from the electrical proper-
ties tests, this article adopts one determination of contact resistance (R) and resistivity (ρ) 
for two methods. 

Figure 1. Graphical illustration of the methods of (a) TLM (where R—resistance; Rp—surface
resistance; I—current; U—voltage; k—electrode line length; d—distance between electrode path
lines; LT—electrode line width to the effect of current; Rc—contact resistance) and (b) PD (where
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Materials 2021, 14, x FOR PEER REVIEW 4 of 12 
 

 

Rpd1
k

Conductive line

I
U

d1

Semiconductor

L

RcRc

d

R

L T

2Rc

 

1Ω 
I 

V

d

w

L

vcal

 
(a) (b) 

Figure 1. Graphical illustration of the methods of (a) TLM (where R—resistance; Rp—surface re-
sistance; I—current; U—voltage; k—electrode line length; d—distance between electrode path lines; 
LT—electrode line width to the effect of current; Rc—contact resistance) and (b) PD (where w—path 
width; d—distance between the electrode path lines; L—path length; V—voltage on the front elec-
trode, measured through a metal probe in direct contact with its surface) [33,34]. 

Figure 2 shows the method for measuring using two measurement techniques 
[33,34]. 

1. Determination of the sheet resistance of the 
emitter diffusion layer (Rp)

2. Determination of the measured resistance 
value (RT) 

3. Application of the linear regression method 
to determine the experimental values   from 

the measured resistance of the front 
metallisation

5. Determination of linear regression 
coefficients(LT, Rc)

4. Determination of the front metallisation 
resistivity (ρc)

 

4. Selection the 2D/3D history tab in order to:
4.1. reading the obtained test results: line 

contact resistance (Rcl), contact resistance (Rc)
4.2. viewing data in the form of text and 2D/3D 

charts
4.3.channeling the determined values data

4.4. printout of the obtained results
4.5. exit from the program

1. Selectinion the Control panel tab in the device 
operating software to calibrate the device 

2. Selection the Scan Settings tab to select the 
required data and fill in the required data

3. Selection of the Measurement tab in order to 
scan the data of the tested sample and read it 

by the software

 
(a) (b) 

Figure 2. Sequence of actions when carrying out measurements using the (a) TLM and (b) PD methods. 

Table 1 shows the procedure for determining the selected electrical parameters (in-
cluding resistivity) of semiconductor structure contacts using the aforementioned meas-
urement methods. In order to standardise the results obtained from the electrical proper-
ties tests, this article adopts one determination of contact resistance (R) and resistivity (ρ) 
for two methods. 

Figure 2. Sequence of actions when carrying out measurements using the (a) TLM and
(b) PD methods.

Table 1 shows the procedure for determining the selected electrical parameters (in-
cluding resistivity) of semiconductor structure contacts using the aforementioned measure-
ment methods. In order to standardise the results obtained from the electrical properties
tests, this article adopts one determination of contact resistance (R) and resistivity (ρ) for
two methods.
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Table 1. Formulae and quantities characterising the metal–semiconductor junction according to the method applied.

No TLM Method Literature No PD Method Literature

A1. Rp = U
I ·K, Ω/�

[17,20–25]

B1

Rcl = C · V
I′ = C · V

d·J , Ω·cm

I′ = I
L = J · d, A/cm

[26–34]
A2. RT = U

I , Ω

A3. RT = 2Rc +
d·Rp

k , Ω Rc = C · V
I′′ = C · V·w

J·d , Ω·cm2

I′′ = I
(L·w)

= J·d
w , A/cm2

A4.
LT =

(
ρc/Rp

)0.5, cm

Rc =

√
ρc·Rp

k coth (L · LT), Ω

A5.

If, LT ≥ 2 L, to
ρc = Rc · k · LT Ω·cm2

If, LT < 2 L, to ρc = Rc · k · L
Ω·cm2

Where C—correction factor (·1.8) for the current leakage out of the spot and shading by the probe.

Measurements of the resistivity of the front contacts of the semiconductor structures
were carried out in two research centres and designated as the research centre A_TLM
method and the research centre B_PD method. Table 2 presents the differences between the
methods used and the research equipment used for this purpose.

Table 2. Primary specifications of the available research equipment [26,33].

No Feature
Type of Measuring Stand

Laboratory Industrial

1. Test sample size
(thickness, length × width) 200–1000 µm, 50 mm × 50 mm 200–1000 µm, 25–215 mm ×

40–215 mm

2. Pattern of the produced front
metallisation

A series of parallel track lines
with varying distances between

them
Busbar with collecting tracks

3. Measurement method used TLM PD
4. Measurement mode Manual Automatic

5. Time consumption Short measurement time
The optimal one depending on

the operator settings in the
software

6. Measurement data output Graphical and textual Graphical 2D/3D and textual
7. Printout of measurement data No Yes
8. Method type Destructive/Nondestructive * Destructive
9. Test device cost Low High

10. Dimensions L ×W × H (length,
width, height)

TLM stand:
1000 mm × 1000 mm × 300 mm

Corescan system:
515 mm × 809 mm × 350 mm

11. Measurement accuracy

(1) Digital multimetr: ±(0.02%
of the set value + 2 digits)

(2) Calibrator: ±(0.1% of the set
value + 6 digits)

-

* depends on the application of the probes.

In the case of the TLM method, the measurement is performed manually but is
repeatable. The mere collection and processing of the measurements were time-consuming.
The user has to develop a form for the graphical presentation of the received data.

In the PD method, the measurement is performed automatically, and the user decides
how long it is to last. This stand enables the immediate recording of the measurement
results in 2D and 3D formats with the calculated data and their direct printout. However, it
is impossible to perform the measurement again because the tested sample is very damaged.
The patterns of the applied front metallisation, sample size, cost and size of the test stand,
number of patterns used to determine the parameters sought, and the symbols of these
parameters (Table 1) are the main differences between these methods. The symbols of the
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same parameters may differ because they often depends on the manufacturers bringing
something new to the market. In the case of Mechatronics, this was a stand equipped with
a Corescan device.

3. Methodology

The test apparatus with the applied method was used to test the selected elec-
trical parameters (i.e., resistance and resistivity): (1) TLM [11] (Figure 3a) and (2) PD
(Figure 3b) [26,33].
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The measuring stand used for the TLM method is a measuring system developed
as part of a research project [16]. The proposed solution used for measuring the selected
electrical parameters with the TLM method was granted a patent by the Patent Office of
the Republic of Poland in 2014—P.398223. On the other hand, the measuring stand used for
the PD method was introduced to the market in 2000. It was designed by SunLab (an ECN
spin-off) and manufactured and delivered to the market by Mechatronics (under license
from SunLab) [26].

As part of the experiment, the selected electrical parameters (i.e., resistance and
resistivity of photovoltaic cells) were tested, and then, using the formulae contained in
Table 1, their values were determined [34]. In the TLM method, a row of five front electrodes
(strip size—0.1 mm × 8 mm) with a variable distance between them (2.5; 5; 10; 30 mm) was
used. The electrode height was 15 µm and the surface resistance of the emitter diffusion
layer was 50 Ω/�. A current value of 30 mA was used for the TLM method, while for
the PD method a current density value of 30 mA/cm2 was used. The front electrode was
made of DuPont standard PV19b silver paste, which is commonly used in the industry. The
front electrode was applied using a template. The tests were carried out on two series of
samples, which differed in terms of the firing temperature used in the front metallisation in
the belt furnace, selected to obtain the objectively most advantageous product feature—i.e.,
the solar cell and the measurements performed.

A total of 32 samples were used for this investigation. This paper presents the selected
results of samples produced with the use of the methods described. The research was
carried out in a narrow scope. For this article, samples were selected with layer parameter
distributions similar to a Gaussian distribution. The limit values from the interval were
given for each series, which meant the minimum value of the resistivity of the front
electrode connection with the substrate.
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4. List of Test Results Performed with the Use of the TLM and PD Methods

Figure 4 shows the results of measurements of the electrical properties of the first series
of photovoltaic cells [34]. Based on the results obtained by testing the electrical properties
of this series of photovoltaic cells, it was found that the lowest values for resistance and
resistivity were obtained from samples with a firing temperature of 940 ◦C for both methods
(TLM and PD). These values were R = 0.4 Ω, ρ = 18 mΩ cm2 for the TLM method and
R = 2.5 Ω cm, ρ = 20 mΩ cm2 for the PD method (Figure 5). In the case of cells where
the electrodes were fired at a low temperature—e.g., 840 ◦C—it can be concluded that
the discrepancies in the measurements of the resistance and resistivity values from both
methods resulted from the poor connection of the electrode with the substrate.
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Figure 5. An example of the graphical distribution of the resistance of a photovoltaic cell with front
metallisation fired in an infrared IR furnace at a temperature of 940 ◦C (original 2D printout from the
Corescan device software).
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Figure 6 shows the results of measurements of the electrical properties of the second
series of photovoltaic cells. Based on the results of this series of tests, it was found
that the lowest values of resistance and resistivity were obtained for samples with a
firing temperature of 930 ◦C for both methods (TLM and PD) (Figure 6b). These values
were R = 0.5 Ω, ρ = 30 mΩ cm2 for the TLM method and R = 4 Ωcm, ρ = 35 mΩ cm2 for
the PD method. Figure 7 presents an original measurement printout from the Corescan
device of the resistance distribution of the cells.

Materials 2021, 14, x FOR PEER REVIEW 8 of 12 
 

 

Figure 6 shows the results of measurements of the electrical properties of the second 
series of photovoltaic cells. Based on the results of this series of tests, it was found that the 
lowest values of resistance and resistivity were obtained for samples with a firing temper-
ature of 930 °C for both methods (TLM and PD) (Figure 6b). These values were R = 0.5 Ω, 
ρ = 30 mΩcm2 for the TLM method and R = 4 Ωcm, ρ = 35 mΩcm2 for the PD method. 
Figure 7 presents an original measurement printout from the Corescan device of the re-
sistance distribution of the cells. 

 
(a) 

 
(b) 

Figure 6. List of electrical parameters—(a) resistance and (b) resistivity—of photovoltaic cells with 
a front electrode applied using a template and made of commercial PV19B paste. 

To summarise, based on the comparative analysis of the first series of photovoltaic cells 
using the TLM and PD methods, it was found that the measurements of resistivity in a tem-
perature range of 900 to 960 °C are of the same or similar order. It can also be stated that in a 
temperature range of 840 to 900 °C, the cells showed the highest and most non-uniform contact 
resistance, which resulted in the dispersion of the obtained resistivity values. At 940 °C, the 
cell with the lowest contact resistance without damage was obtained. 

In the second series, the results of the resistance values at the metal–semiconductor con-
tact were scattered. Discrepancies in the obtained data may have resulted from, among other 
things, the manual application of the front metallisation—e.g., using a template—or another 
stage in the technological process of producing a finished photovoltaic cell. The results of the 
resistivity measurements in the accepted temperature range are of a similar order. One can 
also notice some defects in all samples. This is confirmed by the results of the risk at the metal–
semiconductor interface. The lowest resistance value was obtained at 930 °C.  

After the analysis, it can be unequivocally stated that each of the described methods can 
be used to collect data and information that can be used in the cell manufacturing process. The 
dispersion of their values may result from, among other things, the technology used in man-
ufacturing the finished product; production automation (which reduces costs and signifi-
cantly increases productivity); the robotisation of control stations; the methods and indicators 
used in the product quality assessment at every stage of production; and the mathematical 
formulae available in the literature for their calculation and analysis. 

Figure 6. List of electrical parameters—(a) resistance and (b) resistivity—of photovoltaic cells with a
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To summarise, based on the comparative analysis of the first series of photovoltaic
cells using the TLM and PD methods, it was found that the measurements of resistivity
in a temperature range of 900 to 960 ◦C are of the same or similar order. It can also be
stated that in a temperature range of 840 to 900 ◦C, the cells showed the highest and most
non-uniform contact resistance, which resulted in the dispersion of the obtained resistivity
values. At 940 ◦C, the cell with the lowest contact resistance without damage was obtained.

In the second series, the results of the resistance values at the metal–semiconductor
contact were scattered. Discrepancies in the obtained data may have resulted from, among
other things, the manual application of the front metallisation—e.g., using a template—or
another stage in the technological process of producing a finished photovoltaic cell. The
results of the resistivity measurements in the accepted temperature range are of a similar
order. One can also notice some defects in all samples. This is confirmed by the results of
the risk at the metal–semiconductor interface. The lowest resistance value was obtained at
930 ◦C.

265



Materials 2021, 14, 5590Materials 2021, 14, x FOR PEER REVIEW 9 of 12 
 

 

 
Figure 7. An example of the graphical distribution of the resistance of photovoltaic cells with front metallisation fired in 
an infrared IR furnace at different temperatures: (a) 900 °C, (b) 910 °C, (c) 920 °C (original 3D print from the Corescan 
device software). 

5. Summary 
1. Both series of samples were made using the same technology. The measurement 

methods used in two independent research centres made it possible to compare their 
advantages and disadvantages. The potential difference method allows the model-
ling of the contact resistance of the front electrode’s frontal contact mesh and the op-
timisation of the burnout process. In addition, it is possible to graphically present the 
contact resistance measurements of the front electrode of the photovoltaic cell in 
2D/3D, which is very useful for detecting possible defects at this stage of the techno-
logical process. This is not possible in the transmission line method. The PD method 
is destructive, while in the TLM method, depending on the measuring probes used, 
the measurement can be repeated. Automatic measurement and adjustment of meas-
urement parameters is another advantage of the PD method, but the dimensions and 
the cost of purchasing the entire stand can be classified as disadvantages. Performing 
the measurements manually is associated with an extended time of implementation, 
so this can be considered a disadvantage of the TLM method, while the cost of pur-
chasing the station itself is low, which is clearly an advantage. 

2. The researcher/research team, depending on their requirements or the needs of the 
industrial market, decide on the choice of method and a suitable measuring station. 

3. Based on the research analysis (Figures 4b and 6b), it can be concluded that the meas-
ured values of resistivity may differ slightly from each other. This is mainly due to 
the formulae available in the literature, the number of measurements performed, and 

Figure 7. An example of the graphical distribution of the resistance of photovoltaic cells with front metallisation fired in
an infrared IR furnace at different temperatures: (a) 900 ◦C, (b) 910 ◦C, (c) 920 ◦C (original 3D print from the Corescan
device software).

After the analysis, it can be unequivocally stated that each of the described methods
can be used to collect data and information that can be used in the cell manufacturing
process. The dispersion of their values may result from, among other things, the technology
used in manufacturing the finished product; production automation (which reduces costs
and significantly increases productivity); the robotisation of control stations; the methods
and indicators used in the product quality assessment at every stage of production; and
the mathematical formulae available in the literature for their calculation and analysis.

5. Summary

1. Both series of samples were made using the same technology. The measurement
methods used in two independent research centres made it possible to compare their
advantages and disadvantages. The potential difference method allows the mod-
elling of the contact resistance of the front electrode’s frontal contact mesh and the
optimisation of the burnout process. In addition, it is possible to graphically present
the contact resistance measurements of the front electrode of the photovoltaic cell
in 2D/3D, which is very useful for detecting possible defects at this stage of the
technological process. This is not possible in the transmission line method. The PD
method is destructive, while in the TLM method, depending on the measuring probes
used, the measurement can be repeated. Automatic measurement and adjustment
of measurement parameters is another advantage of the PD method, but the dimen-
sions and the cost of purchasing the entire stand can be classified as disadvantages.
Performing the measurements manually is associated with an extended time of im-
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plementation, so this can be considered a disadvantage of the TLM method, while the
cost of purchasing the station itself is low, which is clearly an advantage.

2. The researcher/research team, depending on their requirements or the needs of the
industrial market, decide on the choice of method and a suitable measuring station.

3. Based on the research analysis (Figures 4b and 6b), it can be concluded that the
measured values of resistivity may differ slightly from each other. This is mainly due
to the formulae available in the literature, the number of measurements performed,
and the technological processes used, often the lack of automatic line technology in
the cell manufacturing process. The analysis mentioned above proves the credibility
of the obtained results of electrical measurements using the TLM method in research
centre A and the PD method in research centre B, as well as the legitimacy of their
use in testing photovoltaic cells.

4. The TLM method has a few problems. Firstly, the fit of the straight line to the
measurement points, expressed by the value of its slope, is subject to uncertainty. A
more significant problem, however, is the correct determination of the value of the
layered resistance used to calculate the resistance between the two contact lines. This
is because, in the process of forming the contact between the paste and the substrate,
there is a change in the layer resistance directly below the contact line. Secondly, the
method does not take into account the resistance of the metal on the contact line. The
advantage of the TLM method is a simple sample preparation procedure (no need
to use a ready-made sample of solar cell) and quick and direct measurement of the
resistance values. It is also a non-destructive method. The required components of
the stand are calibrated according to the guidelines of the manufacturers of these
components. The measuring station enables:

• Setting the current value on the C401B calibrator in a range from 0 to 110 mA with
a resolution of 0.01 mA, with an accuracy of ± (0.1% of the set value + 6 digits);

• Voltage measurement with the BM859CF voltmeter in a range from 0 to 500 mV
with a resolution of 0.01 mV, and in a range from 0.5 to 50 V with a resolution of
0.1 mV and an accuracy of ± (0.02% of the set value +2 digits).

In the case of the PD method, the problem is the precise determination of the current
density value necessary in the measurement procedure. This can be performed using a
high-class monochromator, measuring the spectral efficiency of a cell—e.g., silicon—in
a range of 300–1100 nm; multiplying it by the photon flux; and then integrating it over
the entire range and calculating the Jsc of the cell. The second method is to measure the
bright I–V characteristic and calculate Jsc, but this is also subject to uncertainty. The second
disadvantage of the method is its destructive procedure that does not allow repeated
measurements of the sample in the same area. This necessitates the use of samples in the
form of a ready cell. The manufacturer is responsible for the calibration of the device, and
the measurement accuracy refers to a constant value in the formulae (i.e., “correction factor”
(* 1.8) for current leakage out of the spot and shading by the probe), which is beyond the
control of the user. On the other hand, the advantage of the PD method is the ability to
determine the quality of the sample (e.g., its defects) based on the graphical observation of
the result and, more importantly, the determination of contact homogeneity (i.e., the low or
high uniformity of the contact resistance value).
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