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Preface

Metallic and ceramic materials play a significant role in the development of modern science

and technology. They have a broad range of applications in various engineering fields. A proper

manufacturing process, heat treatment, and forming are three main processes that can lead to

obtaining metallic and ceramic materials which are created mainly to discover new or improved

materials of construction, e.g., due to their strength properties. The main aim of this Special Issue

was to publish original review and research articles from a wide range of research fields involving

the manufacturing, heat treatment, and forming processes of metallic and ceramic materials.

Marcin Wachowski, Henryk Paul, and Sebastian Mróz

Editors

vii
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Abstract: The paper presents the results of experimental tests of the rolling process of Mg/Al
bimetallic bars in two systems of classic passes (horizontal oval-circle-horizontal oval-circle variant I)
and modified (multi-radial horizontal oval-multi-radial vertical oval-multi-radial horizontal oval-
circle-variant II). The feedstock in the form of round bimetallic bars with a diameter of 22 mm and
30% of the outer aluminum layer was made through explosive welding. The bimetallic bars consisted
of an AZ31 magnesium core and a 1050A aluminum outer layer. Bars with a diameter of 17 mm
were obtained as a result of rolling in four passes. The rolling process in the passes was conducted
at two temperatures of 300 and 400 ◦C. Based on the analysis of the test results, it was found that
the use of modified passes and a lower rolling temperature (300 ◦C) ensures a more homogenous
distribution of the plating layer around the circumference of the core and results in an even grain
decreasing, which improves the corrosion resistance of bimetallic bars compared to rolling bars in a
classic system of passes and at a higher temperature (400 ◦C).

Keywords: Mg/Al bimetallic bars; explosive welding; groove rolling; microstructure; corrosion resistance

1. Introduction

Products made of magnesium alloys have been drawing more and more attention
in many industries for over a dozen years. It relates to the low mass density and high
strength of Mg alloys [1,2], while maintaining good plastic properties. As a result, such
products are becoming more and more competitive to the widely used steel products.
A significant impediment in the wider use of magnesium alloys in technology is their
relatively poor corrosion resistance [3,4]. Thus, products made of magnesium alloys are, in
many cases, covered with coatings, increasing their corrosion resistance [5,6]. One of many
methods of securing products made of magnesium alloys is the application of aluminum
as a protective outside layers [7,8]. Aluminum and its alloys exhibit considerably higher
corrosion resistance than magnesium does. Thus, it can be expected that by producing a
two-layered Mg/Al bar in the process of rolling in elongating has the advantages that both
materials, magnesium and aluminum, could be combined. The tightness of the cladding
layer (Al) and its appropriate uniform thickness on the perimeter and along the length
seem to be the key to the effective inhibition of corrosion of the even more chemically active
core material (an Mg alloy). The use of aluminum coatings or layers may be a prospective
solution, ensuring an increase in the corrosion resistance of the magnesium core while
not causing a significant increase in the weight density of the finished products. The
advantage of using coatings of aluminum or its alloys is their excellent corrosion resistance
in inert media as well as resistance to mechanical damage or abrasive wear. Due to the
spontaneous passivation of aluminum and its alloys, unlike materials based on Fe or Mg,
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they are highly resistant to corrosion in a common, neutral air environment [9–11]. One
of the methods ensuring the improvement of corrosion resistance of magnesium alloys
is laser surface alloying [7,12] and thermo-chemical treatment [13], which are commonly
used techniques for producing layers enriched in Al. The mentioned methods ensure the
production of aluminum coatings with a maximum thickness of ~10 µm, which may result
in a porous surface and deteriorate corrosion resistance [8]. Thus, it is advisable to search
for methods of making aluminum layers of higher thickness, which will effectively protect
the magnesium layer. Many works on the production of such layers on multi-layered
plates, sheets, and round bimetallic Mg/Al bars can be found in the technical literature.
The most commonly used methods include diffusion bonding [14,15], hot pressing [16,17],
extrusion [18,19], rolling [20,21] and rolling in grooves [22,23], explosive welding [24,25],
forging [26,27], and two-roll casting [28]. Additionally, in this case, some of the mentioned
methods do not guarantee the right quality of the joint, the required thickness of the plating
layer, and, in addition, in the case of round bimetallic bars, even distribution of the plating
layer around the core perimeter [29,30]. The most frequently used methods to produce
round bimetallic bars include extrusion [18,19,31] and rolling in grooves [23,30,32]. The
feedstock for these processes is made directly in the processes themselves, as in the case
of extrusion [18,19] or with the possibility of earlier use of the casting method [22] or
explosive welding [30,32]. One of the methods ensuring the right thickness and even
distribution on the perimeter of the round bar of the plating layer is the combination of the
explosive welding method to produce a bimetallic feedstock, and then rolling in elongating
grooves [32,33]. A combination of these methods was used to produce bimetallic bars of
steel/Cu [29,34], Al/Cu [30], and, recently, also Mg/Al [22,23,32]. Although the method of
explosion welding guarantees obtaining a bimetallic feedstock marked by a high quality
of the joint [32], it does not always guarantee obtaining high-quality bimetallic bars while
rolling in grooves. Due to the fact that the process of rolling bars in the grooves is marked
by a spatial state of deformation and a large inhomogeneity of metal flow in the rolling
gap, the distribution of deformations is inhomogeneous [29,34]. Additionally, while rolling
bimetallic bars in the grooves, with an unfavorable ratio of the layer thickness to the
core diameter, the difference in the plastic flow resistance of individual layers and poorly
selected process parameters (deformation, temperature, shape of the grooves) may result
in an uneven distribution of the thickness of the plating layer on the perimeter of the bar,
and, in extreme cases, delamination of individual components [29,35].

In order to increase the homogeneity of deformation during the rolling of homoge-
neous bars [36–38], and recently also bimetallic bars [33], classic elongating grooves are
subject to modification of their shape. In the earlier works of some authors [30,33] it was
shown that using multi-radial modified elongating grooves in the circle-oval-circle system
to obtain Al/Cu bimetallic bars, such a distribution of strains in individual components
of rolled bimetallic bars can be obtained, which will ensure a significant increase in the
evenness of the plating layer distribution around the perimeter of the core, with high
quality of the joint at the same time. Such grooves were also used for rolling Mg/Al
bimetallic bars. In one work [32] it was shown that the distribution of the aluminum layer
thickness on the magnesium core was approx. 10% more even compared to Mg/Al bars
rolled in the classic circle-oval-circle system. However, available literature data concerning
the determination of the effect of process parameters on the pattern of Mg/Al bimetal
flow and the possibility of its controlling during groove rolling are very scarce. Thus, the
subject matter and scope of the paper will constitute a unique research output that will
contribute to the development of a new group of bimetallic products of low specific gravity
and enhanced corrosion resistance. The results obtained from the research will provide in
the future a basis for carrying out studies within projects of an applied profile. The novelty
of this word was to use the explosion welding method for the Mg/Al feedstock production
and subsequent groove-rolling process using modified elongating grooves.

That is why the main purpose of using the modified grooves is to increase the uniform
distribution of the outer Al layer to increase the corrosion resistance of Mg/Al bimetallic
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bars. In the existing work, there are no data on the impact of the shape of the grooves
and process parameters on the corrosion resistance of Mg/Al bars. Thus, the novelty
and the main aim of this work was to determine the impact of the shape of the grooves
and the rolling temperature on the corrosion resistance of the bars by using an outer
aluminum layer. As part of this research, the rolling process was conducted in two systems
of elongating grooves: classic (horizontal oval-circle-horizontal oval-circle variant-I) and
modified (multi-radial horizontal oval-multi-radial vertical oval-multi-radial horizontal
oval-circle-variant II). The rolling process was conducted in four passes. The obtained
Mg/Al bimetallic bars were subjected to complex tests of the layer thickness distribution
around the perimeter, structural tests, microhardness, and corrosion resistance tests.

2. Materials and Methods

The bimetallic feedstock in the form of Mg/Al round bars used for rolling in grooves
was obtained by the explosive welding method. The explosive welding process was
conducted in cooperation with the Explomet company (Opole, Poland). The parameters
of explosive welding have been described in detail in the previous works of some au-
thors [24,32]. Eight sets of samples were prepared for testing, each consisting of aluminum
tubes (grade 1050A) and magnesium bars (grade AZ31), respectively. Chemical composi-
tion of the materials used for the tests is given in Table 1. The diameter of the AZ31 bars
was 19.2 mm. The outer diameter of the 1050A tubes was 24 mm and the wall thickness of
the tube was 1.5 mm. The distance between the magnesium core and the inner diameter of
the tube was 0.9 mm. A cylinder system was used for explosive welding [32].

Table 1. Chemical composition of the materials used for the tests [32] (reprinted with kind permission
of Springer).

Material Chemical Composition, % Mass.

AZ31
Mg Mn Cu Zn Ca Al Si Fe Ni
ball. 0.24 – 0.72 – 2.8 0.01 0.003 0.001

1050A
Al Fe Cu Mn Mg Zn Ti Si Pb

ball. 0.18 0.002 0.003 0.002 0.008 0.020 0.06 –

After explosive welding, the obtained Mg/Al bimetallic feedstocks were 400 mm long.
Figure 1 shows the view of exemplary Mg/Al bimetallic feedstocks.
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Figure 1. View of round Mg/Al bimetallic feedstocks after explosive welding.

The average diameter of the Mg/Al bimetallic feedstocks after explosion welding was
22.5 mm. The obtained bimetallic feedstocks were marked by a slight difference in the
thickness of the outer aluminum layer around the perimeter of the magnesium core. The
average thickness of the aluminum layer was 1.67 mm and its share in the cross-section of
the bimetallic bar was 28% (Figure 2).
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Figure 2. An exemplary shape of the Mg/Al bimetallic feedstock (cross-section) after explosive welding.

One of the deciding factors impacting the even distribution of the plating layer is
the shape of the grooves and the distribution of deformations in individual passes. Two
systems of elongating grooves were designed for the rolling process: the classic system
of grooves, oval-circle-oval-circle (variant I), and its modification, multi-radial horizontal
oval-multi-radial vertical oval-multi-radial horizontal oval-circle (variant II). In the case of
both variants, the rolling process took place in four passes. The finished round pass was
the same in both variants. The rolling feedstock was round bars with 22.5 mm diameter
and 100 mm length. After rolling, the obtained round bars had a 17-mm diameter.

Computer simulations with the use of a computer program based on finite element
method (FEM) were used to develop the design of the new passes. The assumption of
using multiple radii in oval passes was to create the right conditions during deformation,
limiting the controlled plastic flow of the magnesium core plating layer and, thus, obtaining
a more even distribution of the plating layer around the perimeter of the magnesium core.
The deformation pattern for individual variants is presented in Table 2. The shape of two
developed groove systems is shown in Figure 3.

Table 2. Pattern of deformations used in the rolling process of Mg/Al bimetallic bars.

Rolling
Variant

Coefficient of Elongation Av. Coefficient
of Elongation

Total
ElongationPass no. 1 Pass no. 2 Pass no. 3 Pass no. 4

I 1.20 1.20 1.10 1.10 1.15 1.75
II 1.25 1.15 1.13 1.08 1.15 1.75

Temperature-deformation parameters were selected based on the results of physical
and numerical modelings of compression tests of two-layer Mg/Al samples [39,40]. The
rolling process was conducted for two temperatures: 300 and 400 ◦C. After each pass,
the samples were reheated to the rolling temperature. The rolling speed was 0.2 m/s.
A laboratory two-high rolling mill with a nominal diameter of working rolls of 150 mm
was used for the experimental tests (Figure 4). After each pass, templets were collected
to determine the thickness distribution of the plating layer around the perimeter of the
magnesium core. The bimetallic feedstock was heated in the LAC KC 120/14 (LAC,
Židlochovice, Czech Republic) resistance chamber furnace before rolling and before the
individual passes.
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In order to determine the distribution of the plating layer for each sample collected
after a particular pass, 32 measurements were conducted, which corresponded to the
multiple of the angle of 11.25◦, starting from the orientation (vertical symmetry axis of the
groove) in the N direction. The evenness of the thickness distribution of the 1050A layer on
the core of the AZ31 bar was determined using the coefficient of unevenness of the thickness
distribution of the Kplat plating layer [40], defined as the ratio of the maximum thickness of
the plating layer (tmax) to the minimum thickness (tmin), in the cross-section of the finished
Mg/Al bimetallic bars, which can be determined using the following Equation (1):

Kplat =
tmax

tmin
(1)

A detailed description of the methodology used to determine the analyzed coefficient
Kplat is presented in [40,41]. In order to ensure the correctness of the tests, the aluminum
layer thickness distribution was determined for three samples from batch bars and for three
samples taken from corresponding rolled bars for the analyzed variants. The obtained
difference in measurements for the charge after the explosion welding process did not
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exceed 5%, and for the rolled bars it was slightly higher, amounting to 8.6%. The increase in
unevenness was closely related to the rolling operation and can be minimized by modifying
the rolling equipment. This confirmed the correctness and repeatability of both the charge
production processes and the finished bars used.

Microstructural tests of Mg/Al bimetallic bars included observations on an optical
microscope Olympus LEXT OLS 4100 (Olympus, Tokyo, Japan) and a scanning microscope
JEOL JSM-6610 (JEOL, Tokyo, Japan). The samples were included in the resin, sanded with
80, 320, 500, 800, 1200, 2400, and 4000 gradations, and then polished with a diamond paste
of 3 mm and 1 mm. In order to reveal the microstructure of the AZ31 alloy, samples were
etched with a reagent composed of 19 mL of ethanol, 2 mL of acetic acid, and 1 g of picric
acid (digestion time of 30 s). Revealing the microstructure of 1050A was carried out using
1% HF with an etching time of 60 s.

To assess the impact of the groove shape and the rolling temperature on the corrosion
resistance of Mg/Al bimetallic bars, potentiodynamic polarization curves were conducted
in a 0.5M Na2SO4 solution acidified to pH = 4.0. The electrodes in the form of rotating
disks were used for electrochemical tests, in which fragments of the side surfaces of the
tested samples with an area of 0.2 cm2 were used for the electrodes. All potentiodynamic
tests were performed at the temperature of 25 ± 0.1 ◦C, with the rotational speed of the
disc equal to 12 rpm−1 and the scanning speed of the potential of 0.005 V·s−1 using its shift
from E0 value of 0.3 V lower than Ecorr to E1 = +0.5 V (regarding AgCl/Ag). This type of
methodology ensured the production of repeatable passive layers (in the cathode range,
the natural, spontaneously formed oxide layers were reduced during surface preparation),
and, on the other hand, it limited material consumption, thanks to fast scanning and
turning off polarization at relatively low potential values. Each time before drawing the
potentiodynamic curve, the test sample was held for 15 min in the corrosive solution, i.e.,
until the corrosion potential reached a stationary value.

3. Results and Discussion

The collected templets after individual passes were analyzed in terms of changes in
shape and dimensions on the cross-section. Figure 5 shows that each pass, regardless of
the used variant, was properly filled with a bimetallic flow. In any case, there was no
overflow of the pass and no delamination was observed at the joint of the components.
Rolling at temperature of 300 ◦C caused that the difference in the plastic flow resistance of
the Al layer and the magnesium core decreased, which reduced the uncontrolled flow of
the soft aluminum layer from the magnesium core [26]. As a result, the greater volume of
the deformed flow moved more intensively in the longitudinal direction at the expense of
reducing its width (widening). Thus, the width of the finished bars rolled at the temper-
ature of 300 ◦C was smaller (Figure 5a,c) compared to the width of the bars rolled at the
temperature of 400 ◦C (Figure 5b,d). The lower rolling temperature enabled us to obtain a
greater coefficient in relation to the assumed rolling pattern (Table 2), which amounted to
1.85 elongation in variant II.

Figure 6 shows the average thickness of the plating layer for the feedstock after
explosive welding and the finished Mg/Al bars after rolling with the use of two types
of grooves.

The data presented in Figure 6 show that the average thickness of the plating layer
varied depending on the rolling variant and the rolling temperature. According to the
data in Figure 6, the lower rolling temperature resulted in a smaller spreading and greater
elongation of the Mg/Al band. It influenced the limitation of the uncontrolled flow down
of the Al layer in individual passes, thanks to which the average thickness of the plating
layer was greater compared to bars rolled at the temperature of 400 ◦C, where we can
observe higher flowing down of the cladding layer. The greater thickness of the plating
layer may increase the corrosion resistance of the Mg/Al bars. The average thickness of
the plating layer for the bars rolled at the temperature of 300 ◦C was higher by approx. 5%
in relation to bars rolled at the temperature of 400 ◦C. The impact of the applied system of
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passes was much smaller in relation to the rolling temperature. For the system of modified
grooves, regardless of the rolling temperature, the thickness of the plating layer was slightly
lower than the thickness of the Al layer obtained for the system of classic passes. This
difference was mainly due to the greater elongation of the bars rolled in the system of
modified passes.
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Figure 5. The shape and dimensions of the templets after rolling: (a) classic system of passes
(variant I), rolling temperature of 300 ◦C; (b) classic system of passes (variant I), rolling temperature
of 400 ◦C; (c) modified system of passes (variant II), temperature of 300 ◦C; (d) modified system of
passes (variant II), temperature of 400 ◦C.
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Figure 6. Average thickness of the plating layer around the perimeter of the magnesium core.

The main idea of using modified grooves (variant II) was to limit the uncontrolled
plastic flow of the plating layer, thanks to which it will be possible to obtain Mg/Al bars
with a more even distribution of the plating layer around the perimeter of the magnesium
core. Limiting the local thinning of the plating layer on the perimeter and obtaining its
even distribution is an important factor impacting the corrosion resistance of Mg/Al bars.
Figure 7 presents the results of the calculations of Kplat coefficient calculated for finished
bars rolled in two systems of passes.
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The data presented in Figure 7 show that the developed new system of modified
passes (variant II) had a positive effect on the thickness distribution of the Al layer. In each
of the analyzed rolling variants, there was an increase in the unevenness of the plating
layer distribution in relation to the feedstock after explosive welding; however, during
rolling at the temperature of 300 ◦C with the use of modified grooves, the most even
plating thickness distribution was obtained. For explosive welding, components in the
form of AZ31 bars and Al tubes with perfect geometry were used. Thus, Kplat coefficient,
marked by the uneven distribution of the plating layer, was close to 1 (Kplat = 1.12). Due
to the fact that rolling in passes is marked by a spatial state of deformation and the lack
of possibility to fully control the flow of the bimetallic band, it is natural that Kplat for
bimetallic bars, after rolling in grooves, will increase in relation to the bimetallic feedstock.
The modification of the shape of the passes, consisting of replacing the single-radius surface
with multi-radial surfaces with straight sections, had a positive effect on the change in the
deformation distribution and the evenness of the plastic flow of individual components in
the Mg/Al bimKplatetallic bar during rolling in the rolling gap (variant II). The new shape
of the grooves enabled us to limit the accumulation of the plating layer material at the
ends of the grooves towards the horizontal axis of the pattern symmetry and to reduce
the thinning of the layer towards the bending at the same time. Thus, regardless of the
rolling temperature, Kplat coefficient increased to a smaller extent in variant II in relation to
Mg/Al bimetallic bars rolled in the classic system of passes (variant I). Rolling bars at the
temperature of 300 ◦C, regardless of the applied rolling variant, had a positive effect on
the evenness of deformation and plastic flow of the bimetal components. Thus, for Mg/Al
bars rolled at 300 ◦C, Kplat coefficient was lower compared to the bars rolled at 400 ◦C. The
most even distribution of the plating layer was obtained for Mg/Al bars rolled in passes
modified for the rolling temperature of 300 ◦C. Detailed changes of Kplat coefficient for
individual rolling variants are presented in Table 3.

Table 3. Change of Kplat coefficient in Mg/Al bars after rolling in grooves.

Temperature
◦C

Feedstock
Kplat

Variant I
Kplat

Change, %
2/3

Variant II,
Kplat

Change, %
2/5

Change, %
3/5

1 2 3 4 5 6 7
300 1.12 1.34 19.6 1.23 9.8 −8.2
400 1.12 1.45 29.5 1.29 15.2 −11.0

The data analysis in Table 3 shows that the rolling of bars in the classic system of passes
(variant I) increases the uneven distribution of the plating layer compared to the bimetallic
feedstock by approx. 20% (temperature 300 ◦C) and by approx. 30% (temperature 400 ◦C).
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The introduction of modified passes (variant II) significantly reduced the unevenness of
the Al layer distribution on the perimeter of the Mg/Al bar. For the bars rolled at 300 ◦C,
increasing Kplat coefficient in relation to the bimetallic feedstock totaled below 10%, and for
the temperature of 400 ◦C, only 15%. Both values obtained for the rolled bars according to
variant II, regardless of the rolling temperature used, were lower than the values obtained
for bars rolled in the classic system of grooves (variant I). Comparing the obtained Kplat
coefficients for individual variants, a greater evenness of the plating layer can be found for
modified grooves, a reduction of Kplat by 8% for 300 ◦C and 11% for 400 ◦C, respectively.

Figures 8 and 9 show the results of microstructural tests for bimetallic bars rolled
in classic and modified passes at the temperature of 300 ◦C and 400 ◦C, (cross-sections
of samples).
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Figure 9. The 1050A microstructure after rolling in classic passes (variant I), temperature of 300 ◦C (a); modified passes
(variant II), temperature of 300 ◦C (b); classic passes (variant I), temperature of 400 ◦C (c); modified passes (variant II),
temperature of 400 ◦C (d).

Based on the analysis of the microstructure, it can be concluded that bimetallic bars
rolled at a lower temperature (Figure 8a,b) are marked by the presence of the finest grain of
the AZ31 alloy in the joint area of approx. 10–15 µm. Despite the similar grain size, the joint
in the sample taken from the bar rolled in the modified passes was free from imperfections,
unlike the sample taken from the bar rolled in the classic passes, in which local delamination
and cracks of the AZ31 alloy in the joint area were found (the area marked in red). Samples
distorted at a higher temperature (Figure 8c,d) were characterized by both a larger grain
size of the AZ31 alloy and the presence of a diffusion zone at the joint line with a visible
presence of numerous imperfections in the form of cracks and delaminations (red arrows).
In the case of a sample taken from the bar rolled in classic passes (Figure 8c), the differences
were the least visible, and the microstructure itself was similar to the sample shown in
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Figure 8a with the presence of a larger grain in the joint area (15–20 µm). In the case of
a sample taken from the bar rolled in classic passes (Figure 8d), inhomogeneities in the
granular structure were found, a fine-grained microstructure (approx. 10–15 µm) was
noticed directly at the joint line, and there was an area with very large grains (40–50 µm)
with a noticeable presence of twin boundaries (the area marked in red) behind this zone.

The microstructural analysis of the 1050A outer layers for most of the tested samples
enabled the identification of large inhomogeneities in the grain sizes, regardless of the
applied process parameters. The grain size ranged from 20 µm up to 200 µm. Most of the
samples showed the dominance of the coarse-grained microstructure. The sample taken
from the bar rolled in passes modified at the temperature of 300 ◦C (Figure 9b), in which
the microstructure was much more distorted because of plastic working, clearly differed
from this trend. The most damaged part of the material passes modified at the temperature
of 300 ◦C (Figure 9b) was the central part of the 1050A alloy layer, where there were areas
characterized by a relatively small grain size (5.0 ÷ 31.4 µm).

The implemented modification of the passes, consisting of substituting the single-
radial pass surface with multi-radial surfaces with straight line segments, had the favorable
effect of changing the strain, stress distribution, and the plastic flow of individual com-
ponents in the Mg/Al bimetallic bar in the roll gap during rolling. It affected the higher
decrease of the grain size. The modified roll pass design helped to limit the build-up
of the cladding layer material and the ends of the passes in the direction of the axis of
symmetry of the pass and, at the same time, to reduce the layer thinning in the rolling
reduction direction. The new pass shape of passes reduced the non-uniform distribution of
the deformation and stress value in the rolling direction. Additionally, lowering the rolling
temperature to 300 ◦C had a favorable effect on the homogeneity of the deformation and
plastic flow of the bimetal components and, consequently, the decreasing of the grain size.
The most uniform distribution of the cladding layer and lower grain size was obtained for
the modified passes for the rolling temperature of 300 ◦C.

More homogenous deformation in individual passes for the system of modified
grooves and a lower rolling temperature resulted in a more homogenous grain size for the
analyzed sample.

To determine the diffusion zone, the EDS analysis was performed for samples taken
from rolled bars in two variants and at two temperatures, including a map of alloying
elements on the AZ31–1050A joint surface (Figure 10). Microstructural observations car-
ried out on a scanning electron microscope enabled us to identify the diffusion zone in
individual samples. In the case of Al-Mg bars distorted at a temperature of 300 ◦C, a
relatively small diffusion zone with a thickness of approx. 1–1.5 µm was observed, while
the thickness of the layer in the sample obtained from the bar rolled in the modified passes
(variant II) was slightly lower; however, due to the inaccuracy of the EDS method, it could
not be confirmed at this stage of the research. As predicted, samples distorted at higher
temperature (400 ◦C) were characterized by much thicker diffusion layers, which enabled
their more detailed analysis. For each of the analyzed samples, the diffusion zone consisted
of two layers with different shares of magnesium and aluminum. Earlier studies conducted
by the authors on the deformation at high temperature of the Al-Mg joint indicated that
the layers of the diffusion zone consisted of intermetallic phases, respectively: β (Mg2Al3)
on the aluminum side and γ (Mg17Al12) on the magnesium side [42]. In the case of a
sample taken from bars rolled in classic passes, the diffusion zone was approx. 13 µm
thick with participation of individual phases of 10 µm Mg2Al3 and 3 µm Mg17Al12. In
the sample taken from bars rolled in modified passes, the zone was slightly smaller and
was characterized by a thickness of approx. 11 µm with the presence of 7 µm Mg2Al3 and
4 µm Mg17Al12.
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temperature of 400 ◦C (d).

The obtained polarization curves were drawn for material in their initial state (AZ31
alloy bar) and for Mg/Al bimetals rolled in two systems of elongating passes: classic
(variant I) and modified (variant II) are shown in Figure 11. The feedstock materials
in the form of AZ31 alloy bars and 1050A aluminum tubes used to produce bimetal,
despite the small distance in the voltage series of metals (the normal potential for Mg is
−2.37 V and for Al −1.66 V), showed definitely different corrosion parameters in an acidic
environment [43,44]. As can be seen from the diagrams presented in Figure 11, in the
applied corrosive environment, aluminum achieved anode currents more than three times
the values lower than the magnesium alloy, which was the bimetal core. For the AZ31
alloy in corrosive solution with pH = 4.0, anode currents (ia) reached values of approx.
270 mA/cm2, while they did not exceed 1.4·10−2 mA/cm2 for aluminum. As it is known,
in solutions with a pH of range from 4 to 8, in contrast to magnesium and its alloys, a
permanent hydroxide was formed on the surface of aluminum, which was a passive layer,
effectively protecting the surface of this material against corrosion [45].
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Comparing the schemes of the potentiodynamic curves of bimetals after rolling in
the grooves, presented in Figure 11, it can be seen that their schemes were impacted by
both the rolling method and the rolling temperature. As can be seen, the bimetals, after
rolling in classic grooves (variant I), were marked by the lowest values of the corrosion
potential (Ecorr) and, thus, the earliest etching of the surface. In addition, the highest values
of anode currents (ia) were also found for this type of rolling. Modification of the rolling
process (variant II) caused a significant shift of Ecorr towards more positive values. Such an
increase of Ecorr was observed for samples after rolling according to variant II (system of
modified passes), regardless of the temperature used in this process, and it proved that the
processes of active etching of the surface were delayed. Precise values of Ecorr and ia read
at E = 0.25 V are presented in Table 4.

Table 4. Parameters determining the corrosion resistance of the initial materials and the Mg/Al
bimetal after various rolling variants.

Material/
Rolling
Variant

Rolling
Temperature

[◦C]

Ecorr,
[V]

ia
[mA/cm2]

Rp
[Ω·cm2]

icorr
[mA/cm2]

AZ31 - −1.6 270 60 860·10−3

variant I
300 −0.66 1.4·10−2 160·10 3 0.3·10−3

400 −0.57 1.0·10−2 50·10 3 1.1·10−3

variant II
300 −0.43 0.7·10−2 160·10 3 0.3·10−3

400 −0.43 0.7·10−2 50·10 3 1.1·10−3

To determine the corrosion rate of Mg/Al bimetals, based on the drawn polariza-
tion curves, the polarization resistance (Rp), which is a parameter that determines the
corrosion rate, was calculated. Figure 12 presents the relationships of linear polarization
∆E = E − Ecorr = f (∆i) for equal potentials Ecorr ± 20 mV for bimetals after various rolling
variants. For comparison, Figure 12 also present the same relationships for the starting
materials from which the tested bimetals were made. As it is known, for potentials slightly
different from the corrosion potential (Ecorr = ±20 mV), i.e., in the range in which the Stern–
Hoar equation [9] is fulfilled, the external current density is a linear function of the potential,
and the slope of the corresponding lines is a measure of the polarization resistance (Rp)
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inversely proportional to the corrosion rate (icorr). Table 4 shows the characteristic values
determined from the polarization curves that described the corrosion properties of the
tested bimetal, i.e., the corrosion potential (Ecorr), anode current (ia), and corrosion current
density (icorr), determined based on the value of the polarization resistance (Rp) [46].
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As can be seen from the data in Table 4, Mg/Al bimetals, after rolling processes,
showed slightly more favorable corrosion parameters (lower values of icorr and ia) than Al,
from which the coating was made. This slight improvement in the corrosion parameters
of aluminum was probably due to the reduction of the grain size of the material due to
the fragmentation of the primary grains during the deformation of the bars in individual
passes. Similar results of an increase in the corrosion resistance of aluminum as a result of
grain refinement were obtained after the forging (RS) [47] and angular pressing (ECAP) [48]
processes. The authors attributed the increase in the corrosion resistance of the material to
the formation of a compact and tight passive layer, the formation of which was fostered
by both the high density of grain boundaries and dislocations. Detailed considerations on
the influence of grain refinement on the corrosion resistance of aluminum are presented
in [49]. While confirming the beneficial effect of grain grinding on the corrosion resistance
of Al, the authors point out that the intensity of this influence depends on the corrosive
environment. They also note that both the increase in the dislocation density and the
associated stresses as well as the texture may affect the corrosion rate.

From a corrosive point of view, due to the slowest corrosion processes (low values
of icorr), the samples rolled at 300 ◦C are worthy of noticing. Regardless of the applied
rolling variant, these bimetals corroded at the same rate, of 0.3·10−3 mA/cm2, while after
rolling at 400 ◦C they corroded slightly faster (icorr = 1.1·10−3 mA/cm2). However, while
the corrosion rates of the bimetals rolled at lower temperatures were the same, it should be
noted that the more favorable values of both the corrosion potential and the anode currents
were achieved by rolling with the modified method. The best corrosion characteristics
obtained for Mg/Al bars rolled in modified passes for the rolling temperature of 300 ◦C
probably reflect the fine-grained structure [49,50] and a more even distribution of the
plating layer (Figure 7).

14



Materials 2021, 14, 6926

4. Conclusions

The use of modified passes in the circle-oval-circle system for rolling Mg/Al bimetallic
bars results in the production of bars with a more even distribution of the plating layer
around the core perimeter. A properly selected rolling temperature (300 ◦C) in combination
with the applied deformation in the particular passes and the modification contributes
to reaching bimetallic bars with high geometric accuracy of the cross-section. A more
even deformation in the Al plating layer resulting from the deformation method and the
reduced temperature results in an even grain fragmentation, which improves the corrosion
resistance of bimetallic bars.

Rolling of Mg/Al bimetallic bars in modified passes at a temperature of 300 ◦C causes
the smallest grain size of aluminum, which results in higher corrosion resistance of the final
bars. In addition, it was found that bars rolled in modified passes are characterized by a
slightly thinner diffusion zone and a lower presence of cracks and delamination in the joint
area compared to bars rolled in a classic pass system, regardless of the rolling temperature.

The corrosion resistance of Mg/Al bimetallic bars is strictly dependent on both the
temperature and the applied rolling method (the shape of the grooves). Conducting
the rolling processes at the temperature of 300 ◦C slows down the etching processes of
the bimetal surfaces, effectively reducing their corrosion rate. Moreover, the corrosion
resistance of the Mg/Al bars is closely related to the thickness and uniform distribution of
the plating layer, defined as the Kplat coefficient. The increase in the uniform distribution of
the outer layer of Al as a result of the use of modified blanks amounted to approx. 10%,
which had a direct impact on the general corrosion resistance of the entire Mg/Al system.

Among the applied rolling variants, bimetals rolled in modified passes are marked by
better corrosion parameters, which is reflected in the shift of the corrosion potential towards
the positive and lower anode currents. Higher Ecorr values of the samples after modified
rolling may prove that this treatment (compared to classic rolling) may additionally delay
the start of etching of the bimetal surface in a corrosive environment.

The use of multi-radial modified elongating passes for rolling Mg/Al bimetallic
bars, which were influenced by the plastic flow of the bimetal components and ultimately
resulted in the finished bars with a uniform cladding layer distribution on the core, resulted
in small dimensional deviations. Moreover, the determination of the effect of cladding
layer thickness distribution and the cladding layer thickness on the magnesium core on the
corrosion resistance of Mg/Al bimetallic bars has not been the subject of research so far.
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Abstract: In this study, the influence of different fire conditions on tempered 32CrB3 steel bolts
of Grade 8.8 was investigated. In this research different temperatures, heating time, and cooling
methods were correlated with the microstructure, hardness, and residual strength of the bolts.
Chosen parameters of heat treatments correspond to simulated natural fire conditions that may
occur in public facilities. Heat treated and unheated samples cut out from a series of tested bolts
were subjected to microstructural tests using light microscopy (LM), scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), XRD phase analysis, and the quantitative analysis
of the microstructure. The results of the microstructure tests were compared with the results of
strength tests, including hardness and the ultimate residual tensile strength of the material (UTS)
in the initial state and after the heat treatments. Results of the investigations revealed considerable
microstructural changes in the bolt material as a result of exposing it to different fire conditions
and cooling methods. A conducted comparative analysis also showed a significant effect of all such
factors as the temperature level of the simulated fire, its duration, and the fire-fighting method on the
mechanical properties of the bolts.

Keywords: effect of temperature; exposure time; steel microstructure; residual mechanical properties;
high-strength steel bolts; heat treatment of steel; phase transformation; fire; cooling method

1. Introduction

The behaviour of steel structures during and after fire has stimulated the imagination
of researchers and engineers for decades. Reflections derived from the observation of
real fires in steel-structure buildings lead to the conclusion that disasters and collapses
of these buildings most often happen not during the fire flashover, but during the fire
extinction phase. When structural elements previously subjected to sufficiently long fire
exposure lose or shorten their stability, this generates additional tensile forces that were not
previously present. In such circumstances, internal forces are redistributed or connections
between structural components are overloaded. At the same time, provided that the fire
temperature has reached a sufficiently high level, microstructural changes can be seen in
the structural materials. Observation of these structural destruction mechanisms permitted
an assumption that high-strength bolts, which were subjected to heat treatment at the
production process stage, lose their strength and load-bearing properties much faster than
members made of conventional steel, thus determining the safety of steel constructions.

Brian Kirby is one of precursors of modern research on post-fire behaviour and residual
mechanical properties of bolts. In [1,2], Kirby presented results of research carried out on
M20-8.8 bolts made during various production processes—using hot and cold forging. He
subjected the bolts to pre-heating in the temperature range of 20–800 ◦C, maintained in a
given temperature level for 60 min, and then naturally cooled them in air. He observed
that hot-forged bolts are more sensitive to temperature changes than cold-forged ones.
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As a result of his research, he proposed using crystallographic methods to develop a
method enabling identification of the maximum temperature that bolts could reach during
a fire. He observed that post-fire residual strength of steel can be determined, inter alia,
by specifying its hardness on a polished surface using the Vickers hardness tests with a
load of 294.2 N (HV30) and comparing results obtained with those of a static tensile test,
further bearing in mind that there is some orderly relationship between the hardness of
steel and its tensile strength. He pointed out that if bolt production process parameters are
known, this knowledge can be used to assess the temperature reached by a bolt during a
fire by comparing its residual hardness with hardness of the material of the bolt in its initial
state. At the same time, he demonstrated that if the fire temperature level exceeds the
tempering temperature in the production process, the bolt material will soften. He showed
that knowledge of metallurgical changes occurring in the bolt material can be helpful in
diagnosing fire-damaged buildings.

The behaviour of bolts during a fire was also analysed, among others, by
Gonzalez et al. [3] who focused their research on tensile tests of grade 10.9 bolts. Tests
limited to destructive testing (static tensile test and static shear test) reflecting the behaviour
of bolts under natural fire conditions (comprising the cooling phase) were also carried
out by Hanus et al. [4]. They confirmed that if the structure is not destroyed during the
temperature elevation phase, tensile forces generated in axially-restrained beams during
the cooling phase may lead to the failure of bolted joints. Unfortunately, they did not
conduct any research related to the analysis of material structure changes.

A number of works by Kodur et al. [5,6] are also worth paying greater attention
to. In [5], the authors analyse the effect of temperature on variability of thermal and
mechanical properties of high-strength steel bolts. They observed bolt failure mechanisms
occurring during the tensile test through the prism of bolt microstructure that affected
the material ductility and the failure model, as well as the shape of the fracture surface
after failure. In [6], apart from routine destructive testing aimed at the assessment of
residual mechanical properties of grade 8.8 bolts subjected to heating and controlled
cooling cycles, they further devoted more attention to the issues of crack propagation and
bolt failure models, conducting a broader analysis of fracture surface shapes obtained in
the context of the target heating temperature level. They made an attempt to explain how
cracks propagate depending on the microstructure of the bolt material. In [7], Yahyai et al.
undertook similar research as in [6], focusing on bolts with a higher strength grade—10.9.
The effects of a heating temperature, the chemical composition of the charge steel (raw
material), and production process parameters on durable mechanical properties were
subject to an in-depth analysis. A considerable part of the work was devoted to a detailed
analysis on the surface of bolt failure, explaining the shape and form of fractures, and
changes occurring in the steel microstructure.

It is worth mentioning that the available sources of knowledge present some research
results relating only to two strength classes of bolts—grade 8.8 [1,2,4] and grade 10.9 [3,7].
The results obtained for bolts of grade 10.9 are qualitatively and quantitatively comparable
to those presented for bolts of grade 8.8. Due to the fact that the bolts of strength classes
lower than 8.8 are currently used only for connecting secondary elements, which are usually
permanently deformed during a fire, it seems unreasonable to conduct fire tests using these
bolts. It is assumed that such bolts will be replaced after a fire, including any damaged part
to which they have been attached. In addition, due to the relatively low risk of a fire in a
building during its technical life, so far—mostly for economic reasons—the widespread use
of stainless steel bolts or special alloy steel bolts, including fire-resistant and creep-resistant
ones, has not been adopted. These materials have a slightly different electrostatic potential,
which would also require additional measures to prepare the contact surfaces of these bolts
with structural steel elements in order to prevent accelerated galvanic corrosion. In current
literature, however, one can find research devoted to fire tests of this type of bolts [8].

19



Materials 2021, 14, 3116

Some more interesting works from the borderline of material engineering and fire
safety engineering, which are related to the issues discussed in this article, include the
paper by Chi and Peng [9]; the authors present the results of steel plate tests that were
heated to a temperature of 800 ◦C and higher and then quickly cooled in water. The
work was aimed at demonstrating the possibility of reconstructing a fire scenario in a
post-fire investigation on the basis of changes in the material microstructure in a situation
where fire development and the level of the temperature reached in a fire were not known.
The plates underwent, inter alia, metallographic tests to analyse their composition and
microstructure and the results obtained were compared to the mechanical parameters of
tested members destroyed by fire. The research included a detailed quantitative analysis
of individual phase components. As a result of the heat treatment, the pearlite phase
disappeared completely, ferrite was reduced from 80% to 30%, bainite increased its share
to 30%, and martensite increased to 40%. A significant increase observed in the martensite
phase changed the structure of the steel plate damaged by fire, which was reflected in
the change of its material properties. Although yield point and tensile strength showed a
growing trend, ductility of the member dropped significantly from 32.5% to 15%, which
may result in a greater likelihood of sudden steel failure in structural elements of a building
and translate into a decreased safety of its use.

Analyses of the effect of microstructure on mechanical properties of post-fire structural
steels were also undertaken by Sajid et al. [10]. As part of the research, they analysed
samples made from three grades of structural steel, subjected to heating in the temperature
range from 500 to 1000 ◦C for 60 min, and then naturally cooled in the air. They presented
changes in the microstructure in relation to the heating temperature. The analyses they
conducted led to a conclusion that an increase in the share of ferrite fraction and the ferrite
grain size leads to a decrease in the residual post-fire yield point and tensile strength,
as well as an increase in the ductility of the tested structural steel grades. Based on the
obtained results, the authors proposed multivariate linear regression equations to estimate
post-fire/residual yield point of steel as a function of ferrite grain size and pearlite colony
size. In their opinion, the results of these tests may be useful for future engineers and
can be used to assess the quality and strength parameters of post-fire steel based solely
on the results of microstructural tests, especially in situations where information of the
temperature level reached in a fire is not available.

Works by Haiko et al. [11] and Xie et al. [12] are also worth mentioning. However,
since they do not relate directly to the issues addressed in this article, they will not be
broadly discussed.

The literature review shows that there is still a gap in the field of post-fire tests of
steel structures devoted, in particular, to the selected components of connections and
joints. In current published research, no attempt was made to determine the effect of the
time duration of a developed fire or the applied fire-fighting strategy on the mechanical
properties of the connectors, especially in close correlation with their microstructural
changes. The aim of this paper is to fill this gap at least partially.

This article presents the results of research conducted to investigate the effect of
various thermal and environmental conditions, typical for a real fire situation, on changes
in the mechanical properties of high-strength construction bolts that results from their
microstructural transformation. M20-8.8 bolts were used for the research for they are
commonly used in prestressed butt joints and friction lap joints and even more commonly—
due to their universal properties—used in regular non-prestressed joints. During the
preliminary phase of testing, the bolts were subjected to thermal effects corresponding to
selected conditions of a simulated fire, by heating them in batches in an electric furnace
for the time specified in [13]. Following the exposure to high temperature, some bolts
were set aside to cool down naturally. The intention was to recreate conditions of a
spontaneous and natural fire, resulting either from a shortage of combustible substances
or an insufficient amount of oxygen. The other part of the bolts was shock-cooled by
immersion in water, which corresponded to a simulated firefighting operation carried
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out by rescue and firefighting teams. The time of heating corresponded to fire safety
requirements adopted within the EU and established by law in relation to structural
elements of buildings and building structures. Wording of national legal acts [13,14]
directly implements the provisions of Regulation (EU) of the European Parliament and of
the Council in 9 March 2011 [15], laying down harmonised conditions for the marketing of
construction products. Their purpose is to ensure that basic requirements, such as required
load-bearing capacity and structural stability, fire safety, health, and safety of use, are met.

2. Materials and Methods

Samples for microstructural tests were cut from a series of bolts previously subjected
to fire exposure in various thermal conditions and, alternatively, also a simulated fire-
fighting operation. The bolts were subjected to heating/tempering processes at various
temperatures (400, 600, 800, and 1000 ◦C). In the case of the first series of samples, cooling
was carried out naturally in the air (air-cooling/sample symbol: AC) by allowing the
samples to cool down slowly, while in the case of the second series cooling was performed
with an accelerated method which is immersion in water (water-cooling/sample symbol:
WC). In each of the cases, two different heating times of 60 min and 240 min, respectively,
were applied corresponding to the selected requirements resulting from [13]. A list of
samples is presented in Table 1. Apart from the reference sample in the initial state (IS),
the samples were labelled according to the X/Y/Z principle, where X denotes the cooling
method, Y denotes the heating temperature, and Z denotes the heating time at a given
temperature. Microstructural tests and hardness measurements were carried out using
samples cut perpendicularly to the bolt shank axis, the area of which corresponded to the
shank cross-section in the threadless place.

Table 1. List of tested samples.

Labels of Samples
Prepared

for Testing

List of Samples Tested
with the Use of

Light Microscopy

List of Samples Tested
for the Purpose of the
Quantitative Analysis

IS—reference sample Yes No
AC/400/60 No No

AC/400/240 No No
AC/600/60 Yes No

AC/600/240 Yes No
AC/800/60 Yes Yes

AC/800/240 Yes Yes
AC/1000/60 Yes No
AC/1000/240 Yes Yes
WC/400/60 No No
WC/400/240 No No
WC/600/60 Yes No
WC/600/240 Yes No
WC/800/60 Yes Yes
WC/800/240 Yes No
WC/1000/60 Yes No

WC/1000/240 Yes No

The bolts were made of an alloyed steel with an addition of boron, designated as
32CrB3, for which the chemical composition is provided according to the manufacturer’s
quality certificate in Table 2.
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Table 2. Chemical composition of the 32CrB3 bolt steel according to the manufacturer’s quality
certificate [16].

Steel
Designation Chemical Composition [%]

32CrB3
C Mn Si P S Cr Ni Cu Al Mo Sn

0.31 0.84 0.13 0.012 0.013 0.74 0.08 0.15 0.025 0.018 0.010

In the production process, the bolts were made of smooth wire rod in the hot-forging
process and then subjected to thermal improvement by quenching at a temperature of
approximately 850–860 ◦C and tempering at a temperature of approximately 550 ◦C, which
resulted in the obtaining of expected mechanical properties that corresponded to grade
8.8. Cut out samples for microstructural testing were hot-mounted in phenolic resin with
Struers Multifast graphite filler and then ground using grinding wheels of 320, 600, 800,
and 1200 gradation. The samples prepared in this manner were polished using a diamond
suspension with a grain diameter of 3 µm and 1 µm. The microstructure of the steel was
revealed by etching with a 2% solution of nitric acid in ethanol (2% NITAL).

In order to illustrate the microstructural changes resulting, inter alia, from phase
transformations, the research material was analysed using the OLYMPUS LEXT OLS4100
digital light microscope and the JOEL scanning electron microscope (SEM), model JSM-6610,
equipped with a secondary electron detector (SE) and a backscattered electron detector.
The light microscopy tests were performed on the sample series shown in Table 1.

At the stage of microstructural tests, samples heated at the temperature of 400 ◦C
were eliminated since the results of the static tensile test and the hardness test did not
reveal any noticeable changes in relation to the initial state IS. This can be explained by
the fact that this temperature is significantly lower than the tempering temperature used
during the production process and the phase transformation temperature of steel, A1.
In the case of each of the samples, photos were taken at several points along the shank
width, corresponding to their distance from the cross-sectional edge representing 1, 3, 5, 7,
and 9 mm, respectively. For each of the points, two photos were taken at ×50 and ×100
magnifications, respectively, to obtain a more complete picture of changes occurring in
the material microstructure. A scanning electron microscope (SEM) was used to test the
initial state sample, with an accelerating voltage of 20 kV. The microscopic observations
were supplemented with surface microanalysis of the chemical composition by means
of the Oxford X-Max energy dispersive X-ray spectrometer (EDS), the results of which
were generated in the form of an X-ray spectrum. In order to demonstrate the presence
of carbides in the material structure, phase analysis was performed with the use of X-ray
diffraction (XRD).

Images of the bolt microstructure in the form of photos obtained with the use of a
digital light microscope at the magnification of ×100 were used for a quantitative analysis.
Photos taken at a distance of 3 mm and 7 mm from the sample edges were selected for
this purpose in order to capture differences, if any, in the microstructure along the width
of the bolt shank. These images were used to outline grains of two basic phases, namely
ferrite and pearlite, observed in the material microstructure. The quantitative analysis was
performed using the MountainMap program. For each of the phases parameters such as the
number of grains visible in the photo, their density, grain surface, or the mean equivalent
grain diameter were determined. The types of samples utilized in this type of analysis are
presented in Table 1. Considering the size of this article, results of the quantitative analysis
were not presented in detail and only some of them are shown in Table 10 and Figure 1,
which are included further in the work.
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Figure 1. Diagram presenting dependence of microstructural indices, i.e., mean equivalent diameters of ferrite and pearlite
grains, HV hardness, and ultimate tensile strength (UTS) on heat treatment parameters.

The Vickers HV hardness tests were carried out with a load of 294.2 N in the same
places along the shank width and compared with the residual tensile strength values
obtained from the previously performed static tensile test in order to confirm the correlation
relationship between hardness HV and ultimate tensile strength UTS. For structural steels,
it is presented in various literature sources in the form of the following relationship.

UTS [MPa] ≈ (3.2 ÷ 3.5)·HV (1)

In order to eliminate human error, the hardness tests were carried out in an automated
manner using the NEXUS 4300 stationary hardness tester in several places along the width
of the bolt shank in order to capture any differences. Due to the lack of differentiation
of the measurement results across the width of the sample, the mean value was taken as
representative for further considerations.

3. Results
3.1. Microstructural Analysis

The analysis was aimed at investigating and assessing the effect of the secondary
heat treatment resulting from exposure to various thermal conditions that may occur
during a fire and the accompanying firefighting operation on the microstructure and
mechanical properties of the bolt steel, which was previously quenched and tempered
during production processes. The material in the initial state IS is characterised by a
martensite structure (α phase—dark phase/areas in the photos of the IS sample) with a
small quantity of residual austenite (γ phase—light areas in the photos of the IS sample)
(Table 3).
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Table 3. Microstructure of steel in its initial state.

Sample Label Image at a Distance of 3 mm
from the Sample Edge

Image at a Distance of 7 mm
from the Sample Edge

IS—initial state
(reference sample)
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Analysis of the photos included in Table 3 does not show any significant differences
between the microstructure image seen in the photo taken at a distance of 3 and 7 mm,
respectively, from the shank edge. The presence of the martensite structure is related to
the quenching process previously carried out, which is typical of steel bolt products and
particularly those with increased strength. The martensite structure occurs throughout the
cross-section of the tested element along the entire width of the bolt shank.

Due to the 0.3% carbon content, the steel covered by the research is referred to in the
literature as hypoeutectoid steel and, in its unquenched state, is characterised by a ferrite
and pearlite structure. Heat treatment of steel in the quenched state is called tempering and
consists in heating up of steel to a temperature below the critical value A1 = 727 ◦C (read out
from the Fe-C phase diagram), leaving it at this temperature, and slowly cooling to ambient
temperature. Generally, depending on the heating and cooling rate as well as the amount
and type of alloying elements in low-alloy carbon steels, the critical temperature may
somewhat vary [17]. Heat treatment below temperature A1 does not lead to the formation
of austenite (γ phase), while annealing above A1 takes place when the ferrite (α phase) and
austenite (γ phase) states coexist. Processes that occur during tempering are closely related
to the phenomenon of diffusion of carbon and alloying elements, therefore they depend
on both the temperature level and the heat treatment time. The purpose of the annealing
process is to obtain a more fine-grained and more plastic structure, which is desirable in the
context of more predictable behaviour and a non-brittle model of structural failure. Fine
graining leads to an increase in the yield point since a denser mesh of grain boundaries is
shaped in the structure of the material, which may slow down the formation of dislocations
in the steel crystal lattice. According to the Hall–Petch formula (Equation (2)) [18], the yield
point is inversely proportional to the square root of the mean grain size, which confirms
the previously formulated thesis.

fy ~ 1/(d)0.5 (2)

As confirmed during our own lab-tests, the value of the yield point remains practically
unchanged in the temperature range up to approximately 600 ◦C. In higher temperatures,
grains start to grow, which reduces the density of mesh of grain boundaries, and leads to
a reduced yield of steel. In order to confirm a chemical composition of steel (Table 2), an
EDS analysis was performed using a scanning electron microscope. The analysis showed
the presence of the following alloy elements: carbon, iron, manganese, and chromium.
The content of manganese (1.0 wt.%) and chromium (0.9 wt.%), Table 4, turned out to be
slightly higher than the content specified in the metallurgical certificate [16] (Table 2).
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Table 4. Microstructure of steel in its initial state along with the results of the EDS analysis.

Microstructure of Steel in the Initial State Results of the EDS Analysis
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3.1.1. Microstructural Analysis of Samples Heated at 600 ◦C

After tempering at a temperature of 600 ◦C with both air-cooling and water-cooling
methods, the martensitic microstructure of tempered steel is still preserved. Quantita-
tive analysis of microstructure revealed no changes in size of martensite needles. This
temperature, although it exceeds the nominal tempering temperature used during the
production process of this grade of bolts, turned out to still be too low to initiate the phase
transformation, consisting in the decomposition of martensite and the release of austenite,
Table 5. Such an excess in comparison to the nominal tempering temperature is probably
the result of the presence of alloying elements that may have caused certain disturbances
in technological parameters in the case of repeated thermal treatment.

The analysis of the photos presented in Table 5 does not reveal any significant differ-
ences in the microstructure, neither along the width of the shank nor between the samples
with different heating times or cooling methods.

Although there are no visual differences in the microstructure between the IS AC/600
and WC/600 samples, in the case of both the air-cooled and water-cooled bolts, the value
of residual tensile strength after heating for 60 min turned out to be lower than the initial
value of the IS bolts by approximately 12% and in the case of bolts heated for 240 min it
was by as much as 22%. These tests showed the effect of the heating time on the value of
residual strength properties of fire-exposed bolts.

3.1.2. Microstructural Analysis of Samples Heated at 800 ◦C

Tempering at the temperature of 800 ◦C with air cooling (AC/800/60 and AC/800/240
samples) leads to the martensite Ô austenite phase transformation. Then, during the cool-
ing phase, ferrite is released (light areas) at the boundaries of austenite grains
(Table 6). The temperature of 800 ◦C is above the A1 line on the Fe-C phase diagram,
therefore martensite austenitizes at this temperature.
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Table 5. Microstructure of steel after heating at 600 ◦C for 60 min and 240 min with air-cooling and
water-cooling.

Sample Label Image at a Distance of 3 mm
from the Sample Edge

Image at a Distance of 7 mm
from the Sample Edge

AC/600/60
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Table 6. Microstructure of steel after heating at 800 ◦C for 60 min and 240 min with air-cooling.

Sample Label Image at a Distance of 3 mm
from the Sample Edge

Image at a Distance of 7 mm
from the Sample Edge

AC/800/60
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The austenite transformation during the tempering of alloy steels is influenced by
the content of elements dissolved during austenitisation. Chromium, which is an alloying
element of the tested steel, noticeably increases its transformation temperature and as a
result the amount of ferrite released during the heating at 800 ◦C is small, but it increases
along with growing temperature and heating time. When analysing the photos of the
microstructure shown in Table 6, it can be easily observed that the microstructure of the
steel heated at 800 ◦C for 240 min is quite different from that heated for 60 min only. The
grain size increases, the mesh of boundaries between respective phases loosens, which
results in a further reduction in the residual tensile strength and hardness of the material
and thus becomes more plastic. Chromium, present in the tested steel as one of the alloying
elements in the range up to 1%, slightly reduces the hardness of ferrite and considerably
increases its impact strength along with a simultaneous decrease in hardness as compared
to the reference value at room temperature (HV = 324). Moreover, it increases the amount
of plastic residual austenite in the quenching process. Since the concentration of carbon in
ferrite is lower than in the austenite from which is released, the carbon content in austenite
increases along with heating. After reaching the critical value, i.e., after exceeding the limit
level of the solubility of carbon in austenite, the pearlite transformation begins and leads to
the transformation of the remaining austenite into pearlite (dark areas), which results in
obtaining a plastic and soft ferrite–pearlite structure.

The transformation into ferrite–pearlite structure is demonstrated by a reduction in
the residual ultimate tensile strength (UTS) from the initial state value equal to 1001 MPa
(maximum tensile force Fm = 245 kN) to the level of UTS = 595 MPa (maximum tensile
force Fm = 146 kN), with HV = 200 for the heating time of 60 min and UTS = 585 MPa
(maximum tensile force Fm = 143 kN), and with HV = 196 for the heating time of 240 min.
It is worth noting here that in the case of samples heated at the temperature of 800 ◦C and
air-cooled, despite the noticeably different microstructure (Table 6), the heating time does
not have a significant effects on the differences in the value of residual tensile strength—in
both cases it remains on an almost identical level. In the case of a longer heating time,
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recrystallization of the defective ferritic matrix was observed, which translated into a
slightly greater decrease in the UTS value.

Tempering at the temperature of 800 ◦C combined with subsequent water-cooling
(WC/800/60 and WC/800/240 samples) did not result in the martensite Ô ferrite + pearlite
phase transformation, despite reaching the heating temperature above A1. As can be seen
in the photos of the microstructure presented in Table 7, the material in this case still shows
a typical martensite structure similar to the original one in the IS state. The cooling method
applied, characterised by a high speed of thermal energy reception, had a significant impact
on inhibition of the phase transformation.

Table 7. Microstructure of steel after heating at 800 ◦C for 60 min and 240 min with water cooling.

Sample Label Image at a Distance of 3 mm
from the Sample Edge

Image at a Distance of 7 mm
from the Sample Edge

WC/800/60
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Rapid water cooling of the steel heated up to austenitisation temperature made it 

harden again. The degree of hardening turned out to be clearly dependent on the heating 

time. The martensite transformation did not fully take place within 60 min (residual aus-

tenite is still visible), which resulted in the value of UTS = 1064 MPa (maximum tensile 

force Fm = 261 kN—higher than the reference value for the sample in the initial state), with 

a simultaneous significant increase in hardness to HV = 361. Heating for 240 min resulted 

in austenitisation of the whole microstructure and the martensite transformation in the 

entire volume of the material, which translated into the value of UTS = 1064 MPa (maxi-

mum tensile force Fm = 261 kN—analogous as in the case of the heating time of 60 min), 

with another significant increase in hardness to the level of HV = 543. 
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Rapid water cooling of the steel heated up to austenitisation temperature made it
harden again. The degree of hardening turned out to be clearly dependent on the heating
time. The martensite transformation did not fully take place within 60 min (residual
austenite is still visible), which resulted in the value of UTS = 1064 MPa (maximum tensile
force Fm = 261 kN—higher than the reference value for the sample in the initial state),
with a simultaneous significant increase in hardness to HV = 361. Heating for 240 min
resulted in austenitisation of the whole microstructure and the martensite transformation
in the entire volume of the material, which translated into the value of UTS = 1064 MPa
(maximum tensile force Fm = 261 kN—analogous as in the case of the heating time of
60 min), with another significant increase in hardness to the level of HV = 543.

This stage of research showed that, in the case of shock water-cooled samples, the
duration of the heating time had a significant effect on increased hardness of the material
and the use of rapid cooling noticeably influenced the value of residual tensile strength,
which in this case exceeded the reference value obtained for bolts in the initial state IS
(UTS = 1001 MPa).
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3.1.3. Microstructural Analysis of Samples Heated at 1000 ◦C

Tempering at 1000 ◦C with air cooling (AC/1000/60 and AC/1000/240 samples,
Table 8), similarly to the heat treatment at 800 ◦C, caused the martensite Ô austenite phase
transformation during the heating process and then the release of ferrite and pearlite within
the boundaries of austenite grains during the phase of slow and free cooling.

Table 8. Microstructure of steel after heating at 1000 ◦C for 60 min and 240 min with air-cooling.

Sample Label Image at a Distance of 3 mm
from the Sample Edge

Image at a Distance of 7 mm
from the Sample Edge

AC/1000/60
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kN) with a noticeably lower HV = 153 for the heating time of 240 min, respectively. Atten-
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ing time. In the case of samples cooling down naturally, an increased heating time results 

in a reduced value of residual tensile strength and hardness of the material. The same 

trend was also observed in the case of the AC/600 and AC/800 series samples, which may 

confirm that this trend is of a structured nature. 
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The share of ferrite (light areas) decreased noticeably, whereas the share of pearlite
(dark areas) increased compared to samples heated at 800 ◦C and air-cooled (AC/800/60
and AC/800/240). A significant grain growth and recrystallization of the defective fer-
ritic matrix were observed, which in turn resulted in a decrease in the residual ultimate
tensile strength to the level of UTS = 619 MPa (maximum tensile force Fm = 152 kN), with
HV = 204 for the heating time of 60 min and UTS = 576 MPa (maximum tensile force
Fm = 142 kN) with a noticeably lower HV = 153 for the heating time of 240 min, respectively.
Attention should be paid to a visible difference in hardness depending on the applied bolt
heating time. In the case of samples cooling down naturally, an increased heating time
results in a reduced value of residual tensile strength and hardness of the material. The
same trend was also observed in the case of the AC/600 and AC/800 series samples, which
may confirm that this trend is of a structured nature.

Heat treatment at the temperature of 1000 ◦C with water-cooling (WC/1000/60 and
WC/1000/240 samples), just as in the case of heat treatment at 800 ◦C, did not lead to the
martensite Ô ferrite + pearlite phase transformation, although a temperature considerably
higher than A1 was reached. The high cooling rate made the steel harden again such that
the material still had the martensite structure similar to the initial one IS (Table 9).
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Table 9. Microstructure of steel after heating at 1000 ◦C for 60 min and 240 min with water-cooling.

Sample Label Image at a Distance of 3 mm
from the Sample Edge

Image at a Distance of 7 mm
from the Sample Edge

WC/1000/60
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3.2. Testing with the Use of X-Ray Diffraction (XRD) 

Steel of type 32CrB3 contains 0.74% of chromium in its chemical composition. Chro-

mium increases the temperature of the austenite transformation, slightly decreases ferrite 

hardness, increases the amount of residual austenite in the quenching process, and in-

creases impact strength [19]. Heat treatment of steel, in which chromium is the alloying 

element, may contribute to the formation of carbides, which in the end has a noticeable 

effect on mechanical properties of steel. Carbides formed in steel are a hard and brittle 
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The high temperature of heat treatment contributed to the formation of coarse-grained
martensite. The degree of hardening turned out to be significantly dependent on the heating
time. Within 60 min, complete austenitisation took place and coarse-grained martensite
was obtained in the entire volume, which resulted in a significant increase in the residual
ultimate tensile strength value to the level of UTS = 1178 MPa (maximum tensile force
Fm = 289 kN) and exceeded the reference value for the sample in the initial state with
HV = 540. Heating for 240 min turned out to be too long and caused the grains to grow,
which translated into a decrease in the UTS value to the level of 869 MPa (maximum tensile
force Fm = 213 kN) with a simultaneous considerable decrease in hardness to HV = 210.

3.2. Testing with the Use of X-ray Diffraction (XRD)

Steel of type 32CrB3 contains 0.74% of chromium in its chemical composition.
Chromium increases the temperature of the austenite transformation, slightly decreases
ferrite hardness, increases the amount of residual austenite in the quenching process, and
increases impact strength [19]. Heat treatment of steel, in which chromium is the alloying
element, may contribute to the formation of carbides, which in the end has a noticeable
effect on mechanical properties of steel. Carbides formed in steel are a hard and brittle
phase. They are formed as a result of the solubility level of carbon in austenite and ferrite
changing along with the temperature change. The presence of carbides in steel most often
increases its hardness, yield point, and tensile strength. The carbides are also responsible
for the secondary hardness effect, i.e., an increase in steel hardness during tempering. At
the same time, their presence can have an adverse effect on impact resistance, ductility,
and fracture resistance of steel [19]. Increased hardness and residual tensile strength in
the case of the majority of samples heated at the temperature of 800 ◦C and 1000 ◦C might
lead to a presumption that the presence of carbides in the material structure could be
responsible for some of these changes. In order to exclude the presence of carbides in the
steel structure before and after the heating process at the temperature of 1000 ◦C, XRD
tests were carried out. The tests were carried out on both samples cooled naturally in
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air (AC) and those shock-cooled in water (WC). An analysis of the XRD results showed
that obtained diffractograms had not differed in the number of peaks, but only in their
intensity, which confirmed the fact that there were no carbides present in the steel structure
before and after the heating process for the case of air-cooled and water-cooled samples.
Considering the size of this article, the detailed results of XRD tests are not presented in
the wider range.

3.3. Quantitative Analysis of the Microstructure

In respect to each of the phases shown in the pictures of the bolt microstructure,
which were taken with the use of a digital light microscope (at the magnification of ×100)
on the samples specified in Table 1, a quantitative analysis was carried out in order to
determine the number of grains visible in the photo, their density, mean grain area, mean,
and equivalent grain diameter. The analysis was performed separately for the ferrite and
pearlite phases. The tests were aimed at confirming the previously observed qualitative
change in the grain size in quantitative terms and aimed at linking these changes with
changes in residual mechanical properties of the analysed samples. Due to limited funds,
the analysis was performed only in respect to selected samples.

Collective results showing the dependence of microstructure indices, i.e., mean diam-
eters of ferrite and pearlite grains, HV hardness, and tensile strength, on heat treatment
parameters are summarised in Table 10 and Figure 1.

Table 10. Results of measurements of the mean equivalent diameter of ferrite and pearlite grains,
hardness, and strength of respective series of samples.

Sample Label Equivalent Diameter [µm] Hardness UTS

Ferrite Pearlite [HV] [MPa]

AC/800/60_3 mm 2.67 4.01 200.41 594.53
AC/800/60_7 mm 3.19 6.20 200.41 594.53
AC/800/240_3 mm 8.85 11.50 196.46 585.47
AC/800/240_7 mm 7.55 11.30 196.46 585.47

AC/1000/240_3 mm 6.19 13.70 152.98 575.88
AC/1000/240_7 mm 6.62 13.00 152.98 575.88
WC/800/60_3 mm 1.77 not measured 361.26 1063.90
WC/800/60_7 mm 3.39 not measured 361.26 1063.90

The measurements showed that in the case of air-cooled samples, the size of the
pearlite grains increased along with an increase in the temperature level as well as the time
of thermal exposure. However the grain growth was not uniform across the entire width
of the bolt shank. For air-cooled samples, both in the case of ferrite and pearlite grains,
the extension of the heating time at 800 ◦C from 60 min to 240 min resulted in an over
threefold increase in the grain equivalent diameter. Prolonged annealing at the temperature
of 1000 ◦C resulted in a further growth of pearlite grains to approximately 13.0 µm in
diameter, with a simultaneous approximately 20% decrease in the ferrite grain size.

In the case of water-cooled samples, the ferrite grain size is clearly smaller than in the
case of air-cooled samples corresponding to them in terms of heat treatment conditions.
This confirms the previous observations made on the basis of the visual analysis of the
pictures included in Table 9. The water shock cooling of the samples prevented the phase
transformation of austenite into pearlite and inhibited the growth of ferrite grains. The
impact of the shock cooling on the size of ferrite grains was noticeable—near the outer
walls of the sample shank, the grain diameter is almost half the size of those near the
bolt axis. In the case of air-cooled samples, along with an increase in temperature and
heat-exposure time, a slight downward trend in the value of the residual tensile strength
and the hardness of the bolt material was also clearly visible. The water shock cooling
re-hardened the bolts and was followed by a sharp increase in both the UTS and HV values
(Figure 1).
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3.4. Analysis of the Correlation between Hardness and Residual Tensile Strength

The purpose of the analysis was to investigate veracity of the linear correlation de-
scribed by the Formula (1) between tensile strength UTS and hardness HV of steel subjected
to heat treatment during the production process and then subjected to secondary thermal
treatment, e.g., as a result of exposure to thermal effects of a fire. The relationship (1) has
been confirmed so far by numerous tests carried out almost exclusively on samples of
commonly used structural steels working in normal thermal conditions. The available
literature does not provide any information proving its correctness in relation to the value
of residual tensile strength characteristic of the material of high-strength steel bolts after
the fire exposure.

In order to better illustrate the effect of secondary heat treatment parameters on
the relationship between hardness HV and residual tensile strength of the bolt steel, a
comprehensive diagram has been presented in Figure 2. It shows a clear linear relationship
between the values of hardness and tensile strength but it meets the criterion described
by the scaling factor 3.2 ÷ 3.5 that is not in the entire domain of determinacy. In the case
of air-cooled samples, the value of this factor obtained in the tests fluctuates in the range
of 3.0 ÷ 3.8 and in the case of water-cooled samples the factor fluctuates in the range of
2.0 ÷ 4.1, respectively. In the case of air-cooled samples, attention should be paid to a
noticeable trend of a decrease in strength (in relation to the reference value, characteristic
of the material in its initial state) accompanying a temperature and heating time increase.
The hardness parameter also shows a similar trend. In the case of shock water-cooled
samples, this trend which is characteristic of air-cooled samples, is reversed. Along with
an increase in the temperature and heating time, the values of the residual tensile strength
and hardness of the bolt steels increase. Some regularity of this trend is locally disturbed
only in the case of the WC/600/240 and WC/1000/240 samples, which may, however,
be caused by a systematic error due to the small size of the sample. Confirmation of this
thesis would nevertheless require further research. In the case of shock water-cooling of
samples (simulation of a rescue and firefighting operation), both residual tensile strength
and hardness of the bolt material increases significantly and under certain conditions even
exceeds the reference values characteristic of the tested high-strength bolts in their initial
state. On the one hand, it can be perceived as a desirable effect due to the significant
strengthening of the material and, on the other hand, it can be perceived as a negative
effect due to an increase in its brittleness, which translates into the possibility of an abrupt
form of failure in the event of overloading the bolts in the joint during an operation phase
after a fire.
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In order to determine the effect of the cooling method, temperature level and heating
time on the disturbance of the relationship between the hardness of the bolt material and
its residual tensile strength and the relationships between these two values in different
configurations are shown in Figures 3 and 4.
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When analysing the diagrams shown in Figure 3, it can be observed that a negative
effect of long heating of a particular series of samples is clearly visible—both in the value
of residual ultimate tensile strength UTS and hardness HV. The same trend showing the
effect of the heating time on stability of the analysed material properties is visible for each
temperature level. Excessively long heating results in a decrease in residual strength. As a
consequence, material hardness is also reduced.

The analysis of Figure 4 shows that in the temperature range up to 600 ◦C, both in the
case of air-cooled bolts and those water-cooled, no effect of the heating time on stability
of the analysed mechanical properties of the samples has been identified. Corresponding
pairs of graphs for the AC/600/60 and WC/600/60 and AC/600/240 and WC/600/240
samples do not differ from each other. The only difference between the bars of the graphs
shown in Figure 3a,b is in the UTS and HV values. Even the UTS/HV inter-relationships
for the corresponding pairs of samples are almost identical. This confirms the previous
observations made on the basis of the analysis of microstructure pictures, described in
Section 3.1.1 of this article.

An increase in the heating temperature to 800 ◦C and higher makes the differences
between the air-cooled and water-cooled samples clearly visible. Under similar thermal
conditions, water shock cooling results in achieving a much higher residual tensile strength
of the sample material—UTS and hardness HV compared to the sample freely cooling in
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the air. This results from the fact that the samples are re-hardened and the processes of
phase transformations are stopped.

4. Discussion

A comprehensive approach to the analysis of the effect of simulated natural fire
conditions on microstructural changes in the material of construction bolts and also on
their key strength properties, taking into account at the same time the effect of thermal
conditions, exposure time, and cooling method, is presented in this paper and cannot be
found in available literature. In particular, with regard to the analysis of the influence
of exposure time on the given thermal conditions, the conducted research is somewhat
unique. In this context, this work brings a completely new value to the state of knowledge
in this area and may really contribute to the progress of work on methods of post-fire
assessment of quality and reliability of structures.

The study confirmed that, as a result of fire exposure, the microstructural and me-
chanical characteristics of high-strength bolts undergo significant changes. These changes
can have a negative impact on the safety and reliability of steel structures, as well as the
manner they behave after a fire.

The bolts heated to a temperature exceeding 600 ◦C and cooled naturally in the air, as
a result of fire exposure undergo a martensite Ô austenite phase transformation during
the heating process and then ferrite and pearlite are released within the boundaries of
austenite grains in their structure. This structural modification renders steel softer and
bolt load-bearing capacity considerably lower. However, as a rule and at the expense
of increased plasticity, an overloaded bolt does not rapidly fail. Bolts that underwent
such a heating cycle permanently lose their original strength properties. This, in general,
confirms the observations made by Kirby [1,2], Kodur et al. [5,6], and Yahyai [7]. However,
each of them in their considerations ignored the effect of rapid cooling, which is a natural
consequence of the fire-fighting action, as well as the related consequences concerning both
the microstructure and mechanical properties of the tested bolts. Kodur et al. [5,6], similar
to Yahyai et al. [7] did not focus on detailed microstructural studies, and they only tried to
link the bolt failure model with the macroscopic image of the fracture surface. In the case
of screws naturally cooled in the air after the annealing process at a temperature exceeding
600 ◦C, similar to observations of Sajid et al. [10], the significant growth of pearlite and
ferrite grains was observed leading to a reduction in the ultimate tensile strength. This
clearly confirms the truth of the Hall–Petch formula (Equation (2)) [18] not only in relation
to the yield point of steel but also to the value of the UTS.

Bolts heated to a temperature exceeding 600 ◦C and shock cooled with water (e.g.,
during firefighting operation in a real fire) retain a martensite structure, similar to the
original one, because they are re-hardened through rapid cooling. Due to the sudden
reception of thermal energy, they do not undergo the microstructural change characteristic
of the martensite Ô ferrite + pearlite phase transformation, despite reaching a temperature
significantly higher than A1. The steel of the bolt hardens and the temporary load capacity
of bolts can, as a result of the re-hardening, even exceed the load capacity that the bolt had
in its initial state or be very close to this value. This is performed at the expense of increased
brittleness of the bolt such that, in the event of overload, the bolt can be expected to fail
rapidly. Although the conducted research did not carry out such detailed quantitative
analysis as performed by Chi and Peng [9], the obtained results confirmed the essence of
their observations with regard to the batch of water-cooled bolts.

The conducted research confirmed the possibility of using microstructural tests for
a post-fire assessment of steel structures and an attempt to reconstruct fire scenarios.
However, referring to the concept of the use of metallurgical changes occurring in the screw
material for the diagnosis of buildings damaged by fire proposed, inter alia, by Kirby [1,2],
Chi and Peng [9], and Sajid et al. [10], it should be stated emphatically that unless the
precise fire temperature is known, an assessment based solely on microstructural tests may
not be sufficient or may be flawed with significant errors. This may be the case, for example,
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when the image of the bolt material microstructure indicates a martensite structure. In
the case of high-strength bolts, this indication is typical for bolts in their initial state, bolts
heated to a temperature lower than 600 ◦C, and bolts heated to a much higher temperature
and rapidly cooled with water. In this case, a reliable assessment cannot be made without
conducting additional destructive strength testing. This example shows that the post-fire
assessment of bolts should be performed in an extremely reasonable and careful method.

The strength tests of the initial phase (which for the sake of clarity of the article content
have not been included here) confirmed the earlier observations made, among others, by
Kirby [1,2] and Kodur et al. [5,6] that the residual mechanical properties of bolts subjected to
fire, due to their heat treatment history, differ from those determined for carbon structural
steels given in the standards for designing structures [20,21]. The resistance reduction
factors given in Annex D of [20] applicable during connection design were determined
from the fire tests of bolts conducted for British Steel [1,2] by Kirby. Although the reduction
factors deduced from the tensile and shear tests were different, in order to simplify the
design guidance the conservative results were applied for both types of connections—those
loaded in tension and those loaded in shear. Theoretically, applying these guidelines to
bolts can lead to conservative estimates but one has to realize that these provisions were
based on test results of air-cooled bolts only. It cannot be forgotten that the increased
brittleness of bolts and elements arising from the fire-fighting action increases the risk of
an abrupt and progressive collapse caused by the inability of the structure to redistribute
internal forces by creating local yielding areas. This, in turn, may result in an increase in
the threat to lives and the health of users of the building, who are the potential victims of a
fire and members of rescue teams. In the case of new construction design, the use of Annex
D [20] in connection with design likely leads to safer estimates. The observation of existing
objects destroyed by a fire but designed on the basis of earlier standards leads to completely
opposite conclusions than discussed above. It is the connections in older buildings that
seem to be the weakest link in the entire structure. The authors draw attention to the
importance of this problem, especially in the case of facilities such as shopping centres,
galleries, arcades, or other public facilities made of steel structures. However, it should
also be noted that the quality of steel products has improved since Kirby’s publication of
the results [1,2] and the reduction factors may need to be updated based on the results of
up-to-date tests.

5. Limitations, Recommendations, and Suggestions for Further Research

The outcomes show that the method of carrying out a rescue and firefighting operation
may be of key importance for the safety of structure and people staying in a building in fire.
In the case of structures subject to dynamic loads, water cooling of bolts should be avoided
as this will render them more susceptible to brittle fracture. In the case of fire-damaged
structures that have already undergone significant deformations, potential gains and losses
should be assessed on a somewhat real-time basis. If members have not been deformed
by a fire and there is a real chance of renovating and re-using, then the risk of cooling the
bolts may be taken in order to increase their load capacity in real time. Of course, during
the reconstruction or renovation of the structure, such bolts must be replaced with new
ones with predictable strength properties. If the structure cannot be saved, its stability
is compromised or it has undergone significant deformations preventing it from being
reused, bolts should not be hardened to permit their slow plastic failure at the moment of
being overloaded.

A big challenge in the logistic, economic, and scientific sense is the study of complete
joints and connections performed in their natural scale. The studies of butt joints [22–24]
and lap friction joints [25] carried out so far and described in the literature focus mostly on
establishing the model of failure and analysis of the behaviour of these joints under load.
They also form the basis for the validation and verification of numerical models that try
to map the physical behaviour of a connection or joint in a real structure. These studies
do not take into account the drop in pre-stressing force as a result of fire in connections
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that were pre-stressed at the assembly stage. This gap is worth paying more attention to in
terms of conducting completely new research. It is also worth considering, in the future, a
wide range of tests utilizing stainless steel and fire-resistant bolts. The heat-resistant and
creep-resistant steels are able to withstand temperatures up to approximately 1150 ◦C for
a long period of time. They obtain their heat resistance thanks to a wide range of alloy
additives: aluminium, chromium, silicon, molybdenum, vanadium, tungsten, titanium,
and cobalt and increases the energy of interatomic bonds. In particular, unlike conventional
carbon steels, austenitic alloys used for creep-resistant steels are characterised by extremely
low susceptibility to structural changes in long-term operation at high temperatures. The
differences in resistance to high temperatures between carbon steels and fire-resistant steels,
in the context of their susceptibility to microstructural changes, are best illustrated by com-
paring the diagrams of their specific heat as a function of temperature. The characteristic
peak at 735 ◦C in the case of carbon steels, resulting from their metallurgical changes,
does not occur in the diagram for fire-resistant steels. Although the use of heat-resistant
and creep-resistant steels in modern construction is currently rather niche, in just a few
years, due to technical progress, the development of engineering of structural materials or
technological methods for modifying the microstructure of construction materials [26,27]
could become quite common.

6. Conclusions

The presented research is of a practical nature with great application potential for
engineering practice.

The results obtained can be helpful for the purpose of assessing structures that have
survived a fire without any major damage, in the context of the possibility of reusing
selected elements, and those that have been damaged by fire. In the latter case, the results
can be used to recreate a fire development scenario and to estimate maximum values of
fire temperatures in a situation where they have not been measured by firefighting and
rescue services.

The microstructural tests confirmed that under environmental conditions correspond-
ing to a simulated fire situations and an accompanying firefighting operation, significant
structural changes occur in the material of bolts that are strongly dependent on the temper-
ature reached, the time of exposure to fire conditions, and the method of cooling. These
changes result in modifications of residual strength properties and are crucial from the
point of view of structural safety, in particular tensile strength and correlated hardness.
Microstructural changes significantly affect how the bolt material behaves, which usually
determines how the structure will fail in the event of a potential collapse.

The undertaken research and obtained results indicate that this work should be
continued with focus on development of detailed guidelines for designing bolted joints
while simultaneously taking into account the effects of fire.
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26. Maślak, M.; Skiba, R. Fire resistance increase of structural steel through the modification of its chemical composition. Procedia
Eng. 2015, 108, 277–284. [CrossRef]

27. Seo, J.E.; Cho, L.; Estrin, Y.; De Cooman, B.C. Microstructure-mechanical properties relationship for quenching and partitioning
(Q&P) processed steel. Acta Mater. 2016, 113, 124–139. [CrossRef]

38



materials

Article

Effect of Boron and Vanadium Addition on Friction-Wear
Properties of the Coating AlCrN for Special Applications
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Abstract: Cutting tools have long been coated with an AlCrN hard coating system that has good
mechanical and tribological qualities. Boron (B) and vanadium (V) additions to AlCrN coatings were
studied for their mechanical and tribological properties. Cathodic multi-arc evaporation was used
to successfully manufacture the AlCrBN and AlCrVN coatings. These multicomponent coatings
were applied to the untreated and plasma-nitrided surfaces of HS6-5-2 and H13 steels, respectively.
Nanoindentation and Vickers micro-hardness tests were used to assess the mechanical properties
of the materials. Ball-on-flat wear tests with WC-Co balls as counterparts were used to assess the
friction-wear capabilities. Nanoindentation tests demonstrated that AlCrBN coating has a higher
hardness (HIT 40.9 GPa) than AlCrVN coating (39.3 GPa). Steels’ wear resistance was significantly
increased by a hybrid treatment that included plasma nitriding and hard coatings. The wear volume
was 3% better for the AlCrBN coating than for the AlCrVN coating on H13 nitrided steel, decreasing
by 89% compared to the untreated material. For HS6-5-2 steel, the wear volume was almost the
same for both coatings but decreased by 77% compared to the untreated material. Boron addition
significantly improved the mechanical, tribological, and adhesive capabilities of the AlCrN coating.

Keywords: H13; HS6-5-2; AlCrBN; AlCrVN; nanohardness; friction; wear resistance; adhesion

1. Introduction

Today, great emphasis is paid to corporate environmental policies [1], with innovative
usage of plasma nitriding and PVD coatings replacing traditional, less ecologically friendly
techniques. Due to their high hardness, outstanding wear resistance, superior corrosion,
oxidation resistance, and good thermal stability, AlCrN thin coatings have been more
important in industry over the last few decades [2,3]. At high temperatures, AlCrN
coatings exhibit exceptional oxidation resistance due to the production of protective mixed
protective oxides Al2O3, Cr2O3 [3,4]. As a result, they are commonly employed in the
automobile sector as abrasion-resistant layers (e.g., valves, tappets, and camshafts) or as
protective coatings for forming and machining tools [4,5]. At room temperature, AlCrN
coatings had a high friction coefficient of 0.7, which climbed to 1.0 at temperatures above
500 ◦C, a temperature range often encountered in cutting operations [6]. The addition of
alloying elements such as Si, B, and V [2,7,8] could be one way to significantly improve the
film characteristics. The components Si and B have been shown to enhance the creation of a
nanocomposite structure in AlCrN coatings, improving hardness, toughness, and/or wear
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resistance [9]. Due to the creation of a V2O5-Magnéli oxide phase at high temperatures, the
inclusion of V proved to be effective in reducing friction, especially at high temperatures [2].

Many studies have looked into AlCrVN coatings to increase the friction-wear proper-
ties of materials [2,10,11]. Because of the formation of V2O5 oxide during tribological testing
at extreme temperatures, the AlCrVN coatings have a low friction coefficient (0.2–0.3) and
good wear resistance at high temperatures (700 ◦C). The AlCrVN coating greatly increased
cutting tool performance while also boosting anti-wear ability due to the high hardness and
produced lubricating V2O5 coatings [11,12]. The findings indicate that AlCrVN hard coat-
ings have the potential to improve the wear resistance of cutting tools, forming, mechanical,
and weapon parts [10,11].

Sato et al. [7] and Nose et al. [13] reported that boron addition improved the mechan-
ical properties of AlCrN coatings by combining the effects of solid solution hardening,
grain size refinement (Hall–Petch hardening), and formation of nanocomposite structure,
where a-BNx tissue phase embedded the AlCrN crystallites. The nanocomposite struc-
ture of AlCrBN coatings, in which nano-sized fcc AlCrN grains are surrounded by a thin
BNx tissue phase, greatly increased the hardness of the AlCrN coatings while reducing
compressive residual stress [14]. At room temperature and at the evaluated temperature
(700 ◦C), AlCrBN coatings have recently been shown to have superhardness and high wear
resistance [9]. Boron addition reduced the grain size of the AlCrN coatings from 40 nm
to around 10 nm, and the internal stress of the coating system was lowered by more than
50% [15]. In comparison to AlCrN and AlCrTiN coatings, the AlCrBN coating resists gear
hobbing against crater wear the best [15].

It has been observed that a hybrid surface treatment consisting of plasma nitriding
and hard coatings significantly improved the mechanical and friction-wear properties of
materials, as well as the coating adhesion strength [16–18]. Plasma nitriding, which gener-
ates a harder barrier between the soft substrate and the hard coating [19], plays a significant
role in this hybrid surface treatment [16]. The nitrided hardened layer considerably reduces
the plastic deformation [20] that happens underneath the coating. As a result, the coatings’
durability and adhesion strength will be enhanced [17,21].

Although the microstructure, hardness, and wear resistance of AlCrBN and AlCrVN
coatings have been extensively studied, the influence of surface treatments such as plasma
nitriding and AlCrBN, AlCrVN coatings on the friction-wear properties of steel has still to
be researched.

The purpose of this investigation was to see how a hybrid treatment consisting of
plasma nitriding and AlCrVN, AlCrBN coating affected the friction-wear properties of
H13 tool steel and HS6-5-2 high-speed tool steel. H13 hot-work steel is commonly used in
both hot and cold work tooling. Cutting tools are commonly made of HS6-5-2 high-speed
steel. Under the same conditions, AlCrVN and AlCrBN coatings were applied to the
surfaces of both un-nitrided (only-coating) and nitrided (duplex coating) materials. The
mechanical properties and wear resistance of the AlCrBN and AlCrVN multicomponent
coatings were investigated and compared. The results from the un-nitrided materials,
plasma-nitrided materials, and only-coated materials were compared to the results from
the hybrid-surface-treated materials.

2. Materials and Methods
2.1. Materials

H13 steel and HS6-5-2 high-strength steel were chosen for use in the experiment. The
chemical composition of the steel was assessed five times by Q4 TASMAN spark emission
equipment (Bruker, Karlsruhe, Germany), with the averages used as data. The chemical
compositions of H13 and HS6-5-2 steels are shown in Tables 1 and 2, respectively.
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Table 1. H13 steel chemical composition (weight %).

C Mn Si Cr Mo V P S

ASTM A681 0.32–0.45 0.2–0.6 0.8–1.25 4.75–5.5 1.1–1.75 0.8–1.2 Max. 0.03 Max. 0.03

Measured 0.36 0.47 0.97 4.80 1.24 0.84 0.030 0.01

Table 2. HS6-5-2 steel chemical composition (weight %).

C Mn Si Cr Mo W V P S

EN ISO 4957 0.8–0.88 Max. 0.4 Max. 0.45 3.8–4.5 4.7–5.2 5.9–6.7 1.7–2.1 Max. 0.03 Max. 0.03

Measured 0.82 0.35 0.23 4.50 5.35 1.94 7.00 0.028 0.010

Steel H13 samples have a diameter of 65 mm and a thickness of 6 mm, while steel
HS6-5-2 samples have a diameter of 20 mm and a thickness of 3 mm. After heat treatment,
all experimental samples were supplied. The heat-treated samples had a surface hardness
of 52 HRC for steel H13 and 64 HRC for HS6-5-2 steel.

Surface roughness Ra of 0.11 µm for steel H13 and 0.04 µm for steel HS6-5-2 was
obtained by grinding the samples using a Struers LaboSystem (Struers, Copenhagen,
Denmark) grinder. Silicon carbide grinding paper grits 120, 220, 400, 600, and 800 were
utilized for grinding. The cross sections of the specimens were polished to mirror surfaces
using Leco CAMEO Disc Platinum (Leco Corporation, St. Joseph, MI, USA) 1, 2, 3, 4 and
diamond polishing paste with grain size 1 µm by Leco PX-500 Grinder/Polisher (Leco
Corporation, St. Joseph, MI, USA) for microstructure characterization. After that, a picric
acid solution (1 g picric acid, 5 mL HCl acid in 100 mL ethanol) was used to etch the
polished cross sections of steel HS6-5-2, and a 2 percent Nital etchant (a solution of ethanol
and nitric acid) was used to etch the polished cross sections of steel H13. Plasma nitriding
was carried out using PN60/60 RÜBIG equipment (Rubig GmBH, Wels, Austria) at 470 ◦C
for 4 h with a mixture gas of 3H2:1N2 at 280 Pa. UN and PN materials stand for un-nitrided
and plasma-nitrided materials, respectively. The cathodic arc PVD process was utilized to
coat AlCrBN and AlCrVN. The Pi411 equipment was used to coat AlCrBN and AlCrVN
coatings on both un-nitrided and nitrided materials in the company LISS. Un-nitrided
AlCrBN-coated and AlCrVN-coated materials are referred to as AlCrBN material and
AlCrVN material, respectively. The PN/AlCrBN and PN/AlCrVN materials (respectively
duplex-coated materials) are AlCrBN-coated and AlCrVN-coated nitrided materials.

2.2. Experiment Procedures

The surface roughness of materials was measured using absolute inductive position
sensor by Talysurf CLI 1000 stylus profilometer (Taylor Hobson Ltd., Leicester, England).
For evaluation of the surface, the parameter Ra was used—the arithmetic average of the
absolute values of the profile heights over the evaluation length. The microstructures
were observed on the cross sections of the specimens by Olympus DSX 500i opto-digital
microscope(Olympus, Tokyo, Japan). The features of the coatings were observed, and the
coatings thickness was measured on the cross sections of the coated specimens by a Tescan
Mira 4 scanning electron microscope (Tescan, Brno, Czech Republic).

The surface hardness and Young’s modulus of the UN and PN materials were mea-
sured using the instrumented indentation test by the Zwick ZHU 2.5 hardness tester (Zwick,
Brno, Czech Republic). For the instrumented indentation test, the test force of 49.81 N
and dwell time of 12 s were used. These measurements were performed ten times and the
averages were used as the data. The microhardness profiles of the nitrided layers were
obtained in the range from the surfaces to 0.5 mm depth on the polished cross sections.
The microhardness was measured using the Vickers method on the Leco AMH55 hardness
tester (Leco Corporation, St. Joseph, MI, USA). For the microhardness measurement the
test force of 0.981 N and dwell time of 12 s were used. The microhardness measurement
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was carried out three times at each depth and their average values were used as the
experimental values. The depth of nitrided layer was evaluated base on the results of
measurement microhardness profile according to ISO-18203 [22]. The nanohardness and
Young’s modulus of the AlCrBN and AlCrVN coatings were measured 10 times using a
nano-indenter, and their averages were used as the data.

The adhesion of the coatings was evaluated by the scratch test using the Universal
Mechanical Tester 3 (UMT-3) and by the Rockwell indentation test using an Indentec HRC
8150 LK hardness tester (Zwick/Roell GmbH, Ulm, Germany). For these tests, the Rockwell
diamond indenter with a rounded tip in radius of 200 µm was used. In the scratch test, the
sliding speed was 0.17 mm/s, and the moving distance was 10 mm. The normal load was
linearly increased from 5 to 150 N and 200 N for only-coated and duplex-coated materials,
respectively. The critical loads were determined using the signal of acoustic emission and
friction coefficient. For the Rockwell indentation test the test force was 1471 N and dwell
time was 12 s. The tests were performed three times for all coatings. The friction-wear
qualities of the materials were assessed using the linearly reciprocating ball-on-flat method.
Friction-wear experiments were conducted at room temperature in air using a UMT-3 tester
(Bruker, Karlsruhe, Germany) with no lubrication. The opposing substance was tungsten
carbide balls with a diameter of 6.35 mm. The test load was set to 10 N. Table 3 depicts the
test circumstances.

Table 3. Conditions of the wear tests.

Stroke Length
(mm)

Oscillating
Frequency (Hz) Test Duration (s) Ambient

Temperature (◦C)
Relative

Humidity (%) Lubrication

10 3.5 2000 22 ± 0.5 40–60 None applied

The features of wear tracks were evaluated using an Olympus DSX 500i optical
microscope (Olympus, Tokyo, Japan) after the friction-wear testing. The wear track profiles
were collected using an absolute inductive position sensor and a Talysurf CLI 1000 stylus
profilometer (Taylor Hobson Ltd., Leicester, England). At eleven points along the wear
track, profile measurements were taken. The mean cross-sectional profile was calculated
from the measured profiles, and Talysurf Platinum software (v5, Taylor Hobson Ltd.,
Leicester, England) was used to calculate the area and depth of worn track cross sections.
From the cross-sectional area and stroke length, the total volume of material lost during
sliding (wear volume) was estimated [23].

3. Results
3.1. Surface Roughness

The surface roughness (Ra) of the studied materials is depicted in Figure 1.
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In comparison with UN materials, the surface roughness Ra value of the PN material
was 45% greater for H13 steel and 72% higher for HS6-5-2 steel. For steel H13, the surface
roughness values were 50% to 70% higher than the UN material. Such deterioration is
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caused by a dedusting process, when the nitride cations bombard a material surface and
subsequently atoms of various elements, being on a material surface are shot out [24]. The
surface roughness of the coatings on steel HS6-5-2 was 245 percent to 295 percent higher
than the UN material. Higher values of the surface roughness of the coating’s parameters
Ra and Rz have a detrimental impact on the coated part’s friction, wear, and service
life. Methods of surface treatment of coatings can be applied after coating deposition to
minimize the values of the parameters Ra of surface roughness. Surface treatment of the
coating with wet sandblasting and lap technologies reduces the value of the Ra roughness
parameters of the coated surface [25].

3.2. Microstructures

The microstructure of H13 and HS6-5-2 steels is shown in Figure 2. Figures 3–5 demon-
strate the microstructures found along the surfaces of PN, PN/AlCrBN, and PN/AlCrVN
materials on cross sections.
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Steel H13 is a pearlitic steel with secondary carbides that is subledeburitic. The mi-
crostructure of H13 steel is tempered martensite following heat treatment, as shown in
Figure 2a. The ledeburitic steel HS6-5-2 has a pearlitic structure. The martensite microstruc-
ture was detected in heated steel HS6-5-2, as shown in Figure 2b. The material HS6-5-2 has
a fine-grained structure with carbides that are evenly distributed.

Figures 3a and 4a show the diffusion layers of the PN materials; nevertheless, no
compound layer was generated. The duplex coatings, which include a thin coating and
a thick nitrided layer, were formed on the cross sections of the duplex-coated materials
(Figures 3b,c and 4b,c). The internal microstructures of PN materials, duplex-coated
materials, and UN materials were identical, as illustrated in Figures 2–4. Due to their low
conducting temperature, plasma nitriding and AlCrBN, AlCrVN coatings have little effect
on the interior microstructures of steels.

Figure 5 depicts the characteristics of the AlCrBN and AlCrVN coatings as observed
by SEM on cross sections.

On AlCrBN-coated materials, single coatings with a thickness of 2.0 µm were gener-
ated, as illustrated in Figure 5a. On the cross sections of AlCrVN-coated materials, a single
coating of AlCrVN with a thickness of 1.8 µm was detected (Figure 5b).

3.3. Hardness

In Table 4, the surface hardness of UN and PN materials is compared.

Table 4. Surface hardness of the UN materials and PN materials.

Steel Material Hardness (HV 5)

H13
UN 502 ± 6

PN 1120 ± 15

HS6-5-2
UN 874 ± 8

PN 1335 ± 10

Plasma nitriding increased surface hardness by 123 percent for steel H13 and by
53 percent for steel HS6-5-2, as shown in Table 4. The microhardness profiles on the cross
sections of PN materials are shown in Figure 6. The hardened layers were created by
the plasma nitriding method, as shown in Figure 6. Microhardness profiles according
to ISO-18203 [22] were used to determine the depth of the nitrided diffusion layers. The
gradual decrease in hardness from the surface towards the core is due to the diffusion
mechanism of the penetration of nitrogen atoms into the base material.
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Figure 6. Microhardness profiles of the nitrided samples: (a) steel H13; (b) steel HS6-5-2.

Table 5 displays the maximum and minimum microhardness values, as well as the
depth of nitrided layers.
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Table 5. Properties of the nitrided layers.

Steel Maximal Microhardness
Value (HV 0.1)

Limit Microhardness
Value (HV 0.1) Case Depth (µm)

H13 1325 ± 65 620 120 ± 12

HS6-5-2 1375 ± 52 970 100 ± 10

Great variations in the mechanical characteristics of the two materials might lead to
probable failure zones due to elastic and plastic incompatibility in only-coated systems,
where a hard ceramic coating is put over a soft substrate material [16,21].

The nitrided layer was designed to improve the substrate load-bearing capacity in
duplex-coated materials by providing a progressive transition in mechanical character-
istics between the substrate and the hard ceramic coating [21,25]. The creation of the
nitrided layer considerably increased the adhesive strength and tribological properties of
ceramic coatings [17]. The ratio H/E*, where E* = E/(1—v2) and v is the Poisson’s ratio,
was commonly used to assess resistance to elastic strain to failure in the surface-contact
mode, which is obviously significant for avoiding wear [26–28]. The resistance to plastic
deformation in a surface contact system is measured using H3/E*2 values [13,26,27,29].

Indentation hardness of UN and PN materials, nanohardness of AlCrBN and AlCrVN
coatings evaluated by indentation test, and H/E* and H3/E*2 ratios of tested materials are
shown in Table 6.

Table 6. Ratio H/E* and H3/E*2 of the tested materials.

Material-Steel HIT (GPa) E* (GPa) H/E* × 10−3 H3/E*2 × 10−3 (GPa)

UN-H13 5.6 ± 0.4 230.8 ± 15 24 ± 3 3.3 ± 1.1

PN-H13 11.5 ± 0.6 224.2 ± 8 51 ± 5 30.3 ± 6.9

UN-HS6-5-2 9.5 ± 0.4 230.0 ± 10 41 ± 4 16.2 ± 3.5

PN-HS6-5-2 13.9 ± 0.5 237.4 ± 7 59 ± 4 47.7 ± 8

AlCrBN 40.9 ± 0.5 455.2 ± 9 90 ± 3 330.2 ± 25.2

AlCrVN 39.3 ± 0.5 438.3 ± 8 89 ± 3 315.5 ± 23.6

The highest H/E* and H3/E*2 ratios of 0.090 and 0.3302 GPa, respectively, were
observed for the coating AlCrBN, as shown in Table 6. The values associated with the
AlCrVN coating were slightly lower. The ceramic coatings had substantially higher values
than the PN materials.

For steel HS6-5-2, the value of H/E*, H3/E*2 corresponding to the nitrided layer was
about half and four times that of un-nitrided material. For steel H13, the nitride material
enhanced the value of H/E* and H3/E*2 by nearly twice and ten times, respectively, as
compared to un-nitrided material.

3.4. Adhesion Strength

One of the most essential properties of ceramic coatings is adhesion strength. It
determined the service life of coating materials in a direct manner [30]. The Rockwell
indentation and scratch test were frequently used to evaluate the adhesion strength of
ceramic coatings to substrates.

The optical micrographs of Rockwell indentation of AlCrBN coatings and PN/AlCrBN
duplex coatings on substrate steel H13 and steel HS6-5-2, respectively, are shown in
Figures 7 and 8.
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Figure 8. The optical micrograph of Rockwell indentation of the coatings on substrate steel HS6-5-2 with magnification
250×: (a) AlCrBN; (b) PN/AlCrBN; (c) AlCrVN; (d) PN/AlCrVN.

The substrates un-nitrided materials of indentation were extruded to the edge and
certain bulges were generated, as shown in Figure 7a,c and Figure 8a,c. Around the
margin of the indentation, circular cracks through coatings and tiny spallation of coatings
developed. The adhesion strength of AlCrBN only-coating and AlCrVN only-coating
generated on substrate steel H13 and steel HS6-52 can be categorized as HF3 and HF2,
respectively, according to the Rockwell indentation test VDI 3198 standard [31].

Because the coatings at the indentation edge rose during the loading process producing
increased transverse shear stress and longitudinal tensile stress, and the AlCrBN and
AlCrVN coatings exhibited high hardness and great brittleness, fractures formed under
the compressive stress [32]. In comparison with substrates HS6-5-2, substrates H13 had
larger indentation bulges due to their reduced hardness. The adhesion strength of the
AlCrBN and AlCrVN coatings created on un-nitrided substrates steel H13 and steel HS6-52
was similar to HF2 when compared to the quality level of bonding strength according
to Rockwell indentation test VDI 3198 standards. Figure 9 shows an EDS analysis of the
neighborhood of indentation after the indentation test. An analysis of the presence of
the two main elements that occur in the coating and the base material, Al and Fe, was
performed. The occurrence of Fe was measured in the area of the peeled off part of the
coating, which means that the peeling took place in the whole volume of the coating and
not in its layers.
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The diameter of the indentations (respectively plastic defamation) was larger in the
duplex-coated materials than in the only-coated materials. It was discovered that the
surface sink-in around the indentations had occurred. Figures 7b,d and 8b,d show a few
cracks around the margin of the indentation on the surface of the duplex-coated materials.
The adhesion strength of AlCrBN and AlCrVN coatings produced on nitrided steel H13 and
steel HS6-52 substrates was comparable to that of HF1. As can be seen in Figures 7 and 8,
the AlCrVN coatings had a greater number of cracks and longer cracks on their surface
than the AlCrBN coatings. According to the findings, AlCrBN coatings have a higher
toughness than AlCrVN coatings.

Figure 9a,b show SEM picture of crater after indentation test with EDS analyses of
spallation. By analyzing the elements Fe and Al in Figure 9c,d, it was found that the coating
peeled off in its entire thickness. Figure 10 depicts the critical loads of AlCrBN coating
on un-nitrided substrate steel HS6-5-2, scratch optical micrographs, and the link between
friction coefficient, acoustic emission, test load, and time test assessed by scratch.
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The critical load is defined as the least load at which a discernible failure occurs in a
scratch test with progressive load [33]. The scratch test has three stages that correspond
to three critical loads [30,32,34–36]. Each failure event, such as coating cracking and
delamination, causes acoustic emission and a change in the coefficient of friction. The first
AE peak and friction oscillation correspond to the first critical load Lc1, which is typically
attributed to the first crack event. The delamination of coatings with substrate exposure
determines the second critical load Lc2, which is usually connected with the adhesion
strength between the coating and the substrate. The development of a quick increase in
AE and random changes in the friction coefficient signal the start of delamination. The
third critical load Lc3, which corresponds to the complete removal of a coating from the
scratch groove, can be calculated using a microscopic study of the scratch tracks and a quick
increase in coefficient friction. The second critical load, Lc2, is often seen as a symptom of
coating adhesion failure [30].

The critical loads of AlCrBN and AlCrVN coatings produced on various substrates
are shown in Figure 11.
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The AlCrBN nanocomposite coatings had a high hardness, but they had a lower
compressive residual stress [14] and a lower internal stress of the coating system by
>50% [15]. This improves the hardness [7,14,37] and adhesive strength of the AlCrBN
coatings [7,27]. The film’s resistance to cracking improves as the H3/E*2 ratio rises [27].
As demonstrated in Table 6, the ratio H3/E*2 of the AlCrBN coating was higher than that
of the AlCrVN coating. As a result, the critical loads of the AlCrBN coating for substrates
were higher than those of the AlCrVN coating, as shown in Figure 11.

Coatings formed on steel HS6-5-2 substrates had higher adherence than steel H13
substrates, and coatings formed on nitrided substrates had substantially higher adhesion
than un-nitrided substrates. The findings indicated that the nitrided layer improved
the substrate load-bearing capability by allowing for a progressive change in mechanical
characteristics between the substrate and the hard coating, resulting in a significant increase
in the adhesion strength of the AlCrBN and AlCrVN coatings.

3.5. Friction-Wear Properties

The relationship between the test period and the friction coefficients of all the investi-
gated materials is depicted in Figure 12. Figure 12 shows that the UN steel H13 material
has an unstable friction coefficient ranging from 0.42 to 0.66. To investigate the cause of the
decrease in friction coefficient, three further wear tests were performed on UN material
of steel H13. The first tribological test took 200 s to complete, corresponding to a friction
coefficient of roughly 0.6. The second addition tribological test was completed in 400 s,
equating to a friction coefficient of 0.42. The third tribological test took 1000 s to complete,
equal to a friction coefficient of roughly 0.6. Figure 13 depicts the morphology of the wear
tracks after additional tribological testing have been completed. The untreated sample has
a morphology indicative of ploughing and oxidation, as seen in Figure 13. This is due to
the fact that the H13 steel substrate has a lower hardness than the corresponding material
(WC-Co 6 percent). The friction coefficient of two sliding contact surfaces is affected by
the deposition of wear debris layers on wear track surfaces [38,39]. For the first addition
wear test, the wear debris and sintered wear debris layers generated on the side of the
wear track were detected (Figure 13a). Figure 13b shows how sintered wear debris layers
cover practically the entire surface of the wear track, increasing the friction coefficient from
roughly 0.6 to 0.42.

Figure 13c depicts the dispersed dispersion of thin wear debris layers. The worn
surface was heavily oxidized. The removal of the wear debris layers from the wear track
surface can be caused by a change in the surface of the counterpart material (ball). The ball
was worn out during the test, and the surface of the balls that came into touch with the
samples became flat. As a result of the ball ploughing, the wear debris layers are forced
away from the wear track surface.

The tribological tests included two stages, referred to as the running-in stage and the
stable stage, respectively, as shown in Figure 11. Except for un-nitrided steel H13, which
started at a test time of 1000 s, the stable stages of tested materials began at around 400 s.
For each test, the measured value of the friction coefficient is derived as the average of the
stable region of the friction coefficient curve.

Table 7 shows the results of using three measured friction coefficients for tested
materials to calculate the final values.

Table 7. Friction coefficient of tested materials.

Steel UN PN AlCrBN PN/AlCrBN AlCrVN PN/AlCrVN

H13 0.57 ± 0.05 0.63 ± 0.04 0.53 ± 0.02 0.50 ± 0.03 0.60 ± 0.03 0.62 ± 0.02

HS6-5-2 0.62 ± 0.04 0.64 ± 0.04 0.55 ± 0.02 0.56 ± 0.03 0.59 ± 0.03 0.57 ± 0.03
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The characteristics and cross-sectional profiles of the wear tracks of the investigated
samples steel H13 and HS6-5-2 are shown in Figures 14 and 15.

51



Materials 2021, 14, 4651

Materials 2021, 14, x FOR PEER REVIEW 14 of 19 
 

 

For each test, the measured value of the friction coefficient is derived as the average of the 
stable region of the friction coefficient curve. 

Table 7 shows the results of using three measured friction coefficients for tested ma-
terials to calculate the final values. 

Table 7. Friction coefficient of tested materials. 

Steel UN PN AlCrBN PN/AlCrBN AlCrVN PN/AlCrVN 
H13 0.57 ± 0.05 0.63 ± 0.04 0.53 ± 0.02 0.50 ± 0.03 0.60 ± 0.03 0.62 ± 0.02 

HS6-5-2 0.62 ± 0.04 0.64 ± 0.04 0.55 ± 0.02 0.56 ± 0.03 0.59 ± 0.03 0.57 ± 0.03 

The characteristics and cross-sectional profiles of the wear tracks of the investigated 
samples steel H13 and HS6-5-2 are shown in Figures 14 and 15. 

 
Figure 14. Features and cross-sectional of wear tracks of tested materials steel H13. Figure 14. Features and cross-sectional of wear tracks of tested materials steel H13.

Materials 2021, 14, x FOR PEER REVIEW 15 of 19 
 

 

Figure 15. Features and cross-sectional of wear tracks of tested materials steel HS6-5-2. 

The PN materials had the highest friction coefficient, as seen in Table 7 (0.63 and 0.64 
for steel H13 and HS6-5-2, respectively). The friction coefficient values for the UN materi-
als and AlCrVN coated materials varied between 0.6 and 0.7. The AlCrBN coated materi-
als had the lowest friction coefficient, which was around 0.53. 

Surface contact area, surface shear strength, surface hardness, and surface roughness 
all affect the friction coefficient [17,40]. The wear debris layers that can accumulate during 
a tribological test can also affect the friction coefficient [38,39]. The friction coefficient is 
influenced by the material’s microstructure [41–43]. Even if the hardness is raised, the 
wear resistance is enhanced [17]. Friction coefficients do not always decrease. 

Coating failures did not occur, and no substrate exposure was discovered on the wear 
tracks of the coated materials, as illustrated in Figures 14 and 15. 
The wear volumes and depths of the tested materials of steel H13 and HS6-5-2 steel are 
shown in Figures 15 and 16, respectively. 

 
Figure 16. Wear volumes and wear depth of the tested materials of steel H13. 

Figure 15. Features and cross-sectional of wear tracks of tested materials steel HS6-5-2.

The PN materials had the highest friction coefficient, as seen in Table 7 (0.63 and 0.64
for steel H13 and HS6-5-2, respectively). The friction coefficient values for the UN materials
and AlCrVN coated materials varied between 0.6 and 0.7. The AlCrBN coated materials
had the lowest friction coefficient, which was around 0.53.

Surface contact area, surface shear strength, surface hardness, and surface roughness
all affect the friction coefficient [17,40]. The wear debris layers that can accumulate during
a tribological test can also affect the friction coefficient [38,39]. The friction coefficient is
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influenced by the material’s microstructure [41–43]. Even if the hardness is raised, the wear
resistance is enhanced [17]. Friction coefficients do not always decrease.

Coating failures did not occur, and no substrate exposure was discovered on the wear
tracks of the coated materials, as illustrated in Figures 14 and 15.

The wear volumes and depths of the tested materials of steel H13 and HS6-5-2 steel
are shown in Figures 15 and 16, respectively.
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As shown in Figures 16 and 17, the wear depths of all the coated materials were lower
than the coating thickness. The wear resistance of surface materials is generally related to
the surface hardness, and then to the H/E* and H3/E*2 ratios. The hardness and H/E* and
H3/E*2 ratios of the treated materials were higher than those of the untreated materials, as
shown in Tables 4–6. As a result, for both steel H13 and HS6-5-2, the wear volumes of all
treated materials (PN, only-coated, and duplex-coated) were lower than the steel substrate.
PN materials exhibited 61 percent and 44 percent lower wear volumes for steel H13 and
HS6-5-2, respectively, when compared to untreated materials. Wear volume reductions
ranged from 81 percent to 89 percent for coated steel H13 materials and 66 percent to
80 percent for coated steel HS6-5-2 materials.
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H/E* and H3/E*2 ratios of 0.090 and 0.3302 GPa, respectively, were highest in the 
AlCrBN coating. The AlCrVN coating’s H/E* and H3/E*2 values, which were 0.089 and 

Figure 17. Wear volumes and wear depth of the tested materials of steel HS6-5-2.

The development of nitrided layers reduced plastic deformation caused by the coatings
and raised the H/E* and H3/E*2 ratios of the duplex-coated materials. In all situations,
duplex-coated materials had lower wear volume values by 16% to 31% as compared to
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only-coated materials, according to the results of wear volume measurement. The AlCrBN
coating displayed excellent hardness, low compressive residual stress, good toughness,
and good wear resistance by combining the effects of solid solution hardening, grain size
refinement (Hall–Petch hardening), and development of nanocomposite structure by boron
addition [9,14,15]. The production of V2O5, which can operate as a liquid lubricant and
reduce friction coefficients from 0.6–0.8 to 0.2–0.3 at high temperatures (700 ◦C), was one of
the key benefits of the vanadium addition [11,44]. In fact, for steel H13 and HS6-5-2, the
wear volume of the AlCrVN only-coated material was 24% and 43% higher than that of the
AlCrBN only-coated material, respectively. For steel H13 and HS6-5-2, the PN/AlCrVN
duplex-coated material had a 20 percent and 18 percent higher wear volume than the
PN/AlCrBN duplex-coated material, respectively.

4. Conclusions

The purpose of this investigation was to see how surface roughness, mechanical
characteristics, and friction-wear parameters of H13 and HS6-5-2 steel were affected by a
hybrid treatment that included plasma nitriding and AlCrVN, AlCrBN ceramic coating.
The effects of adding boron and vanadium to the AlCrN coating on mechanical, adhesion
strength, and friction-wear properties were investigated.

The harder layers generated by plasma nitriding significantly increased the adherence
of the AlCrBN and AlCrVN coatings. The AlCrBN coatings had greater adherence than the
AlCrVN coatings.

H/E* and H3/E*2 ratios of 0.090 and 0.3302 GPa, respectively, were highest in the
AlCrBN coating. The AlCrVN coating’s H/E* and H3/E*2 values, which were 0.089 and
0.3155, respectively, were a little lower than the AlCrBN coating’s. The coatings had sub-
stantially higher values than the PN materials. The value of H/E*, H3/E*2 corresponding
to the nitrided layer in steel HS6-5-2 was roughly half and four times that of un-nitrided
material, respectively.

Steels with a hybrid surface treatment consisting of nitriding and AlCrBN or AlCrVN
coatings have considerably better friction-wear qualities than steels with simply coatings
or nitrided layers.

The AlCrBN coating was harder, adhered better, had a lower friction coefficient, and
was more resistant to wear than the AlCrVN coating. The results suggested that adding
boron to the AlCrN system multicomponent coatings increased their mechanical and
friction-wear qualities significantly.
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Abstract: The paper is a project continuation of the examination of the additive-manufactured 316L
steel obtained using different process parameters and subjected to different types of heat treatment.
This work contains a significant part of the research results connected with material analysis after
low-cycle fatigue testing, including fatigue calculations for plastic metals based on the Morrow
equation and fractures analysis. The main aim of this research was to point out the main differences in
material fracture directly after the process and analyze how heat treatment affects material behavior
during low-cycle fatigue testing. The mentioned tests were run under conditions of constant total
strain amplitudes equal to 0.30%, 0.35%, 0.40%, 0.45%, and 0.50%. The conducted research showed
different material behaviors after heat treatment (more similar to conventionally made material) and
a negative influence of precipitation heat treatment of more porous additive manufactured materials
during low-cycle fatigue testing.

Keywords: additive manufacturing; selective laser melting; mechanical properties; fatigue properties;
heat treatment; hot isostatic pressing; 316L austenitic steel

1. Introduction

Additively manufactured (AM) parts are characterized by very distinctive properties, despite the
fact that many different AM technologies where different types of materials are used exist. One of the
most important features of parts obtained using AM is a layered structure of the manufactured parts,
which significantly affects the anisotropy of mechanical properties during comparison of different
building directions [1,2]. This phenomenon is also present in parts processed using laser-powder bed
fusion (L-PBF) technologies. Good mechanical properties, a possibility of obtaining geometrically
complex parts, and a large spectrum of available alloys allow for the dynamic growth of L-PBF
technologies. Use of the AM is seen in aircraft [3,4], automotive [5], armament [6,7], and other solutions
that require lightweight structures [8–11]. The development of new additively manufactured parts that
are characterized by their special application needs to be supplied by a proper amount of knowledge
about AM material properties and their behavior under different loading conditions. This kind of
research project is in the scope of research of many scientific facilities [12–16].
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One of the most common materials available for additive manufacturing is 316L steel, which in
conventional-manufactured form, is dedicated for applications vulnerable to the adverse effects of
chemical and biological factors because of its very good anti-corrosive properties. From a technological
point of view, 316L steel belongs to the hard-to-cut materials group—mostly because of its austenitic
structure. Additionally, the usage of this steel in medical applications often requires very complex
geometry for exact parts. These two factors: applications in a corrosive environment and geometrical
complexity, significantly affects material properties that are changing during operation for some
specified time.

Despite that there are many available research results connected with mechanical properties of
AM parts made of 316L steel, there is still a significant gap in the fatigue properties analysis.

The most significant group of available fatigue test results is connected with high-cycle testing
(mostly Wohler’s charts) [17–20], some works are connected with crack growth analysis of AM
parts [21–23], but the smallest number of available research results concerns low-cycle fatigue properties,
especially with some postprocessing connected with heat treatment or hot isostatic pressing (HIP).

Analysis of the Blinn et al. [24] research work revealed high anisotropy of AM material during
fatigue testing, where test parts were manufactured in three different orientations. In samples
manufactured vertically to the building plate, it was registered a higher defect tolerance on material
damages, which led to higher endurance at lower stress amplitudes.

Mustafa et al. [25] analyzed an AM aluminum alloy, also considering low-fatigue cycle properties,
in which the domination of extensive plastic damage beyond grain boundaries was discovered. Similar
observations were registered by Romano et al. [26], where authors stated that defect size is the principal
cause of variability in the fatigue resistance of the material, even in low cycle fatigue (LCF). Additionally,
the authors obtained results where plasticity played an important role in the determination of the
fatigue resistance of AM parts.

A different approach was suggested by Bressan et al. [27], in which the authors analyzed an
influence of stress-relieving heat treatment on LCF properties of titanium alloys. During their tests,
it was observed early sudden material’s weakening, which was correlated with the formation of cracks
in internal voids.

Based on two previously-mentioned research works [26,27], a significant influence of porosity in
the material volume was stated. It is necessary to understand the reasons for porosity generation in AM
parts [28,29]. It is possible to point to two characteristic parts of the AM material structure—porosity
in the core of the material and near the outline borders. Regarding voids’ presence in the material
volume, an influence of layered structure and connection between fused layers of the material on
mechanical properties was also analyzed. Shifeng et al. [30] determined how molten pool boundaries
present in the material structure after AM processing affect the mechanical properties of manufactured
parts. In the mentioned research, the authors indicated that molten pool boundaries have a significant
impact on:

- microstructural slipping during loading;
- macroscopic plastic behavior;
- properties anisotropy;
- low ductility of SLM-processed parts,

On the other hand, Elangeswaran et al. [31] analyzed an influence of surface roughness on
the fatigue properties, which indicated a high, negative effect of as-built samples (without surface
machining). The main issue was related to unfused powder particles on the samples’ surface, which
were a kind of stress raisers.

Microfractographic analysis of the fracture surfaces of the samples allows for the description of
the cracking mechanisms. Qualitative fractography plays a special role in explaining the cracking
phenomena. It is possible to determine the origin of the crack, the nature of the cracking process. It is
often possible to identify defects in material or manufacturing processes.
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In this respect, fractal fractography works perfectly well, which deals with the complex aspects of
fractures in materials.

Fractal microfractography allows for accurately determining the multidimensional course of the
cracking process and is an indispensable element of product quality control [32,33].

During the literature review, it was difficult to find information about the LCF of 316L stainless steel
processed using selective laser melting technology with additional analysis, including heat treatment
and HIP. Moreover, an LCF analysis mentioned in cited literature included a low portion of microfracture
analysis, which is very helpful to understand the damage mechanism of AM metallic parts.

Based on the authors’ own previous research [14,15,34], it was a natural continuation of material
analysis connected with the LCF of heat-treated and HIPped parts obtained using the selective laser
melting technology (SLM). The main aim of the included research results was to determine the
possibility of a void reduction in material volume and describe how it affects LCF properties.

2. Materials and Methods

2.1. Material

316L steel powder was used for the specimens manufacturing. The material was supplied by
Carpenter Additive Company (Carpenter Additive, Widness, UK). It was gas-atomized in the argon
atmosphere. Powder particles were characterized by a spherical shape in a diameter of 15–63 µm.
Material’s chemical composition is shown in Table 1.

Table 1. 316L steel chemical composition.

C Cu Mn Si O P S N Cr Mo Ni

Weight (%)

0.027 0.02 0.98 0.72 0.02 0.011 0.004 0.09 17.8 2.31 12.8

2.2. Additive Manufacturing Process Description

The shape of the samples (Figure 1) for fatigue testing was determined based on the
recommendations of the ASTM E466 96 standard with considering the dimensions of the building
volume of the AM system. For the research, the SLM 125HL system was used (SLM Solutions AG,
Lubeck, Germany).

Figure 1. ASTM E466 96 samples shape.

Based on our previous research of the AM process [14,15,34], three-parameter groups were
selected, as shown in Table 2. To be consistent with previously published papers—each sample group
was named the same as before (Samples: S_01, S_17, S_30).

The S_01 samples were manufactured using producer’s default settings, S_17 samples were
manufactured with parameters which gave an increased porosity in [14], S_30 samples were
made using almost three times the higher energy density than in default settings and based on
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Di Wang et al.’s research [35] in which the authors reach good material properties with using mentioned
process parameters.

Table 2. Parameter groups used for sample manufacturing.

Parameters Set Laser Power
LP (W)

Exposure
Velocity ev

(mm/s)

Hatching
Distanc

ehd (mm)

Layer
Thickness

(mm)

Energy
Density

ρE (J/mm3)

S_01 190 900 0.12 0.03 58.64
S_17 180 990 0.13 0.03 46.62
S_30 120 300 0.08 0.03 166.67

After SLM-processing, the samples were cut out from the build plate, and a sidewall of each
sample was milled. The sharp edges of the sidewalls after milling were subjected to a roll-burnishing
process to minimize the possibility of stresses arising in that area.

2.3. Heat Treatment

Each sample group was subjected to different heat treatment processes to reach different results,
which allowed obtaining a higher amount of results and knowledge about the material. Hot isostatic
pressing (HIP) was performed on a high-temperature press with furnace Nabertherm VHT 822—GR
(Nabertherm, Lilienthal, Germany). Precipitation heat treatment (PHT) was done using the Nabertherm
P300 furnace (Nabertherm, Lilienthal, Germany). Each heat treatment process is shown in Figure 2.

Figure 2. The course of heat treatment processes.

The HIP process was performed to reduce the volume porosity and remove the layered structure
of the material after the SLM process. Furnace cooling after the HIP process could cause sigma phase
generation in austenitic steel [36]—to avoid this and extend the research range, half of the HIPped
samples were also subjected to PHT with water cooling, which allowed a significant reduction of the
sigma phase formation phenomenon (it generates mostly between 700 and 850 ◦C).

2.4. Low Cycle Fatigue Testing

The scope of fatigue tests of SLM-processed 316L steel included testing of three series of samples
produced with the use of three parameters selected during previous tests: S_01, S_17, and S_30. Samples
subjected to HIP treatment were named as (S_01H and S_17H), samples subjected to precipitation heat
treatment were named as (S_01P, S_17P, and S_30P), samples subjected to both types of heat treatment
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was named as (S_01HP and S_17HP). Samples geometry was made based on the recommendations
of the standards [37–39]. The fatigue properties of the tested samples were determined based on the
characteristic parameters of the hysteresis loops obtained at:

N
N f

= 0.5 (1)

where:

N—current number of cycles;
Nf—number of cycles to failure.

During testing, the material fracture was assumed as the criterion of sample destruction. The value
of the total strain amplitude εac was changed sinusoidally with the strain ratio R = 0.1. Fatigue tests
were performed with the frequency of load changes f = 0.8 Hz. The values of the total strain were
determined based on the previously prepared static tension diagram, shown in [15]. The tests were
carried out at five various levels of total strain amplitude: εac = 0.30%; 0.35%, 0.40%; 0.45% and 0.50%.
For each level, three samples were examined.

Fatigue tests were run on the Instron 8802 servohydraulic testing system and an Instron 2620–603
dynamic extensometer with a gauge length of 25 mm (Instron, Norwood, MA, USA).

2.5. Microscopical Analysis

For the fractography analysis, the fracture surfaces from failed specimens were first cut and
mounted on an observation stage. The fracture surfaces low-cycle damaged samples were analyzed
using the scanning electron microscope (SEM) Jeol JSM-6610 (Jeol, Tokyo, Japan).

3. Results and Discussion

3.1. Low Cycle Fatigue Properties Analysis

There is significant importance in determining the behavior of material exposed to strain-controlled
low-cycle fatigue tests. Mechanisms present in this kind of loading cause local defect formation and
consequently lead to the initiation of fatigue cracking. Fatigue strength testing of the SLM-processed
materials is particularly justified due to the high possibility of structural imperfections occurrence,
most often difficult to avoid without the use of additional postprocessing. A common example of
damage in additive manufactured parts is the occurrence of cracks in the zone of increased porosity
in the material structure. Such defects locally lower the fatigue strength, especially in thin-walled
elements, which are more prone to the formation of porosity due to faster heat dissipation from the
melting zone.

Some sample fractures were characterized by non-normative behavior caused by the samples
buckling registered during hysteresis loops analysis. The scale of this phenomenon was significantly
greater in the case of heat-treated parts. This negative effect was caused by the reduced yield strength
of heat-treated samples. Consequently, such cases were not taken into account when compiling the
test results.

The variations of stress amplitudeσa with the load loops number are shown in Figure 3, respectively,
for each sample group. Additive manufactured samples (S_01, S_17 and S_30) were compared with AM
heat-treated parts (S_01H, S_01P, S_01HP, S_17H, S_17P, S_17HP and S_30). All results were compared
to the conventionally made material (made of cold-rolled metal sheets—described as P_0 samples).

Concerning the additive manufactured and heat-treated samples, the total strain amplitudes
σac, are characterized by significantly smaller changes in the stress amplitude over the entire range
of the number of load cycles N than in the case of non-heat-treated samples. This suggests that the
AM material is less prone to cyclic weakening after heat treatment. The mentioned phenomenon is
most visible in the case of samples S_01H, S_01P, and S_01HP. In these samples, the stage of cyclic
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weakening is transient. Additionally, in the range of 7–25% of Nf value (εac = 0.30, 0.35, 0.40 and 0.45%)
and 85–90% (εac = 0.50%). The further course of the curves proves the material’s cyclical stabilization.
The samples S_01HP and S_17H showed the highest fatigue life.

Research results registered at the lowest value of the total strain amplitude εac = 0.30%, shown total
fatigue life at a level of 60% in comparison with conventionally manufactured 316L steel. The lowest
fatigue life of the tested samples was achieved in samples S_17P (approx. 1550 cycles). It constitutes
16% of the P_0 sample’s fatigue life.

Figure 3. Cont.
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Figure 3. Variation of stress amplitude σa with the number of cycles for additively manufactured (AM),
AM heat-treated parts and conventionally made material.

The similar fatigue life of heat-treated samples is noticeable in the samples tested directly after the
additive manufacturing process. A significant difference was in the share of the cyclical weakening
of the material, which in the case of heat-treated parts is significantly lower than in non-heat-treated
samples. Analyzing Figure 3, it can be seen that achieving the same level of total strain amplitude for
the conventionally made material (P_0) required a lower stress level than additively produced samples.
This effect was due to increased fatigue-durability of conventionally manufactured samples, and at the
same time, those samples did not exhibit greater strength at the same level of strain amplitudes as
compared to AM samples.

As-built samples were characterized by increased stress levels in mid-life hysteresis loops.
This phenomenon was strictly connected with the increased yield strength of as-built samples. In the
case of all series of heat-treated samples, very similar courses of the mid-life hysteresis loops were
observed during the tests carried out at the total strain amplitude of 0.30%. The coordinates of their
peaks indicate the highest stress amplitude values occurrence in the S_30P samples. In the case of
the remaining heat-treated samples, it was difficult to state a generalized regularity. The course and
position of the peaks of the hysteresis loops (shown in Figure 4) obtained were very similar to the loop
of the P_0 reference sample made of conventionally manufactured 316L steel.

To better understand differences between additive manufactured and conventionally made
material, an example of the hysteresis loop for the P_0 samples in εac = 0.3% strain condition for the
peak/valley stressed of characteristic fatigue life cycles was shown in Figure 5. The course of the lower
stress values did not change much, while the upper peaks with the number of cycles significantly
decrease. The no. 1 cycle in the initial phase showed some irregularity, which may have been related
to the compression of the sample in the testing machine holder. This cycle should not be analyzed.
The shape of the hysteresis loops was fully regular during the cycles.
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Figure 4. Mid-life hysteresis loops registered for total strain amplitudes εac = 0.30, 0.35, 0.40, 0.45,
and 0.50%.

Based on Figure 5 observations, it could be stated that the cyclic stress response of investigated
specimens can give a qualitative description of cyclic softening phenomena. Similar observations
under symmetrical strain control (R = −1) were made by H.S. Ho et al. [40], as well as softening and a
fast stabilization presented by S. Romano et al. [26].

The main differences between materials after SLM processing and conventional made are also
visible in Figure 3, where additive manufactured material, without any heat treatment weakened in the
whole in the entire cycle range. At the same time—conventionally made material (and also additively
manufactured after heat treatment) had a visible stabilization at some cycles range. This phenomenon
could be connected with the material condition after additive manufacturing—similar to structure and
properties after welding (visible melting pools in the structure, increased tensile strength, and decreased
elongation at break).

The hysteresis loop surface area is a parameter providing information about material fatigue life
as well as the amount of energy necessary for its destruction. Microlevel strains are irreversible plastic
deformations, which are related to energy dissipation. It is the main factor causing material damage
and the formation of fatigue microcracks. To facilitate measured values of dissipated energy by each
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sample, hysteresis loop areas were calculated using AutoCAD software (version 2020). The calculated
values are shown in the chart (Figure 6). In the case of samples subjected to additional heat treatment,
the greatest differentiation of the mid-life hysteresis loops surface areas was observed during the tests
at the highest value of the total strain amplitude εac = 0.50%.

Figure 5. Hysteresis loops for selected cycles for εac = 0.3% for characteristic cycles during low cycle
fatigue (LCF) testing.

Figure 6. Registered areas of mid-life hysteresis loops (in square units).

The biggest hysteresis loop area, higher by 18.5% than the P_0 samples loop area, was found
during the S_30P samples tests. Other samples tested at εac = 0.50% were characterized by area range
from −8.9% to 1.3% compared to the results obtained for the reference P_0 sample. In the case of the
remaining samples, the observed differences in the hysteresis loop areas differed by 10–12% from the
results obtained for the reference P_0 sample.

Stabilized hysteresis loop analysis allowed to determine the amplitudes of stress and plastic strain.
Stress amplitude versus plastic strain amplitude can be described by the following equation:

logσa = logK′ + n′logεap (2)
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where:

σa—fatigue strength coefficient (MPa);
εap—fatigue ductility coefficient;
K′—cyclic strength coefficient;
n′—cyclic strain hardening exponent.

Calculation results were presented in a chart with a log–log scale in Figure 7.
As it is depicted in Figure 7, almost all AM samples are characterized by higher cyclic stress

response at a given strain level, except S_17P samples. The phenomenon of the increased value of this
parameter is connected with a higher yield strength of as-built AM parts [15]. Registered higher values
of cyclic stress response in AM parts are connected with the LCF testing characteristic, where the strain
level was a constant value during the test. Significantly increased yield strength of AM samples gave
an increase in cyclic stress response during LCF testing. Heat treatment of AM parts decreased cyclic
stress response and made it similar to conventionally made material, and it S_17P this value is even
smaller than in conventionally made samples. This phenomenon could be connected with an increased
value of porosity in those samples after precipitation heat treatment. Further analysis of S_17P samples’
fatigue behavior was taken into account in microfractures analysis.

Figure 7. Cont.

66



Materials 2020, 13, 5737

Figure 7. Stress amplitude versus plastic strain amplitude of as-built, heat-treated AM parts compared
to conventionally made material stabilized hysteresis loops in log–log coordinates.

Equation (2) for each sample’s group has the following form:

logσa S01 = log754.4 + 0.101log
(
εap
)
;

logσa S01H = log459.0 + 0.06log
(
εap
)
;

logσa S01P = log410.8 + 0.05log
(
εap
)
;

logσa S01HP = log602.0 + 0.11log
(
εap
)
;

logσa S17 = log631.7 + 0.09log
(
εap
)
;

logσa S17H = log631.7 + 0.09log
(
εap
)
;

logσa S17HP = log427.9 + 0.07log
(
εap
)
;

logσa S17P = log410.8 + 0.05log
(
εap
)
;

logσa S30 = log562.1 + 0.07log
(
εap
)
;

logσa S30P = log511.9 + 0.07log
(
εap
)
;

logσa P0 = log656.5 + 0.14log
(
εap
)

Based on the recorded data, further fatigue analysis was followed on the Morrow equation:

εac = εae + εap =
σ′f
E

(
2N f
)b
+ ε′ f

(
2N f
)c

(3)

where:

εac—total strain amplitude;
εae—elastic strain amplitude; εap—plastic strain amplitude;
E—Young’s modulus;
σ′f—fatigue strength coefficient;
ε′f —fatigue ductility coefficient;
b—fatigue strength exponent;
c—fatigue ductility exponent.
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Obtained results (Figure 8) allow stating that heat-treated additive manufactured 316L steel had
a significant share of the plastic component during the destruction process; however, in the case of
most samples, this share was significantly lower than in the case of non-heat-treated samples. It was
particularly visible in the graphs concerning the samples S_17H (Figure 8f), S_17P (Figure 8g) and
S_17HP (Figure 8h), where the angles between the lines corresponding to the amplitude of the plastic
component εap and the amplitude of the elastic component εae were much smaller than in the case of
the as-built sample S_17 (Figure 8e).

Figure 8. Cont.
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Figure 8. Number of half-cycle reversals vs. strain amplitude in log–log coordinates for as-built samples,
heat-treated and conventionally made material ((a)—S_01, (b)—S_01H, (c)—S_01HP, (d)—S_01P,
(e)—S_17, (f)—S_17H, (g)—S_17HP, (h)—S_17P, (i)—S_30, (j)—S_30P, (k)—P_0).

Conventionally produced 316L steel (P_0 samples) was characterized by the lowest share of the
plastic component in total deformation of tested samples in comparison to additively manufactured
parts (Figure 8k).

3.2. Fatigue Fractures Analysis

To better understand material fatigue behavior after a different type of treatment– microstructures
from the author’s previous research [15] of samples in each condition (as-built, before and after heat
treatment) are shown in Figure 9.

Figure 9. Cont.
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Figure 9. The microstructure of S_01, S_17 and S_30 samples heat-treated using different processes and
their combinations [15].

Fractographic observations were made for all parameter groups (S_01, S_17, and S_30) and
all heat-treated combinations of samples with additional analysis of conventionally made material.
Fracture images of samples tested under two conditions: εac = 0.30% and εac = 0.50% are shown,
respectively. The column “a” shows the entire fracture area and the crack propagation direction,
marked using white arrows. In column “b”, there are selected areas of the enlarged fractures.

Based on the fracture’s observations (Figure 10), additively manufactured parts before and after
heat treatment were characterized by plastic fractures with fatigue striations, as well as conventionally
made P_0 samples. It is worth emphasizing that the morphology of the fracture surfaces of S_01H,
S_17H, S_01HP, and S_17HP (all after heat treatment) samples was less complex, which also applied
to the reference sample P_0. HIP and precipitation heat-treatment after the previous HIP eliminated
the layered structure of additively manufactured parts, which significantly reduced the occurrence of
multiplanar cracking. A noticeably greater number of multiplanar cracking was visible in samples
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subjected to precipitation heat treatment (S_01P, S_17P, S_30P). The significantly different cracking
character of those samples may be related to the share of voids in the material structure. Fatigue fractures
of the S_17P samples were characterized by a high number of voids and unmelted grains compared to
other samples subjected to precipitation heat treatment (S_01P and S_30P). This phenomenon was
strictly connected with the high initial porosity of as-built S_17 samples.

The observed structural heterogeneity was caused by the presence of random various voids sizes
and share of unmelted grains, which have significantly different properties after heat treatment in
comparison to the remaining volume of the material. This phenomenon affects the occurrence of local
concentrations of residual stresses in the material structure. Mentioned imperfections significantly
affect the development of microcracks inside the material in many parallel planes. Additionally,
in S_17P samples, there were registered areas of cracks connection which cause occurring of the local
breakage cracks. A significant increase in the share of voids in the S_17P samples completely changed
the nature of fatigue cracking of this material. Most of the cracking sources occurred inside the material
volume, especially at the most complex geometry of a specific void.

Figure 10. Cont.
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Figure 10. Cont.

72



Materials 2020, 13, 5737

Figure 10. Fractures of low-cycle tested samples ((a)—macrostructure image, (b)—microfracture with
visible fatigue striations).

4. Conclusions

The performed research of low cycle fatigue of SLM-processed and heat-treated parts allowed
drawing the following conclusions:

1. Fatigue life charts created based on the Morrow equation exposed that the strain courses of
additively manufactured parts were characterized by a significant share of the plastic component
in the process of sample fractures above εac = 0.45%;

2. Conventionally made 316L steel (P0) required a lower stress level than additively produced
samples, caused by the greater ductility of the conventionally produced material in comparison
to AM samples;

3. Microfractures analysis showed that the additively manufactured samples were characterized by
a more complex morphology than conventionally produced parts. The observed layered structure
of as-built samples affected the occurrence of microcracks and multiplanar cracking;

4. Additively manufactured material, without any heat treatment, weakened throughout the
entire load cycle range. At the same time—conventionally made material (and also additively
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manufactured after heat treatment) were characterized by a visible stabilization at some
cycles range;

5. The values of stress amplitude σa versus the number of load reversals showed much smaller
changes of stress amplitude in the entire range of load cycle number N than in the case of
non-heat-treated samples (less tendency to weakening of the material). In samples S_01H, S_01P,
and S_01HP, the cyclic weakening stage is transient;

6. The obtained strain courses of additively manufactured parts, including samples subjected to
additional heat treatment, indicated a significant share of a plastic component in the process of
sample fractures.
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Abstract: This paper is devoted to the possibilities of the utilization of chosen chemical heat treatment
technologies on steels used for manufacturing highly stressed components of military vehicles and
weapons systems. The technologies chosen for this research are plasma ferritic nitrocarburizing
and ferritic nitrocarburizing in a gaseous atmosphere. These technologies were applied on a steel
equivalent 1.5752 (i.e., CSN 41 6426), which is suitable for carburizing. Chemical composition of
the steel was verified by optical emission spectrometry. An observation of a microstructure and
an assessment of the parameters of obtained white layers were performed by optical microscopy.
Morphology and porosity of the surface were observed by electron microscopy. The depth of diffu-
sion layers was evaluated in accordance with ISO 18203:2016(E) from the results of microhardness
measurements. A friction coefficient was obtained as a result of measurements in accordance with a
linearly reciprocating ball-on-flat sliding wear method. Wear resistance was assessed by employing
the scratch test method and a profilometry. The profilometry was also utilized for surface roughness
assessment. It was proved that both tested chemical heat treatment technologies are suitable for
surface treatment of the selected steel. Both technologies, ferritic nitrocarburizing in plasma and a
gaseous atmosphere, are beneficial for the improvement of surface properties and could lead to a
suppression of geometrical deformation in comparison with frequently utilized carburizing. More-
over, the paper presents a procedure that creates a white layer-less ferritic nitrocarburized surface
by utilizing an appropriate modification of chemical heat treatment parameters, thus subsequent
machining is no longer required.

Keywords: chemical heat treatment; ferritic nitrocarburizing; friction coefficient; wear resistance;
microhardness profile; depth of diffusion layer; white layer thickness; case-hardening steel

1. Introduction

The goal of the paper is to clarify the possibilities of modifying the surface properties
of highly stressed components of military vehicles and weapons systems. In the case of
these components, including gears, camshafts, pins of crankshafts, connecting rods, parts
of weapon systems, etc., high resistivity of the surface against abrasion and corrosion is
required. These components are also exposed to combined mechanical stress. Due to these
facts, the high hardness and corrosion resistance of the surface is required contrary to the
core, which must stay tough enough to provide banding and impact resistance [1]. The
requirement of mutually exclusive properties like hardness and toughness is a motivation
for utilizing surface heat and chemical heat treatments, coating, or bimetal cladding, which
allows for a combination of mentioned properties simultaneously [2–4]. The product of
these technologies is a surface with properties which differ from an original structure [5].
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Surface heat treatments and chemical heat treatments are utilized most often in manu-
facturing of the mentioned exposed parts. These technologies include surface hardening,
carburizing, carbonitriding, nitriding, ferritic nitrocarburizing, boriding, etc. [6–8]. Despite
the many disadvantages of carburizing, this technology is utilized very frequently. Carbur-
izing is based on a carbon diffusion from the atmosphere, composed of a solid (charcoal
powder), liquid, or gaseous medium saturated by carbon, into the surface of a steel. A
gaseous atmosphere is used the most often. The disadvantage of carburizing is a high
temperature between 800–1000 ◦C, with the need for subsequent hardening of carburized
products [9]. Cracks and geometrical deformations may occur due to the severe decrease in
temperature when hardening. The low accuracy of product geometry after carburizing, re-
quired for subsequent grinding, is a motivation to find an alternative technology [10]. This
paper is devoted to the possibilities of utilizing one such substitutional technology under
consideration, namely ferritic nitrocarburizing [11,12]. Contrary to carburizing, the main
advantage of ferritic nitrocarburizing is the lower temperature of exposition, generally
between 537–600 ◦C [5]. In the field of thermochemical diffusion techniques, only nitrocar-
burizing, as well as nitriding, does not require quenching as a subsequent procedure. It
results in higher dimension precision without the need for subsequent machining.

2. Materials and Methods

One type of steel, carefully selected by an analysis of materials used in the man-
ufacturing of mentioned parts, was investigated by chemical composition verification,
microstructure and surface morphology observation, microhardness measurement, friction
coefficient measurement and wear resistance assessment.

2.1. Materials

According to an analysis of materials used for manufacturing highly stressed compo-
nents of military vehicles and weapons systems, the steel equivalent 1.5752 (i.e., CSN 41
6426), which is utilized for the manufacturing of mechanical gears, crankshafts, connecting
rods, etc., is suitable for carburizing and was therefore selected.

2.2. Chemical Composition

The conformity of the chemical composition of the steel was verified by using the
advanced CCD optical emission spectrometer Tasman Q4 (Bruker, Billerica, MA, USA),
utilizing the Fe110 method. Results are obtained as an average value of five measurements.

2.3. Specimen Preparation

Four disk-shaped specimens were cut off from the steel rod in its normalized state.
Heat treatment was performed subsequently. Heat-treated steel was determined as an
initial state for further chemical heat treatment processes. All specimens were heat-treated
in accordance with the parameters shown in Table 1.

Table 1. Parameters of heat treatment.

Parameter Hardening Tempering

Temperature (◦C) 870 600
Time (min) 20 60

Medium Water Water

Datasheets of the selected case-hardening steel primarily contain parameters of a
heat treatment which follows carburizing. Thus, in this case where the carburizing was
not performed, the heat-treatment parameters appropriate for commonly utilized low-
carbon alloyed steels were chosen in accordance with the literature and experiences of
the department.
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The heat treatment was followed by grinding and finished by using sandpaper F-1000
according to FEPA. Three of the specimens prepared in this manner were subsequently
chemical heat treated.

The first specimen, later used as a reference, was left in a heat-treated state. The
second specimen was ferritic nitrocarburized by employing a gaseous atmosphere in a
NITREX appliance. The ferritic nitrocarburizing chamber was tempered to 530 ◦C and the
exposure time was set to 6 h. The third specimen was plasma ferritic nitrocarburized. The
temperature and process duration were the same as in the previous case.

A cross section of each specimen was cut off by a metallographic saw and molded
into thermoplastic powder. Preparation of specimens’ surfaces was completed by grinding
and polishing. Polishing was performed by using a velvet and diamond paste with grains
of size 0.5 µm.

After a performance of all experimental measurements described in the following
text, based on the results, the fourth specimen obtained by plasma ferritic nitrocarburizing,
with the same atmospheric parameters but a shortened process duration, was treated and
subsequently subjected to the experimental measurements.

2.4. Microstructure

First, a microstructure of the specimen in its heat-treated state was observed by using
an Olympus DSX500i optical microscope (Olympus, Tokyo, Japan). Due to the reason of
migration of carbon and nitrogen into the specimen´s surface, and due to the creation of
a specific surface layer during the ferritic nitrocarburizing process, an area influenced by
chemical heat treatment was also observed when using the microscope.

A nitride layer composed of three sublayers is formed during ferritic nitrocarburizing.
The creation of such a layer is also typical for nitriding. On the top of the surface, the first
sublayer, called the compound or white layer, composed of nitrides and carbonitrides of
iron, is mostly created. The second sublayer, a diffusion layer, is formed by a dispersion
of carbides, nitrides, and carbonitrides of iron and alloying elements. The last sublayer
is known as a transition area, which is situated between the diffusion layer and the core
microstructure [13–15].

The process of ferritic nitrocarburizing is always accompanied by the formation of
the white layer as a part of the nitride layer. After supersaturation of this sublayer by
carbon and nitrogen, defined interstitial elements diffuse further into the surface [13].
Although the white layer provides protection against corrosion and wear, and improves
initial sliding properties after assembly, in some conditions it can negatively affect surface
properties [9]. Porosity of the white layer is the most unfavorable factor. Pores decrease
corrosion resistance and primarily increase the brittleness of the white layer created on
the top of the surface. It may cause the initiation of cracks due to mechanical stress [16].
The porosity of the surface of the chemically heat treated specimens was observed by
the TESCAN MIRA 4th generation scanning electron microscope, with a magnification
of 10,000×.

2.5. Microhardness Measurement

The depth of the diffusion layer was measured in agreement with ISO 18203:2016(E) [17].
NHD (nitriding hardness depth) was evaluated by using microhardness profiles obtained
as the result of microhardness measurements conducted by automated microhardness tester
LM247 AT LECO (Leco Corporation, St. Joseph, MI, USA). Microhardness profiles were
measured on cross sections of specimens. The pattern of impressions was 0.8 mm long. The
first impression was performed at a distance of 20 µm from the surface. The step of following
impressions was set to 10 µm. The load of the Vickers indenter was 100 g. The resulting
microhardness profiles were established from mean values of three measurements of the
microhardness profiles, which were performed on each specimen. The depth of the diffusion
layer was determined as distance from the surface, where the microhardness of the material´s
core increased by 50 HV was measured [17]. Microhardness of the core was determined as a
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mean value from three impressions, measured at a sufficient distance from a surface, rounded
to the nearest multiple of 10 HV [17].

2.6. Surface Roughness Measurement

Roughness is deviation from the ideal shape of the surface. Besides machining pro-
cesses, a chemical heat treatment also plays a role in modifying the surface microgeome-
try [18]. During application of selected chemical heat treatments, the surface is subjected
to high-temperature-enhanced diffusion of elements already present in the material, as
well as elements gathered from the surrounding atmosphere which condensate on the
surface. In plasma applications, sputtering also affects the surface microgeometry [18].
Due to that fact, surface roughness is also involved in producing values of the friction
coefficient. The measurement of roughness profile parameters, i.e., Ra, Rq, Rt, Rz and RSm
performed on the profilometer Talysurf CLI1000 (Taylor Hobson Ltd, Leicester, England)
by utilizing the contact method was also included in the experimental method. According
to ISO 4288, the first measurement, expecting the roughest profile, was performed to obtain
values of the Ra and Rz parameters. Those were subsequently utilized for the selection of
lr, roughness sampling length (also known as cut-off), and ln, roughness evaluation length,
as parameters for further measurements [19]. Values of the roughness profile parameters
were finally determined as average values from ten profiles of each measurement.

2.7. Measurement of Coefficient of Friction

The friction coefficient, defined as a ratio of friction force and a normal force by
which an indenter is loaded, is a parameter which describes the efficiency of a contact
movement [12]. Thus, the friction coefficient measurement performed according to the
ball-on-flat method, described by the standard ASTM G133-05, was incorporated into
the experimental method [20]. The method utilizes ongoing monitoring of parameters,
such as normal and friction forces, friction coefficient, acoustic emission, etc., during the
measurement, while the indenter moves linearly reciprocally along the specimen surface
where the tribological wear track is formed. The Bruker UMT-3 TriboLab instrument
(Bruker, Billerica, MA, USA), corresponding with conditions defined by the standard
ASTM G133-05, was utilized for the measurement.

The main parameter of such a performed measurement is the friction coefficient, which
is plotted to the graph dependent on time. Due to an uneven reciprocating motion of the
indenter, obtained data have a square waves profile and hence average values are obtained
by subsequent software filtering [21]. Generally, it is possible to distinguish running-in
and steady-state wear from the graphs. During the running-in phase the contact surfaces
adapt and polish each other [22]. An uneven friction coefficient value is recorded during
this phase. When the value stabilize itself, the steady-state wear phase is reached. This
period typically takes a long time and in most cases the measurement ends in this phase.

2.8. Wear Resistance Assessment

A lower friction coefficient does not always mean better wear resistance. The opposite
has already been described, and ferritic nitrocarburized as well as nitrided surfaces are
not an exception [23]. For this reason, subsequent measurements were performed on the
same instrument by utilizing the scratch test method described in the ASTM G171-03 and
ASTM G1624-05 standards [24,25]. The method utilizes Rockwell´s HRC indenter instead
of ball-on-flat which was used in the previous case. During each measurement, solely
one linear scratch of a predetermined length is performed on the specimen surface. Two
modifications of the load of the indenter, such as constant and linearly increasing load, are
allowed by the standards. The first measurement was performed with a linearly increasing
load in a range from 0 N to 50 N. During the measurement, at a certain distance from
an initial point of the measurement some failures of the surface occur. According to the
ASTM G1624-05, the first ruptures which occur in the scratch are marked as location LC1,
which characterize a normal force causing cohesive failures in the white layer. A location
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where the failures lead to spalling of the white layer is marked LC2. According to the result
of the first measurement, three values (15 N, 20 N and 35 N) were selected for further
measurements performed by an indenter with constant load.

3. Results

The beneficial influence of selected ferritic nitrocarburizing on surface properties
of steel equivalent 1.5752 (i.e., CSN 41 6426) was experimentally assessed according to
chemical composition, microstructure, microhardness, thickness and porousness of the
white layer, kinetic friction coefficient, surface roughness and wear resistance.

3.1. Chemical Composition

Results of the measurement of chemical composition and the limits of the content of
chemical elements mentioned in a datasheet of the steel are listed in Table 2.

Table 2. Chemical composition of steel equivalent 1.5752 (i.e., CSN 41 6426); instrument: Tasman Q4
Bruker (wt.%).

C Mn Si Cr Ni P S

OES/Bulk
0.12 0.49 0.33 0.76 3.20 0.020 0.006

Datasheet
0.10–0.17 0.30–0.60 0.17–0.37 0.60–0.90 2.70–3.20 <0.035 <0.035

The results of the measurement concur with the values listed in the material datasheet
of steel equivalent 1.5752 (i.e., CSN 41 6426). Chemical composition has an influence not
only on properties of the core of the material but also on the properties of surface layers
obtained by chemical heat treatment. According to the literature [9,26], knowledge of the
content of elements allows us to predict properties of the resulting layers.

In the case of steel equivalent 1.5752 (i.e., CSN 41 6426), a low content of carbon
predetermines the steel for chemical heat treatment, such as carburizing and ferritic ni-
trocarburizing. By these processes, an increase in the content of interstitial elements, like
carbon and nitrogen, in a surface layer is supported. Higher content of carbon and nitrogen
in cooperation with alloying elements such as chromium, vanadium and molybdenum
leads to the precipitation of particularly hard carbides and nitrides during the diffusion
process in the surface layer [26]. Therefore, it can be assumed that the content of chromium
in steels may cause an increase in the microhardness of the surface layer after nitrocarbur-
izing. From the measurement, it follows that the steel contains a relatively high amount
of nickel. This substitutional element negatively influences the creation of carbides and
nitrides as well as the diffusion of carbon and nitrogen into the material [26]. The depth
of the nitride layer also depends on the concentration of nitrogen [27]. By utilizing the
concentration of nickel, about 3.2 wt.%, it is possible to predict the decrease in the depth of
the nitride layer.

3.2. Microstructure

The microstructure of heat-treated steel, etched by 2% NITAL, which was observed
on a cross-sectional specimen by an Olympus DSX500i, is shown in Figure 1. The ob-
served microstructure corresponds with the parameters of the heat treatment applied to
the specimens.
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Figure 1. Microstructure of heat-treated specimen. Magnification, 500×.

Chemically heat treated areas obtained by ferritic nitrocarburizing which were ob-
served on the cross-sections of the specimens are shown in Figures 2 and 3. On the left
side of Figure 2, the white layer obtained by 6 h of gaseous ferritic nitrocarburizing is
shown. The thickness of the white layer oscillates around 21 µm. The porosity of the white
layer extends to approximately half of its thickness. The porous part of the white layer is
predominantly formed by condensation of particles from the gaseous atmosphere [28]. Due
to its properties, mentioned in Section 2.4, it is suitable to remove this porous part of the
white layer. This recommendation is unique and dependent on the manner of utilization.
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The white layer of the specimen after plasma ferritic nitrocarburizing is shown on the
right side of Figure 2. The white layer obtained by plasma ferritic nitrocarburizing is about
three times thinner and almost pore-less in comparison with the previous case. Although
properties of the white layer obtained after 6 h are better in this case, the paper aims to
achieve a white layer-less surface to reduce the possible need of subsequent machining.
Therefore, the process of plasma ferritic nitrocarburizing, applied subsequently to the
fourth specimen, was shortened to a period of 4 h. An obtained white layer of this nature
is visible in Figure 3.

As is shown in the Figure 3, by reducing the process duration a significant narrowing
of the white-layer thickness was achieved. Thus, subsequent machining of the surface is
no longer necessary. The statements of the previous paragraphs are further supported by
pictures of the surface’s morphology shown in Figure 4, obtained by a TESCAN MIRA 4th
generation scanning electron microscope with a magnification of 10,000×.

Materials 2021, 14, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. White layer after 4 h of gaseous ferritic nitrocarburizing. Magnification, 2000×. 

The white layer of the specimen after plasma ferritic nitrocarburizing is shown on the 
right side of Figure 2. The white layer obtained by plasma ferritic nitrocarburizing is about 
three times thinner and almost pore-less in comparison with the previous case. Although 
properties of the white layer obtained after 6 h are better in this case, the paper aims to 
achieve a white layer-less surface to reduce the possible need of subsequent machining. 
Therefore, the process of plasma ferritic nitrocarburizing, applied subsequently to the 
fourth specimen, was shortened to a period of 4 h. An obtained white layer of this nature 
is visible in Figure 3. 

As is shown in the Figure 3, by reducing the process duration a significant narrowing 
of the white-layer thickness was achieved. Thus, subsequent machining of the surface is 
no longer necessary. The statements of the previous paragraphs are further supported by 
pictures of the surface’s morphology shown in Figure 4, obtained by a TESCAN MIRA 
4th generation scanning electron microscope with a magnification of 10,000×. 

  
(a) (b) 

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

 

  
(c) (d) 

Figure 4. Surface morphology of specimens. (a) Heat-treated; (b) after 6 h of gaseous FNC; (c) after 6 h of plasma FNC; 
and (d) after 4 h of plasma FNC. Magnification, 10,000×. 

The surface morphology of the plasma ferritic nitrocarburized specimens is more ho-
mogenous, with lower porosity in comparison with those nitrocarburized in the gaseous 
atmosphere. This finding is in accordance with statements published in [28]. 

3.3. Microhardness 
As was mentioned in Section 2.5, the measurement of microhardness was utilized for 

an evaluation of the depth of the diffusion layers. Microhardness profiles composed with 
appropriate microstructures in the background are shown in Figures 5 and 6. 

  
(a) (b) 

Figure 5. Profiles of microhardness. (a) Six hours of gaseous ferritic nitrocarburizing and (b) 6 h of plasma ferritic nitro-
carburizing. Magnification of microstructure, 500×. 

 
Figure 6. Microhardness profile of layer obtained by 4 h of plasma ferritic nitrocarburizing. Magni-
fication of microstructure, 500×. 

Figure 4. Surface morphology of specimens. (a) Heat-treated; (b) after 6 h of gaseous FNC; (c) after 6 h of plasma FNC; and
(d) after 4 h of plasma FNC. Magnification, 10,000×.

The surface morphology of the plasma ferritic nitrocarburized specimens is more
homogenous, with lower porosity in comparison with those nitrocarburized in the gaseous
atmosphere. This finding is in accordance with statements published in [28].

3.3. Microhardness

As was mentioned in Section 2.5, the measurement of microhardness was utilized for
an evaluation of the depth of the diffusion layers. Microhardness profiles composed with
appropriate microstructures in the background are shown in Figures 5 and 6.
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Microhardness of the core as 270 HV 0.1 was determined; therefore, the limit value
of microhardness was equal to 320 HV. As is shown in Figure 5, the depth of the surface
layer, obtained by 6 h of gaseous ferritic nitrocarburizing, was determined as NHD 320 HV
0.1 = 490 µm. In the case of 6 h of plasma ferritic nitrocarburizing, the depth of the layer
achieved NHD 320 HV 0.1 = 370 µm. While differences in maximum values of micro-
hardness are barely visible, a significant decrease of the NHD in cases of plasma ferritic
nitrocarburizing in comparison with the process utilizing gaseous atmosphere was found.
This phenomenon could be attributed to the different character of both processes [11]. As is
visible in Figure 6, the phenomenon is enhanced with a shortening of the process duration.

Whereas the maximum values of microhardness were preserved in range of 550–600 HV
in all cases of chosen chemical heat treatment processes, 4-hour plasma ferritic nitrocarburizing
provided lower case depth, i.e., NHD 320 HV 0.1 = 230 µm in comparison with 6-h variants.

3.4. Coefficient of Friction and Surface Roughness Measurement

The friction coefficient measurement was performed subsequently. The mea-
surement parameters were set as follows: normal force = 10 N, duration = 1000 s,
frequency = 5 Hz, stroke length = 10 mm, temperature = 23 ◦C, diameter of tungsten
carbide ball indenter = 6.35 mm and dry friction. The results of all measurements are
plotted together into the graph listed in Figure 7.
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The Figure 7 implies that application of all selected chemical heat treatment processes
caused a significant deterioration of surface friction coefficient in comparison with a solely
heat-treated surface. To have a better chance of describing the phenomenon, the friction
coefficient measurement was accompanied by the measurement of the roughness profile
parameters listed in Table 3.

Table 3. The values of roughness profile parameters of surfaces subjected to the selected chemical heat treatments.

Parameter Ground Surface Gaseous Ferritic
Nitrocarburizing; 6 h

Plasma Ferritic
Nitrocarburizing; 6 h

Plasma Ferritic
Nitrocarburizing; 4 h

Ra (µm) 0.0705 0.2200 0.1020 0.0671
Rq (µm) 0.1110 0.2770 0.1430 0.1090
Rt (µm) 1.4300 1.9600 1.6200 1.5300
Rz (µm) 1.3400 1.7600 1.4600 1.3900

RSm (mm) 0.0130 0.0207 0.0161 0.0146

Note: measurement parameters were selected as follows: lr = 0.8 mm, ln = 4 mm.

By combining the information mentioned previously, it is possible to state that an
increase in the surface microhardness made the surfaces slide by the indenter less easily
due to a decrease in the surface formability and also the presence of hard C- and N-based
debris in the wear track. The values of the friction coefficient in steady-state wear phase
are sorted by order of the values of roughness profile parameters. Thus, the dependance
of friction coefficient on surface roughness was confirmed. In the case of the friction
coefficient of the gaseous ferritic nitrocarburized surface, the unevenness lasting for a
period of almost 500 s could be caused by a warping of the porous part of the white layer
during the measurement.

3.5. Wear Resistance Assessment

All specimens were subjected to three scratch test measurements at three different
constant loads, i.e., 15 N, 20 N and 35 N. Images of such obtained tracks taken by an
Olympus DSX500i opto-digital microscope are visible in Figure 8.
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In the case of the heat-treated specimen, similar cohesive failures occurred inde-
pendently of the load. It could be caused by a higher plasticity of a softer surface in
comparison with chemically heat-treated specimens. Due to a lower resistance of the
heat-treated surface to being penetrated by the indenter, with increased load much wider
tracks were obtained.

In both cases of plasma ferritic nitrocarburizing minor cohesive failures under load
20 N as well as at 35 N were visible. Although, in the case of shortened plasma ferritic
nitrocarburizing an observable increase of track width occurred, but in neither case did
spalling of the white layer appear.

Whereas significant cohesive failures were only visible at load 35 N in the case of
gaseous ferritic nitrocarburizing, unexpected spalling of the white layer in an area of the
track´s edge already occurred at 15 N. The phenomenon was documented by scanning
electron microscopy and is visible in Figure 9.
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From each scratch wear track, three cross-sectional profiles by a Talysurf CLI1000
profilometer were subsequently taken utilizing the contact method. Parameters of the
cross-sectional profiles, such as track width, maximum depth and area of the profile were
collected in Table 4 and subsequently utilized for the assessment of surface wear resistance.

Table 4. Values of cross-sectional profile parameters.

Parameter Load Heat Treated Gaseous FNC Plasma FNC; 6 h Plasma FNC; 4 h

Width (µm)
15 N 81.67 80.50 62.70 63.80
20 N 93.50 82.83 70.17 74.77
35 N 123.00 95.73 83.80 91.60

Depth (µm)
15 N 2.62 1.15 0.64 0.87
20 N 3.77 1.43 1.01 1.12
35 N 8.43 2.62 2.11 2.84

Area (µm2)
15 N 156.67 58.23 22.43 30.67
20 N 256.33 82.13 42.77 54.37
35 N 765.33 186.00 132.67 186.33

The results listed above imply that the application of the selected chemical heat
treatments caused a significant decrease in track dimensions. Based on this fact, it could be
stated that surface wear resistance was influenced beneficially by the application of the
mentioned treatments. From this point of view, the best results were reached in the case
of 6-hour plasma ferritic nitrocarburization. The impact of the shortened plasma process
on the wear resistance seems to also be positive, and in many cases comparable values
of scratch dimensions with ferritic nitrocarburizing performed in a gaseous atmosphere
were measured.

4. Discussion

The possibility of utilizing selected ferritic nitrocarburizing technologies as a substitu-
tional technology for chemical-heat treatment of case-hardening steel equivalent 1.5752 (i.e.,
CSN 41 6426), instead of carburizing, was tested. The low content of carbon (0.12 wt.%)
predetermine the steel not only for carburizing but also for all surface treatments based on
saturation of the surface microstructure by interstitial elements soluble in the ferritic or
austenitic lattice. Such chemical heat treatments also include low-temperature treatments,
such as nitriding or ferritic nitrocarburizing, which was tested in this paper.
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Both technologies, ferritic nitrocarburizing in gaseous atmosphere and ferritic nitrocar-
burizing in plasma, were applied on the material in a heat-treated state. At first, a 6-hour
process duration was selected for both technologies. In both cases, the microstructure in
an area near the surface was affected and the layer composed of the white and diffusion
layer was observed. Different characteristics of the technologies also caused significant
differences in the nitrocarburized layers, especially in the white layers. Whereas in the
case of plasma ferritic nitrocarburizing a pore-less white layer was observed with a 6 µm
thickness, in the case of gaseous ferritic nitrocarburizing pores appeared in the outer half of
its 20 µm thick white layer. The observed differences influenced the choice of a treatment
technology of shortened duration for application on the last specimen. Four-hour plasma
ferritic nitrocarburizing, subsequently selected to obtain a white layer-less surface, led to
the creation of a solely 1 µm thick white layer.

The surface morphology was subsequently assessed by scanning electron microscopy.
In the case of gaseous ferritic nitrocarburizing, a highly porous surface was observed.
Existence of the porosity in the surface is a consequence of condensation of particles from
the gaseous atmosphere, and thus is a consequence of the treatment technology. Therefore,
the finding resulting from the observation of the white layer cross section was supported. In
the case of plasma-utilizing technology the surface seemed to be smooth, almost pore-less
and less rough in comparison with the ground surface of the solely heat-treated specimen.
This phenomenon, that was even more visible in the case of shortened plasma ferritic
nitrocarburizing, is possible to attribute to the character of the process. During plasma
ferritic nitrocarburizing, ionized particles in the nitrocarburizing atmosphere accelerate
and bombard the surface. Some surface particles are ejected from the surface under the
bombardment, smoothening the surface during the process.

The microhardness measurements showed that a significant increase of the micro-
hardness with maximum values in a range from 550 HV 0.1 to 600 HV 0.1 by all selected
ferritic nitrocarburizing technologies was achieved. It could be attributed to an ability of
chromium, also contained in the steel as 0.76 wt.% of it, to create hard and stable nitrides
and carbides during the chemical heat treatment processes. By utilizing the microhard-
ness profiles the nitriding hardness depth was determined. The deepest case of NHD,
320 HV 0.1 = 490 µm, was obtained in the gaseous atmosphere. Although in cases of the
plasma technology the maximum values of the microhardness were similar, exponentially
decreasing microhardness when approaching the core caused a narrowing of the diffusion
layer in comparison with ferritic nitrocarburizing in the gaseous atmosphere, where the
microhardness decreased linearly. Hence, the ferritic nitrocarburizing potential of the
gaseous atmosphere seems to be a little greater in comparison with the selected plasma
ferritic nitrocarburizing. The lowest NHD 320 HV 0.1 = 230 µm was found in the case of the
shortened process of plasma ferritic nitrocarburizing. Thus, the assumption relating to the
interstitial element diffusion retardation, caused by the great amount of nickel (3.2 wt.%)
contained in the steel was confirmed, and in connection with the short process duration
led to the creation of the shallow nitrocarburized layer.

In all cases of ferritic nitrocarburizing, a significant increase of the friction coefficient
was visible. The graph of the kinetic friction coefficient reflects an increase in the surface
microhardness as well as the surface roughness, which both contribute to the surface
friction coefficient modification. The lowest values of the roughness profile parameters
were measured on the shortened plasma ferritic nitrocarburized surface. The friction
coefficient measured on the same surface, the lowest of the chemically heat-treated surfaces,
could be affected solely by the low roughness of the surface. Contrarily, the highest
friction coefficient appeared in the case of gaseous ferritic nitrocarburizing, where the
highest values of roughness profile parameters were also found. It also complies with the
observed surface morphology. Whereas in both cases of plasma ferritic nitrocarburizing
smooth and fluent friction coefficient graphs were obtained, in the case of gaseous ferritic
nitrocarburizing a significant fluctuation of the friction coefficient values during the first
500 s was visible. It could be caused by a warping of the porous part of the white layer.
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The figures and the cross-sectional profiles of the scratches, obtained by the scratch
test measurement at three different loads, 15 N, 20 N and 35 N, were utilized for the wear re-
sistance assessment. The observation and measurements showed that significant increases
in the surface wear resistance by application of the selected chemical heat treatments
were reached. The best results were in the case of 6-hour plasma ferritic nitrocarburizing,
where increasing load caused only a minor increase in the scratch dimensions and solely
a cohesive failure in the scratch track. Similar results were almost observed in the case
of the shortened plasma process, but the load of 35 N caused a greater increase of the
track’s dimensions in comparison with other chemical heat treatments. While in the cases
of plasma ferritic nitrocarburized surfaces adhesive failures of the white layer at neither
load appeared, 15 N was already enough for an occurrence of unexpected delamination in
the white layer on the gaseous ferritic nitrocarburized surface. As well as in the case of the
friction coefficient measurement, the phenomenon could be associated with an existence of
the porous part of the white layer which is brittle and thus prone to be delaminated.

5. Conclusions

The information listed above is possible to be summarized into a statement: steel
equivalent 1.5752 (i.e., CSN 41 6426) is appropriate for the selected ferritic nitrocarburizing
technologies. In cases where deep surface layers are not demanded, plasma ferritic nitrocar-
burizing seem to be more appropriate for a reason, that reason being that thin and pore-less
white layers, providing enhancement in corrosion resistance, can be obtained. Thus, in
comparison with frequently utilized carburizing, for an economic reason, the plasma fer-
ritic nitrocarburizing could be a more convenient surface treatment due to the absence of a
need for subsequent machining and the shorter exposure time of this technology.
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Abstract: This study investigated the possibility of nitride NiTi instruments using low-temperature
plasma nitriding technology in a standard industrial device. Changes in the properties and fatigue life
of used NiTi instruments before and after low-temperature nitriding application were investigated
and compared. Nontreated and two series of plasma-nitrided NiTi instruments, designed by Mtwo
company with tip sizes of 10/.04 taper, 15/.05 taper, and 20/.06 taper, were experimentally tested in
this study. All these instruments were used and discarded from clinical use. The instruments were
tested in an artificial canal made of stainless steel with an inner diameter of 1.5 mm, a 60◦ angle
of curvature, and a radius of curvature of 3 mm. A low-temperature plasma nitriding process was
used for the surface treatment of dental files using two different processes: 550 ◦C for 20 h, and
470 ◦C for 4 h. The results proved that it is possible to nitride dental instruments made of NiTi with a
low-temperature plasma nitriding process. Promising results were achieved in trial testing by NiTi
instruments nitrided at a higher temperature. Plasma-nitrided files were found to have, in some
cases, significantly higher values than nontreated files in terms of fatigue life. The results showed
that the nitriding process offers promising possibilities for suitably modified surface properties and
quality of surface layer of NiTi instruments. Within the limitations of the present study, the cyclic
fatigue life of plasma-nitrided NiTi dental files can be increased using this surface technology.

Keywords: nickel titanium; endodontic; plasma nitriding; cyclic fatigue; fracture

1. Introduction

Nickel titanium (NiTi) alloys are widely used in biomedical devices due to their unique
mechanical properties, such as superelasticity, shape memory, and good biocompatibility.
However, the release of nickel ions from the surface of nitinol is a problem. In addition to
implantology, endodontics is also a branch of medicine where these NiTi alloys are very
often used [1,2]. The development of endodontic nickel titanium instruments improves
the treatment possibilities for root canals of teeth. NiTi instruments adapt better to the
shape of the root canal, making treatment faster and with better repeatability than stainless
steel instrument treatment [2–4]. Although NiTi alloy has excellent mechanical properties,
clinical practice has shown that the risk of breakage with these instruments is greater than
with traditional stainless steel tools. One of the most common causes of tool damage is
cyclic fatigue [4–8]. It has been found that the fatigue life is affected by many factors, the
most important of which are the shape of the tool cross-section, type and quality of tool
production, size and length of the tool, and tool movement in the root canal [9–17]. Me-
chanical surface treatment is among the most frequently used methods of surface treatment
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of NiTi alloys and includes the processes of grinding, sandblasting, and polishing [18,19].
Chemical heat treatment of NiTi alloys includes nitriding, ion implantation, and oxidation
processes. These surface treatments offer very promising results, as they form a protective
abrasion-resistant layer of TiN in the case of nitriding, or TiO2 in the case of oxidation, on
the surface. Surface nitriding of NiTi alloys has been presented in many studies [20–27].
Ion implantation, gas nitriding, and powder nitriding are most often used to saturate the
surface with nitrogen. These processes use a nitriding atmosphere of pure nitrogen [28–30]
and a mixture of 90% nitrogen with 10% hydrogen [30]. All these processes take place at
high temperatures in the range of from 800 ◦C to 1100 ◦C. The thickness of the layer varies
depending on the nitriding time up to a thickness of 2 µm. Other types of nitriding include
micropulse plasma nitriding. This type of process uses low temperatures in the nitriding
process in the range of 300 ◦C to 580 ◦C. In this process, a mixture of nitrogen and hydrogen
(N2 and H2) is most often used, where the molecules of these gases are cleaved and ionized
in an electric field. Positive ions are accelerated towards the cathode, which is the surface
of the nitrided components. Due to the sharp increase in the kinetic energy of the ions, the
surface of the component is bombarded. Events occurring during the interaction between
the plasma and the surface are shown in Figure 1.
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Figure 1. Illustration of events occurring during interaction between plasma and surface [31].

Upon impact, heating converts kinetic energy into heat; the components are heated;
and, at the same time, atoms of other elements, especially carbon, oxygen, and nitrogen,
are ejected from the surface. By applying ionic sputtering before nitriding, it is possible to
remove the surface layer of oxides [25], reduce the nickel concentration in the top layer of
the NiTi alloy [32], and, thus, increase the formation of diffuse layers of titanium nitride
and reduce the temperature of the nitriding process to about 500 ◦C.

The aims of this study were to verify whether it is possible to form nitrided layers
with endodontic instruments, which have very small dimensions and a complicated shape
compared to standard nitrided parts, and to verify the effect of formed layers on the cyclic
life of endodontic instruments.

2. Materials and Methods

The experiments were based on the testing of real instruments used in dental treatment.
NiTi instruments, designed by Mtwo (VDW, Munich, Germany) with tip sizes of 10/.04
taper, 15/.05 taper, and 20/.06 taper, were experimentally tested. These three types of
instruments were chosen because they are most commonly used in clinical practice for
the treatment of dental root canals. For these experiments, discarded tools from clinical
practice were used.

2.1. Surface Treatment

Prior to the plasma nitriding process, NiTi instruments were collected and randomly
divided into three groups: nontreatment (benchmark), plasma nitrided at 470 ◦C for 4 h,
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and plasma nitrided at 550 ◦C for 20 h. Before treatment, the instruments were submitted
to ultrasonic cleaning in two stages of ten minutes each (first in acetone and second in
isopropyl alcohol). For this experiment, industrial plasma nitriding equipment Rubig PN
60/60 (Rubig, Wels, Austria) was used. For plasma nitriding, two processes that are used as
standards in nitriding steel parts were chosen. Since there is no information in the literature
about the plasma nitriding of real endodontic instruments, two “boundary processes” that
can be performed by the nitriding device were chosen. Process No. 1, consisting of a
low nitriding temperature of 470 ◦C and a short nitriding time of 4 h, and process No.
2, consisting of a high nitriding temperature of 550 ◦C and a long nitriding time of 20 h,
were selected. The working atmosphere of process was 100% N2. The concentration of
N2 in the working atmosphere was necessary due to the diffusion process from the outer
environment to NiTi materials.

Diffusion is dependent on temperature, pressure, duration, and suitable alloying
elements in the nontreated material. These materials are very difficult to nitride, especially
due to the low affinity of Ni for nitrogen [32]. Before the nitriding process, the sputtering
process was included. The parameters of plasma sputtering and plasma nitriding are
given in Tables 1 and 2. The aims of the experiment were to compare the nitrided layers
formed during these “boundary processes”, with the lowest possible temperature used
for nitriding in this device used over a short time and the highest temperature used for
nitriding used over a long time, and to verify whether they have a different effect on the
fatigue life of endodontic instruments.

Table 1. Parameters of plasma sputtering.

Plasma Sputtering

Temperature
(◦C)

Time
(h)

Gas Flow H2
(l·min−1)

Bias
(V)

Pressure
(Pa)

Pulse Length
(µs)

450 0.5 8 800 80 100

Table 2. Parameters of plasma nitriding processes.

Plasma Nitriding

Temperature
(◦C)

Time
(h)

Gas Flow N2
(l·min−1)

Bias
(V)

Pressure
(Pa)

Pulse Length
(µs)

Process No. 1 470 4 8 800 80 100

Process No. 2 550 20 8 800 80 100

2.2. Chemical Composition

The chemical composition of the NiTi instruments was verified using the EDS method
on a TESCAN MIRA 4 electron microscope. Line scan measurements of the chemical compo-
sition of the plasma-nitrided surface and the untreated surface were used. It is often stated
in the literature [21,22] that the nickel content in the NiTi alloy is in the range of 48–52 wt %.
During use, the chemical composition of the elements on the surface changes [23,24]; the
nickel content decreases; and the content of titanium and other elements, such as nitrogen
or oxygen, increases.

2.3. Sample Preparation for Evaluation of Nitrided Layer

The presence of a nitride layer in NiTi material was evaluated with the scanning
electron microscopy method by using a TESCAN MIRA 4. The evaluation of the thickness
of the nitride layer was performed on a cross-section. The samples of instruments were
pressed into thermoplastic powder, subsequently ground, and, finally, polished. During
the grinding process, the samples were checked step by step using optical microscopy.
Finally, the samples were wet ground with sandpaper and polished using velvet with a
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diamond paste with grains 1 µm in size. The samples’ surface, thus prepared, was etched
in an acid bath (HNO3: HF: CH3COOH 1:2:7). For the observation of the microstructure,
the Olympus DSX 500i (Olympus, Tokyo, Japan) optical microscope with a magnification
of 1000× was utilized. The evaluation of the fracture was performed on an SEM TESCAN
MIRA 4 (Tescan, Brno, Czech Republic) without a special sample preparation process.

2.4. Cyclic Fatigue Test

Cyclic fatigue testing in artificial canals was performed with an electric motor (Endo a
class reciprocating LED, Medin, Czech Republic). The simulated canals were machined
from a stainless steel block. The simulated canal was set as R 3 mm with an angle of 60◦

(Figure 2). The rotation speed was 190 rpm without torque control. The fracture time was
recorded for each file in seconds and repeated ten times (n = 10). The corresponding fatigue
life in the number of cycles was then accurately calculated.
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Figure 2. Testing stand of cyclic fatigue of NiTi instruments in artificial canal.

3. Results and Discussion
3.1. Chemical Composition

The chemical composition of dental NiTi instruments was verified using the EDS
method due to a very small measurable area on the physical sample, as shown in Figure 3.
The use of other typical spectroscopy testing methods was not possible.

The concentrations of Ni, Ti, and N elements were obtained via the EDS method using
SEM TESCAN MIRA 4, and the results of the measurements are displayed in Table 3.

Table 3. Chemical composition of untreated and plasma nitrided surfaces of NiTi instrument verified
with EDS EDAX (wt. %).

Ni Ti N

EDS

Untreated
surface 46 53 0

Surface after
Process No. 1 42 49 9

Surface after
Process No. 2 32 54 14
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Figure 3. EDS line scan of untreated surface (a), plasma-nitrided surface after plasma nitriding at 470 ◦C and 4 h (b),
plasma-nitrided surface after plasma nitriding at 550 ◦C and 20 h (c).

The content of elements measured by the analysis is in good agreement with the
values measured in other studies [22–24]. The nickel content decreased in both plasma
nitriding processes compared to the measurement performed on the untreated surface. The
nitrogen content was higher in the plasma nitriding Process No. 2 and reached a value of
14 wt. %. It is well-known that alloys with a high concentration of Ni, Ti, Co, and Mn are
very difficult to nitride [33]. The concentrations of Ni and Ti elements in this alloy are at a
very high level (Table 3), and, therefore, the process of nitriding must be optimized in the
future for supporting the diffusion process in this specific NiTi material during the process.

3.2. Assessment of Nitrided Layer

The surface documentation was provided using optical microscopy on an Olympus
DSX 100 device. After plasma nitriding in both processes, the surface of the instruments
changed color from metallic silver to dark bronze in Process No. 1 and to dark brown
in Process No. 2, which indicates the probable presence of titanium nitrides, as seen in
Figure 4a. Figure 4b shows an example of tool tips after the bending test of NiTi instruments.
The untreated instrument showed a memory effect typical for these NiTi instruments, while,
after both plasma nitriding processes, this memory effect was lost.
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Figures 5 and 6 show the structure of the nitrided layer after the processes, documented
using SEM. The nitrided layers after both processes had a variable thickness: in the case
of Process No. 1, the thickness of the nitrided layer reached 2–2.7 µm, and, in the case of
Process No. 2, the thickness of the nitrided layer reached 3–3.8 µm.
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Figure 7a,b show the difference between the microstructure of NiTi after plasma
nitriding. Figure 7a shows a fine martensitic structure, while Figure 7b shows a markedly
coarse martensitic structure.
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Figure 7. Microscopic image of different martensitic structures of instruments after plasma nitriding
process 470 ◦C for 4 h (a) and plasma nitriding process 550 ◦C for 20 h. (b).

3.3. Cyclic Fatigue Test

A simple cyclic fatigue test was performed to determine if the formed nitride layer
affected the residual life of the instrument. In the cyclic fatigue test, there were signifi-
cant differences in the cyclic fatigue of the untreated and nitrided instruments. Figure 8
Represents the comparison of individual tools after cyclic fatigue testing. The blue bars
show new [34], unused instruments, which were also tested for comparison as the estab-
lishment of an initial state. For instruments with a tip size of 20/.06 taper and a tip size
of 15/.05 taper, values were similar to the 420 cycles to fracture. For the tip size 10/.04
taper instruments, the number of cycles was 570 to breakage. For the instruments used
(orange bar), the residual life in the raw state was measured. For instruments of all sizes,
the results showed that instruments discarded from clinical use have half the service life
of new instruments. For plasma-nitrided instruments after Process No. 1, the cyclic tool
life of all three tool types was reduced. The most significant reduction occurred with
the instrument with a tip size of 15/.05 taper. For plasma-nitrided tools in Process No.
2, the instrument with a tip size of 15/.05 taper had a small reduction in cyclic fatigue
life compared to the instrument used. After Process No. 2, the cyclic fatigue life of the
instrument with a tip size of 20/.06 taper increased, with the values being even higher than
the new instrument. For the instrument with a tip size of 10/.04 taper, there was a marked
increase in the residual cyclic life after Process No. 2 where the values reached 650 cycles
compared to the 480 cycles reached by new instruments.
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3.4. Fractographic Analysis

In both plasma nitriding processes, increased rigidity of the instruments was observed,
where, during the experiment, it was evident from Figure 4b that the tool tip did not
return to its original position. This can only be associated with the annealing of the
NiTi base material during plasma nitriding, where the martensitic needles of the NiTi
instrument coarsened. Fractographic analysis was performed with an electron microscope,
TESCAN MIRA 4. In Figures 9 and 10, the difference between the fractures of individual
plasma-nitrided instruments is visible. The fractured character of the plasma-nitrided
instruments can be seen to be changed and formed by a mix of ductile and brittle fractures.
In plasma-nitrided tools, creek-shaped reliefs of the crack propagation process are visible.
Furthermore, it can be seen that the microstructure of the fracture surface is different and is
in good agreement with Figure 7a,b; in Process No. 1, the structure of the fracture surface
is finer than that in Process No. 2. The coarsening of the instrument grain occurred because
the nitriding process took place at a higher temperature of 550 ◦C and the cooling process in
the nitriding device was slow. In contrast, nitriding at 470 ◦C did not cause such significant
grain coarsening.
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detailed fracture surface (b).

4. Conclusions

The nitrided layer in Process No. 1 reached a thickness of about 2–2.7 µm. In Process
No. 2, there was an increase in nitrided layer thickness of 3–3.8 µm and in the size of
martensitic needles in the base material. This was reflected in the nature of the tool fracture,
where the shape and profile of the fracture surface was mixed with a large proportion of
ductile fracture. In Process No. 1 there were finer martensitic needles in the base material,
and the fracture surface did not show as high a proportion of ductile fracture. In both cases,
with a more detailed observation of the fracture surfaces in all cases, the crack propagated
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along the grain boundaries. The results of cyclic fatigue were not unambiguous for nitrided
instruments. For instruments with a tip size of 20/.06 taper and the instrument with a
tip size of 10/.04 taper for Process No. 1, the number of cycles to fracture was reduced.
Nitriding Process No. 2 had significantly better results with both tools, as the fracture
speed was almost double that of the tools used, and even better than the new tools. For the
instrument with a tip size of 15/.05 taper, the results were not unambiguous; for Process
No. 1, there was a significant reduction in the number of cycles to fracture, and in Process
No. 2, there was a partial reduction in the number of cycles to fracture. Based on these
simple results, there is room for further investigation and optimization of plasma nitriding
processes for endodontic instruments. By optimizing plasma sputtering, the composition
of the nitriding atmosphere, voltage, and length of the micropulse discharge, it will be
possible to create a suitable nitrided layer on endodontic instruments in the future.

Within the limitations of this study, nitrided endodontic instruments showed more
promising physical and mechanical properties than conventional endodontic instruments.
Future research should focus on new raw materials and thermomechanical processing pro-
cedures that can be used to further optimize the alloy microstructure in order to guarantee
the reliability and safety of NiTi rotary instruments in clinical practice.
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34. Fišerová, E.; Chvosteková, M.; Bělašková, S.; Bumbálek, M.; Joska, Z. Survival Analysis of Factors Influencing Cyclic Fatigue of
Nickel-Titanium Endodontic Instruments. Adv. Mater. Sci. Eng. 2015, 2015, 189703. [CrossRef]

101



materials

Article

Physical and Mechanical Properties of Polypropylene
Fibre-Reinforced Cement–Glass Composite

Marcin Małek 1 , Waldemar Łasica 1, Marta Kadela 2,* , Janusz Kluczyński 3 and Daniel Dudek 2
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Abstract: In accordance with the principles of sustainable development, environmentally friendly,
low-emission, and energy-intensive materials and technologies, as well as waste management, should
be used. Concrete production is responsible for significant energy consumption and CO2 production;
therefore, it is necessary to look for new solutions in which components are replaced by other
materials, preferably recycled. A positive way is to use glass waste. In order to determine the effect
of a significant glass cullet content on the properties of concrete, glass powder was used as a filler
and 100% glass aggregate. The cement–glass composite has low tensile strength and brittle failure.
In order to improve tensile strength, the effects of adding polypropylene fibres on the mechanical
properties of the composite were investigated. With the addition of 300, 600, 900, 1200, and 1500 g/m3

of fibres, which corresponds to 0.0625%, 0.1250%, 0.1875%, 0.2500%, and 0.3125% of cement mass,
respectively, flexural strength increased compared with the base sample by 4.1%, 8.2%, 14.3%, 20.4%,
and 26.5%, respectively, while the increase in splitting strength was 35%, 45%, 115%, 135%, and 185%,
respectively. Moreover, with the addition of fibres, a decrease in slump by 25.9%, 39.7%, 48.3%, 56.9%,
and 65.5%, respectively, compared with the reference specimen was determined.

Keywords: by-product waste; packaging waste; glass cullet; macro-polymeric fibre; recycling;
eco-efficient concrete; slump cone; compressive strength; flexural strength; splitting strength

Highlights

• Recycled macro-polymer fibres were used to improve tensile strength of the cement–
glass composite;

• Reduction of the workability of the cement–glass composite with the addition of
polypropylene fibres was obtained;

• Slight effect of waste fibres on the compressive strength of the cement–glass composite
was determined;

• With the addition of polypropylene fiber, the flexural strength of the composite increased;
• Significant increase in splitting strength for the fibre-reinforced cement–glass compos-

ite was demonstrated.

1. Introduction

The main problem of recent times is environmental pollution. This is related to,
among others, an increase in the production and consumption of polymer materials by
an average of 9% per year and an assumption that the upward trends will be continued
(it is estimated that, in the coming years, the increase will be 5% a year [1]). According
to Plastics Europe [2], world polymer production increased from 1.5 million tonnes in
1950 to 245 million tonnes in 2008. The European Union (EU) economy produces around
20% of the total world polymer production. The demand for raw materials in individual
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European countries strongly depends on the size of the given economy and the degree
of its development. For example, economically leading countries such as Germany, Italy,
France, and the United Kingdom consume as many polymer materials as all other European
countries put together [3]. According to Plastic Europe Polska [4], however, consumption
has been constant for individual countries in recent years. Only the demand for individual
types of polymer materials is subject to fluctuations [5]. An exception is, among others,
Poland, where demand increases every year, regardless of the global economic situation [4].
According to Forbes [6], the global demand for certain plastic uses has increased owing to
the threat posed by coronavirus. These include mainly polymer polypropylene, used in
takeout food packaging, and polyethylene terephthalate (PET) in single-use plastic water
bottles. This was the result of the shift from sit-in restaurants to take-out delivery and
of the stockpiling of groceries and bottled water by consumers. For the same reason, the
amount of glass waste increased, which is one of the most common materials in everyday
life. The recycling rate of glass waste is quite low in many countries, compared with other
solid wastes [7]. For example, in the United States, 11.38 million tonnes of waste glass were
produced in 2017, but 26.6% was recycled and mainly used for the production of containers
and packing, and 60.37% was landfilled [8]. In Hong Kong, 4063 and 7174 tonnes of glass
waste was generated in 2018 and 2019 respectively, and the recovery rate was about 16.3%
in 2018. The total amount of used glass containers that ended up in landfills in 2018 was
77,400 tonnes [9]. In Singapore, 72.8 million tonnes of glass were disposed in 2011, but
only 29% was recycled [7]. In the United Kingdom, 1.85 million tonnes of waste glass are
collected annually, and for container glass, the municipal recycling rate is 34% [10].

Concrete is a material that allows for the disposal of waste [11–20]. This is very impor-
tant in the case of non-biodegradable or hardly decomposable materials such as polymers
or glass waste. Polymer materials have been used as a replacement for natural aggregate
in concrete [21–25], replacement of cement [26–28], additions (e.g., PET bottles [29–31],
polyvinyl chloride (PVC) pipes [32], high density polyethylene (HDPE) [33], and thermoset-
ting plastics [34]), expanded polystyrene foam (EPS) [35], polypropylene fibres [31,36,37],
admixtures (e.g., polycarbonate and polyurethane foam [38–40]), or elements to concrete
(e.g., concrete reinforcing bars [41] and plastic anchors [3,42,43]). The used polypropylene
fibre by-products of recycling plastic packaging in concrete compared with plain concrete
have been discussed in detail in a previous study [44]. Glass cullet may be used as a re-
placement for cement or aggregate [45–48], while the pozzolanic reactivity of glass powder
with particle size below 100 µm is observed as an increase in compressive strength [49–51].
The impact of glass powder as a cement replacement on concrete or geopolymer properties
was presented in [52–56]. For example, Federico and Chidiac [57] analysed the kinetic
and performance properties of cementitious mixes with glass powder. Mirzahosseini and
Riding [58] investigated the impact of curing temperature and glass type on the pozzolanic
reaction and properties of concrete with glass powder.

Many scientists have tested concrete with glass aggregate as a replacement of coarse ag-
gregate, fine aggregate, or cement in order to use waste glass in the concrete industry [59–61].
Yu et al. [62] reported that the glass cullet used as aggregate in concrete enhanced its me-
chanical properties. Limbachiya et al. [63] and Tittarelli et al. [64], however, obtained the
same mechanical performances for concrete mixes with addition of glass sand up to 15%. It
was found that the use of glass cullet as replacement for coarse aggregate is not satisfactory
owing to the reduction of the bonding between the aggregate and the cement matrix, and a
reduction of strength [65]. The effect of the size of glass particles on the properties of fresh
mix and hardened samples was analysed by Ling and Poon [66] and Yousefi et al. [67].
However, the impact of fibres on the properties of a cement–glass composite has rarely
been reported.

On the other hand, the production of building materials is responsible for significant
energy consumption and CO2 production [68–70], so it is necessary to look for new ma-
terials that can replace the currently used ones [71,72], preferably recycled [73,74]. The
addition of recycled glass aggregate in concrete as a replacement of 5%, 10%, and 15% natu-
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ral aggregate has been studied in previous research of the authors [75]. In this study, 100%
of glass aggregate is used, which is a continuation and extension of research conducted by
Małek at el. [74]. Moreover, as the cement–glass composite has low tensile strength and
brittle failure, polypropylene fibres are additionally added to improve its tensile strength.
In order to contribute to the use of recycled materials, polypropylene fibres were made
from post-consumer waste (food packaging). This research aims to assess the influence of
different fibre content on the mechanical properties of the cement–glass composite.

2. Materials
2.1. Products of Cementitious Mix

In this research, Portland cement, tap water, and polycarboxylate superplasticizer
were used. The concept of designing a cement–glass composite is based on a single binder
in the form of white cement. Because of the fact that the composition of the composite
consisted of a 100% granulated glass cullet, the industrial white Portland cement CEM
I 52.5R NA, pH = 13 was used. It is a special purpose cement with a very low content
of alkaline compounds. The chemical composition of cement was investigated by PN
EN 196-6:2011 [76] and is presented in Table 1. The physical properties and compressive
strength of cement were determined according to PN-EN 196-6:2011 [76] and PN EN
196-1:2016-07 [77], respectively (see Table 2). The shape and texture of cement gain particle
were investigated by scanning electron microscopy (SEM—Joel JSM 6600, Yvelines, France),
as shown in Figure 1.

Table 1. Chemical composition of cement and glass cullet [78,79].

Compositions SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 Cl

Unit
(vol.%)

Cement 19.5 4.9 2.9 63.3 1.3 2.8 0.1 0.9 - 0.05

Glass 70.0–74.0 0.5–2.0 0.0–0.1 7.0–11.0 3.0–5.0 - 13.0–15.0 0.0–0.1 -

Table 2. Physical properties of cement and glass cullet [79].

Properties Specific Surface Area
[m2/kg]

Specific Gravity
[kg/m3]

Compressive Strength after Days
[MPa]

Materials 2 Days 7 Days 28 Days

Cement 400 3090–3190 40–48 53–65 66–76

Glass 100 2450 - - -Materials 2021, 14, x FOR PEER REVIEW 4 of 20 
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(filler), glass powder from sodium glass with a particle size from 0 to100 µm and dry 
density of 1.0 kg/m3 was used. The glass powder acts as a sealer for the crumb pile, the 
purpose of which is to ensure the continuity of the internal structure of the material. The 
graining curve was designed following the graining guidelines for sand concrete; the de-
signed curve was related to the upper and lower limit curves. The designed curve ran in 
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is presented in Figure 2. The crushed glass cullet revealed sharp edges, a rougher surface 
texture, and no cracks (Figure 3). The specific density and Mohs hardness scale of the glass 
aggregate was approximately 1.6 kg/m3 and 6–7, respectively. The fineness modulus of 
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Recycled sodium glass granules were used as aggregate in the composition of the
composite. Sieve analysis was performed using the “dry” method for three samples of the
granulate using a laboratory shaker with a set of standard sieves with square meshes made
of calibrated mesh. The percentage distribution of individual fractions of screened granules
was determined. The crumb pile was designed from two granules of the fraction groups
0/0.9 (0/1) and 0.9/1.5 (1/2). As an additive in the composition of the composite (filler),
glass powder from sodium glass with a particle size from 0 to100 µm and dry density of
1.0 kg/m3 was used. The glass powder acts as a sealer for the crumb pile, the purpose of
which is to ensure the continuity of the internal structure of the material. The graining
curve was designed following the graining guidelines for sand concrete; the designed
curve was related to the upper and lower limit curves. The designed curve ran in the
area of good particle size distribution. The gradation curve of the used glass aggregate is
presented in Figure 2. The crushed glass cullet revealed sharp edges, a rougher surface
texture, and no cracks (Figure 3). The specific density and Mohs hardness scale of the glass
aggregate was approximately 1.6 kg/m3 and 6–7, respectively. The fineness modulus of
the glass sand aggregate was equal to 2.56 MPa. The chemical composition and physical
properties of glass cullet are given in Tables 1 and 2, respectively.
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Figure 3. Light microscope images of used glass aggregate. (a) magnification of x5; (b) magnification of x45.

A superplasticizer was used in this research based on modified polycarboxylate ethers
(melamine and silanes/siloxanes). The superplasticizer was added to reduce the amount
of water (maintaining a water/cement ratio w/c at 0.26). The particle shape and texture of
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the admixture were investigated by scanning electron microscopy (Joel JSM 6600, Yvelines,
France), as shown in Figure 4.
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2.2. Polypropylene Fibres

Polypropylene fibres made from waste materials (plastic packaging) were used
(Figure 5). The white polypropylene fibres (PPW) were made through a cutting process and
their surface was modified into the extruder to increase its adhesion to the cementitious
mix. Because of this modification process, the surface of PPW is irregular (Figures 6 and 7).
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Figure 7. SEM images of the used fibres: (a) surface and (b) cross section.

Polypropylene fibres of 31.2 ± 0.5 mm in length and 1152.5 ± 10.0 µm in diameter
were used. The average circumference was 538.2 ± 0.5 µm. The tensile strength of the
fibres was about 520 MPa, the modulus of elasticity was about 7.5 GPa, and Poisson ratio
was about 0.2. Fibre content ratios of 300, 600, 900, 1200, and 1500 g/m3 were used.

2.3. Mix Composition

Six different modifications of concrete mixtures (reference—without fibres, and five
with fibres) were produced. The polypropylene fibre content was about 0.0625%, 0.1250%,
0.1875%, 0.2500%, and 0.3125% of cement mass, respectively; see Table 3. A constant water
to cement ratio, weff/c = 0.29, was used for all mixes, where weff was tap water content and
c was the cement content. The admixture amount was 1.0% of the cement mass, which
corresponds with [75].

Table 3. Mix proportions (1 m3).

Mix
Symbol

Cement
[kg]

Water
[kg]

Glass Powder
[kg]

Glass Sand Aggregate Fibre
[g]0.1–0.9 mm 0.9–2.0 mm

M0

480 140 600 510 790

0.0

M1 300

M2 600

M3 900

M4 1200

M5 1500

2.4. Mix Production

The technology of mixing individual components of the composite assumes using
the “dry” and “wet” mixing methods. For the mixing stage, a high-speed planetary mixer
(mixer) with variable speeds of stirrer rotation (three ranges of stirrer rotation speed) was
used. Various mixing speeds and types of agitator were used. Two types of mixers were
used: flat and “hook”. The appropriate types of mixers were selected depending on the
sequence of ingredients and their type. The following sequence and methods of mixing the
composite components were proposed:

• Glass granulate of 0.9/1.5 mm fraction and a group of granulate fraction 0/0.9 mm—“dry”
mixing, mixing time 2 min from the moment of filling the mixing container with the
above-mentioned granulate fractions, mixing speed: gear 1, type of agitator: flat;
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• Cement binder with filler (glass powder 0/200 µm)—“dry” mixing, mixing time:
2 min from the moment the mixing container is filled with the listed ingredients,
mixing speed: gear 1, type of agitator: flat;

• Mixing water with liquid chemical admixture—mixing time: 2 min from the moment
of adding both components to the measuring cylinder, mixing speed: gear 1 (mixing
takes place with the measuring cylinder by means of a stirrer), type of stirrer: magnetic;

• Glass granulate with cement and glass powder—mixing time: 3 min from the moment
of adding all ingredients to the mixing container of the mixer, mixing speed: gear 1,
type of agitator: “hook”, dry mixing;

• Glass granulate with cement and glass powder—mixing time: 3 min, mixing speed:
gear 2, type of agitator: flat, mixing speed: gear 1, “dry” mixing;

• Glass granulate with cement and glass powder and mixing water with a liquid chem-
ical admixture—mixing time: 3–4 min, mixing speed: gear 1, type of agitator: flat,
“wet” mixing;

• Glass gargoyle with cement and glass powder, and mixing water with a liquid chem-
ical admixture—mixing time: 3 min, mixing speed: gear 2, type of agitator: flat,
“wet” mixing;

• Glass granulate with cement and glass powder and mixing water with a liquid chem-
ical admixture—mixing time: 3 min, mixing speed: gear 3, type of agitator: flat,
“wet” mixing.

3. Methodology
3.1. Test on Mix

Slump cone and air content were measured after production of mixture. The slump
cone was investigated according to PNEN 12350-2:2019-07 standard [80]. In order to
preserve the statistics of the results, measurements were made on five test samples for
each mixture. In order to obtain the air content, the pressure method was investigated per
ASTM C231 standard [81]. Five samples were used for each mixture.

3.2. Test on Hardened Concrete

After 28 days of curing, the hardened concrete was investigated. For this purpose, five
samples were measured for each concrete mixture. In order to determine the mechanical
properties of the manufactured concrete, ten specimens were used for each test.

3.2.1. Material Properties

The density of the prepared concrete samples (150 mm × 150 mm × 150 mm) was
measured according to the standard PN-EN 12390-7:2011 [82].

3.2.2. Mechanical Properties

The mechanical properties of hardened concrete were measured using three methods:
compressive strength, splitting strength, and flexural strength. For each test, the Zwick
machine was used with a force range of 0–5000 kN (Zwick, Ulm, Germany). In addition,
the modulus of elasticity and Poisson ratio were investigated.

1. Static compression test of cubic samples

The compressive strength test was carried out on cubic samples with dimensions of
150 mm × 150 mm × 150 mm according to the standard EN 12390-3:2019-07 [83] after
28 days of curing under standard conditions (21 ◦C, 50% humidity). Cubic samples, after
being removed from the care bath, were dried of excess water. Compressive strength tests
were carried out 30 min after the end of curing. The samples were placed in the vertical
working space on the lower clamping plate.

1. Static flexural test of beam samples

A static bending test of beam samples was carried out in order to determine the
flexural strength of the composite modified with waste fibres. Specimens with dimensions
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of 100 mm × 100 mm × 500 mm were prepared and subjected to a three-point flexural
test on a testing machine according to the standard EN 12390-5:2019-08 [84]. The beams
were fixed on supports with movable rollers and then loaded with concentrated force
on the middle of the span. The spacing in the axes of the supports was set at 400 mm.
The construction of supports and concentrated forces with movable rollers eliminated the
negative effect of frictional forces on the course of testing beam samples. On the basis of
the static three-point flexural test, the values of the maximum destructive force and the
maximum destructive stresses were recorded.

1. Static splitting test of cubic samples

The splitting strength of the composite was determined by the splitting method
according to EN 12390-6:2011 [85], the so-called “Brazilian” method. The test was carried
out after 28 days of maintenance. The surfaces of the samples were cleaned of the sediment
after the treatment was completed and the excess surface water was dried. The cubic
composite samples were placed in a metal splitting test profile. The rate of stress increase
in time was determined as 0.5 MPa/s. A static sample splitting test was performed. Based
on the registered maximum failure force in the compression test, the specified value of
failure stress was determined.

1. Modulus of elasticity and Poisson coefficient

The study of Young’s modulus was performed with a non-destructive method per
ASTM C215-19 standard [86] using the James TM E-Meter Mk II apparatus (Chicago, IL,
USA), which uses principles based on determining the basic resonance frequencies of
vibrations generated by the shocks measured by the accelerometer. This device tests three
types of vibrations: longitudinal, transverse, and torsional. The method was applied on
cylindrical samples with a diameter of 150 mm and a height of 300 mm after at least 28 days
of hardening.

4. Results and Discussion
4.1. Fresh Properties

Table 4 presents the results of fresh mix properties. The average values of the five
samples for each mix are given.

Table 4. Fresh properties.

Mix Symbol Fibre Content
[g/m3]

Slump Cone
[mm]

Air Content
[%]

M0 0 58 ± 2 4.0 ± 0.5
M1 300 43 ± 2 3.8 ± 0.3
M2 600 35 ± 3 3.9 ± 0.2
M3 900 30 ± 3 3.5 ± 0.5
M4 1200 25 ± 3 3.6 ± 0.6
M5 1500 20 ± 3 3.6 ± 0.6

During the mixing, no process of agglomeration formation of fibres was observed for
all cement–glass composite mixes, which is a main problem of concrete mixes with fibres.
The fibres did not float to the surface nor did they sink to the bottom in the fresh mixes.
They were mixed smoothly with the composite mixture. Figure 8 presents the results of
the slump cone (SC) test. It can be observed that, by replacing the entire aggregate with
glass aggregate and using glass powder as a filler [87], the reference mix and the mix with
a lower fibre content were within slump class S2 [80]. Moreover, the slump cone obtained
for the cement–glass composite was about 66% higher than for plain concrete with granite
aggregate and a strength of 50 MPa [74]. An increase in slump with increasing fine glass
aggregate was observed by Castro and Brito [88], while according to Limbachiya [89] and
Taha [90], the use of glass sand resulted in the decrease in the workability of the concrete
due to a lack of fine proportion.
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Figure 8. Slump test results.

The addition of PP fibres to the reference mix reduces its workability, which is anal-
ogous to observations for plain concrete reinforced PP fibres [44]. The mixes with 600 to
1500 g/m3 of fibres were within slump class S1 [80]. Moreover, with the addition of 300,
600, 900, 1200, and 1500 g/m3 of fibres, the decrease in slump was 25.9%, 39.7%, 48.3%,
56.9%, and 65.5%, respectively, compared with the reference specimen (without fibres).
Practically, the same decrease in slump cone was observed for plain concrete reinforced
with polypropylene fibres made from plastic packaging with the same contents [44]. A sim-
ilar correlation of reduction in workability with an increase in fibre content was determined
by other scientists [91,92].

The air content of the cement–glass composite was constant regardless of the PP fibre
content and was equal to 4.0 ± 0.5% (Table 4). The addition of fibres did not affect the air
content in the mixture. The obtained air content of the cement–glass composite, however,
was two times higher than for plain concrete and for concrete with the addition of glass
aggregate up to 20% of cement [74].

4.2. Hardened Properties
4.2.1. Density

The results of cement–glass composite density are given in Figure 9 and Table 5. The
presented values are the average values of the five samples for each mix for density and
ten samples for mechanical properties.
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Table 5. The results of the properties of hardened samples.

Mix
Symbol

Density
[kg/m3]

Compressive Strength
[MPa]

Flexural Strength
[MPa]

Splitting Strength
[MPa] Elastic Modulus

[GPa]
Poisson Ratio

[[–]
14 Day 28 Day 14 Day 28 Day 14 Day 28 Day

M0 2050 ± 14 62.1 ± 0.8 82.5 ± 0.8 3.5 ± 0.1 4.9 ± 0.2 2.0 ± 0.7 2.5 ± 0.8 31 ± 1 0.15 ± 0.01
M1 2061 ± 14 63.8 ± 0.9 82.6 ± 0.5 3.7 ± 0.6 5.1 ± 0.1 2.7 ± 0.4 3.7 ± 0.4 32 ± 1 0.15 ± 0.02
M2 2068 ± 15 64.2 ± 0.3 83.0 ± 0.8 4.0 ± 0.3 5.3 ± 0.1 2.9 ± 0.9 4.0 ± 0.8 32 ± 1 0.15 ± 0.02
M3 2072 ± 15 66.8 ± 0.8 83.8 ± 0.3 4.2 ± 0.5 5.6 ± 0.1 4.3 ± 0.2 5.8 ± 0.3 32 ± 1 0.15 ± 0.01
M4 2078 ± 15 67.3 ± 0.3 84.4 ± 0.6 4.6 ± 0.3 5.9 ± 0.1 4.7 ± 0.1 6.4 ± 0.6 32 ± 2 0.15 ± 0.02
M5 2085 ± 16 67.6 ± 0.6 84.8 ± 0.6 4.9 ± 0.1 6.2 ± 0.2 5.7 ± 0.5 8.0 ± 0.6 32 ± 1 0.15 ± 0.01

With the increase in fibre content, the cement–glass composite density increased
linearly (Figure 9), while the impact of glass sand addition was negligible. For the highest
fibre content, the composite density increased by 1.7% compared with the base sample. This
could be related to the composite production error or the occurring pozzolanic reaction [93].
Figure 10 presents the uniform distribution of glass aggregate and fibres in the sample.
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The obtained cement–glass composite density was much lower than the density of
plain concrete with granite aggregate (γ = 2205 ± 4 kg/m3) and follows the demon-
strated trend of the decrease in density with increasing glass fine aggregate [74]. Other
scientists [94,95] observed the same results. Park et al. [95] obtained a linear decrease of
concrete density with increasing waste glass aggregate content, while Lee et al. [94] deter-
mined that replacing the aggregate with glass sand up to the amount of 20–25% slightly
affects concrete density.

4.2.2. Compressive Strength

The test results of compressive strength for samples of the cement–glass composite
are shown in Figure 11. The compressive strength increased slightly with the increase in
PP fibre addition, which was unexpected owing to the principle that fibres improve tensile
strength, but not compressive strength [96–98]. Oni et al. [99] determined a slight increase
for concrete with 0.3% PP fibre and a slight decrease with the addition of 0.4% of this
fibre. For other tested types of polypropylene fibre, they obtained decrease in compressive
strength. Moreover, Jiang et al. [100] reported 3.12% decrease in the compressive strength
of PP fibre-reinforced concrete compared with the base sample.
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Figure 11. Compressive strength of the cement–glass composite depending on fibre content.

It can be observed that, after 14 days, 75% of the compressive strength after 28 days
was obtained. Moreover, the compressive strength of the cement–glass composite was
1.5 times higher than for plain concrete of similar composition (cement CEM I 52.5R, granite
aggregate 0/4 mm, and with the addition of a superplasticizer to reduce the amount of
water to w/c = 0.26), for which the compressive strength was fc = 53 MPa [74]. This is
probably the result of the use of glass powder to ensure the continuity of the internal
structure of the material, which in turn results in an increase in mechanical strength
by reducing the air pores in the cement hydration process. In addition, according to
observations of other scientists, the pozzolanic reactivity of fine waste glass with a particle
size below 100 µm is observed as an increase in compressive strength [49–51] due to
pozzolanic reaction. Moreover, this is in line with the observation that compressive strength
improves with increase in the content of glass fine aggregate [74,101,102]. Lee et al. [94]
obtained a 34.3% increase in compressive strength compared with plain concrete for
concrete with fine glass aggregate with a particle size of 0–0.6 mm. Chung et al. [103]
also reported that the use of aggregates with size less than 4.0 mm makes it possible
to achieve an improvement in compressive strength. Using glass powder in concrete
mixture could result in higher compressive strength, as increases in the compressive
strength of concrete with glass powder have been found in other studies. Bajad et al. [104]
determined that compressive strength increases with the addition of glass powder as a
cement replacement at a ratio of up to 20%, and then decreases. Improvements in the long-
term compressive strength of concrete containing fine glass powder have been reported
by other scientists [36,105]. The increase in compressive strength could be caused by the
pozzolanic reaction of very fine particles [57,90,106,107]. According to Shi et al. [108] the
strength activity indices of fine glass powder with a size of 40–700 µm were 70% to 74% at
7 and 28 days, respectively. Kamali and Ghahremaninezhad [109] and Ling and Poon [66]
reported that smaller particle sizes of aggregate enhance the aggregate–cement matrix
bonding strength. Yamada et al. [110] demonstrated the critical particle size to range from
0.15 to 0.30 mm for the occurring pozzolanic reaction, while Jin et al. [111], Idir et al. [112],
and Xie et al. [113] determined this size to be from 0.60 to 1.18 mm.

4.2.3. Flexural Strength

The results of the flexural test of the cement–glass composite are shown in Table 5 and
Figure 12. It can be observed that, with the addition of 300, 600, 900, 1200, and 1500 g/m3

of PP fibre, flexural strength increased compared with the base sample by 4.1%, 8.2%,
14.3%, 20.4%, and 26.5%, respectively. These values were obtained for a very small amount
of fibre ranging from 0.0625% to 0.3125% of the cement weight. Thus, the addition of
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polypropylene fibre improves the flexural strength of the cement–glass composite. This
is analogous to fibre-reinforced concrete with natural aggregate [95,114,115]. Nili and
Afroughdaset [116] obtained a 22% improvement for concrete with silica fume and 0.3%
of PP fibre. Satisha et al. [117] also determined about a 30% increase in flexural strength
for concrete with 2.0% addition of PP fibres. About a 37% increase in flexural strength
for concrete with 1.0 wt.% polypropylene fibres was obtained by Badogiannis et al. [118].
Other scientists reported an increase in flexural strength with addition of PP fibre ranging
from about 10% [119–121] to 35% [118]. A higher increase in flexural strength was observed
in the literature, but for significant proportions of PP fibres [121–123].
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Moreover, after 14 days of curing, flexural strength ranging from about 70% to 80%
of the target flexural strength was obtained. The increase in 14-day flexural strength was
5.7%, 14.3%, 20.0%, 31.4%, and 40.0%, respectively, compared with the base sample. This
proves the large use of recycled fibres and is a continuation of the research presented by
Malek et al. [44].

The flexural strength of the cement–glass composite was almost half that of the
flexural strength of plain concrete of a similar composition, but with granite aggregate
(ftk = 10.5 ± 0.3 MPa [74]). According to Tan and Du [112], the reduction in flexural strength
is caused by a decrease in adhesive strength at the glass particle surface and cement matrix
and, additionally, micro-cracks in the case of clear glass aggregate. The effect of the weaker
bonding of glass aggregate with the cement matrix is more important in the flexural test
than in the compression test. Moreover, this runs contrary to the observation that bending
strength is enhanced with the addition of fine glass aggregate, and thus the increase in
fracture toughness [24,74]. The reduction in flexural strength, however, was demonstrated
by other scientists [103]. Ling and Poon [66] obtained about a 30% decrease in flexural
strength for concrete with 100% glass aggregate (60 wt.% glass aggregate size from 0 to
2.36 mm and 40 wt.% size from 2.36 to 5.00 mm).

4.2.4. Splitting Strength

Table 5 presents the splitting strength for the cement–glass composite with different
fibre content. With the increase in PP fibre content, the splitting strength increased linearly;
see Figure 13. For the cement–glass composition with 300, 600, 900, 1200, and 1500 g/m3

of PP fibre, the 28-day splitting strength was 35%, 45%, 115%, 135%, and 185% higher,
respectively, than for the reference sample, while the increase in the 14-day splitting strength
was 48%, 68%, 132%, 156%, and 220%, respectively, compared with the base sample. This
significant improvement was obtained for a very small amount of fibre ranging from
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0.0625% to 0.3125% of the cement weight. Thus, the addition of polypropylene fibre
improves the splitting strength of the cement–glass composite. The same phenomenon was
observed by other scientists for concrete with natural aggregate [95,124,125]. The fibres are
able to bridge the cracks and transfer stress across the cracks [126,127]. The fibre-reinforced
composite is destroyed when the fibre slides out of the matrix or breaks (in the second
case, the load is redistributed to the other fibers [128]). Thus, the method of damage of the
fibre-reinforced cement–glass composite mostly depends on the strength of the materials
and the adhesion of the fibers to the matrix [129–131].
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The increase in splitting strength was much larger than the increase in flexural strength.
Analogous to flexural strength, however, after 14 days of curing, splitting strength from
about 70% to 80% of the target flexural strength was obtained.

The splitting strength of the cement–glass composite was about two times lower than
for plain concrete of a similar composition, but with granite aggregate (fr = 4.12 MPa [74]).
With the addition of glass aggregate, the splitting strength improved compared with the
base sample [7,74]. The sample with 100 wt.% of glass sand aggregate, however, was
lower. This may indicate that the strength increases with increasing cullet content and
then decreases.

4.2.5. Modulus of Elasticity and Poisson Ratio

The results of the modulus of elasticity are shown in Table 5. In this study, the modulus
of elasticity obtained was about 31 ± 1 GPa regardless of fibre content, and was equal
to normal concrete with granite aggregate (E = 32 ± 1 GPa [74]). According to other
papers [74,98], an insignificant effect of glass aggregate content on the elastic modulus can
be observed.

The addition of PP fibre up to 0.3125% of the cement did not affect the Poisson
ratio (Table 5).

5. Conclusions

The purpose of the research was to assess the possibility of using a large amount of
glass cullet as a substitute for concrete components. Glass powder as filler and 100% of glass
aggregate were used. The cement–glass composite exhibited low tensile strength and brittle
failure. In order to improve tensile strength, the effects of adding polypropylene fibres
on the mechanical properties of the composite were examined. The polypropylene fibre
content was 0.0625%, 0.1250%, 0.1875%, 0.2500%, and 0.3125% of cement mass, respectively.
Based on the results of this experimental investigation, the following key conclusions can
be drawn:

114



Materials 2021, 14, 637

• An effect of a decrease in the slump cone with the addition of PP fibres was noted; the
reference mix and the mix with a lower fibre content were within slump class S2, but
the mix with higher PP fibre content was within slump class S1.

• The amount of air in the cement–glass composite mix was equal to 4.0 ± 0.5%. The
addition of fibres did not affect the air content of the mixture.

• With the increase of PP fibre content, the density of the cement–glass composite
increased, but this effect was negligible (2–3% compared with the reference sample).

• With the addition of 0.0625%, 0.1250%, 0.1875%, 0.2500%, and 0.3125 wt.% polypropy-
lene fibre, the increase in flexural strength of the cement–glass composite compared
with the reference sample was about 4%, 8%, 14%, 20%, and 27%, respectively, while
the increase in splitting strength was about 48%, 60%, 132%, 156%, and 220%, respec-
tively. The effect of the increase in splitting strength was much larger than the increase
in flexural strength. The compressive strength increased slightly with the increasing
PP fibre content, which was unexpected owing to the principle that fibres improve ten-
sile strength, but not compressive strength (0.1%, 0.6%, 1.6%, 2.3%, and 2.8% increase
for 0.025, 0.050, 0.075, 0.100, and 0.125 wt.% polypropylene fibre, respectively).

• The elastic modulus of the cement–glass composite with content of 0.0625%, 0.1250%,
0.1875%, 0.2500%, and 0.3125 wt.% PP fibre was about 31 ± 1 GPa regardless of fibre
content, and was equal to plain concrete with granite aggregate.

• The addition of PP fibre up to 0.3125% of the cement did not affect the Poisson ratio.

High values of flexural and splitting strength are the results of polypropylene fibres.
This research will be subject to further testing. Other types of cement, glass waste and
its mixes, and different contents of glass powder, with particular emphasis on long-term
fatigue tests, are planned in this respect. In addition, it should be emphasized that the
modulus of elasticity of the tested concrete composite is very low, which may result in
greater deflection of the structure. This is why elements with no significant deflections, such
as columns or sheet piling, can be made of a cement–glass composite (preferably with the
highest obtained mechanical properties, e.g., recipe M5 with addition of 0.3125% PP fibres).
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Abstract: In this study, we report a novel high-throughput and instant-mixing droplet microfluidic
system that can prepare uniformly mixed monodisperse droplets at a flow rate of mL/min designed
for rapid mixing between multiple solutions and the preparation of micro-/nanoparticles. The
system is composed of a magneton micromixer and a T-junction microfluidic device. The magneton
micromixer rapidly mixes multiple solutions uniformly through the rotation of the magneton, and the
mixed solution is sheared into monodisperse droplets by the silicone oil in the T-junction microfluidic
device. The optimal conditions of the preparation of monodisperse droplets for the system have
been found and factors affecting droplet size are analyzed for correlation; for example, the structure
of the T-junction microfluidic device, the rotation speed of the magneton, etc. At the same time,
through the uniformity of the color of the mixed solution, the mixing performance of the system is
quantitatively evaluated. Compared with mainstream micromixers on the market, the system has
the best mixing performance. Finally, we used the system to simulate the internal gelation broth
preparation of zirconium broth and uranium broth. The results show that the system is expected to
realize the preparation of ceramic microspheres at room temperature without cooling by the internal
gelation process.

Keywords: microfluidic; high-throughput; micromixing; monodisperse droplets; internal gela-
tion process

1. Introduction

Mixing is a necessary process for reactants to come into contact with each other before
a reaction. A micromixer has the advantages of fast and uniform mixing, no contamination
of the reagents and the reduction of reagent consumption [1,2], better heat and mass
conduction, and can effectively realize chemical reactions sensitive to air and humidity [3]
and the safer synthesis of dangerous compounds [4]. These advantages have attracted
strong interest from researchers, leading to the widespread study of micromixers in DNA
hybridization [5], cell activation [6,7], enzyme reactions [8], protein folding [9], water
quality monitoring [10], flow chemistry [11] and the synthesis of micro-/nanoparticles,
etc. [12–15].

Su, for example, in the synthesis of micro-/nanoparticles, used a T-junction mixer to
mix two solutions to prepare 15–100 nm BaSO4 nanoparticles [16]. Wang mixed the reagent
and zirconium broth in a glass capillary, and silicone oil simultaneously sheared the two
solutions to form droplets and prepared 100 µm ZrO2 microspheres under the condition
of zirconium broth flow rate of 1 µL/min [17]. Frenz embedded an external electrode on
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both sides of the microchannel to induce the fusion of two different component droplets
through alternating current and prepared Fe3O4 nanoparticles smaller than 15 nm under
the condition of an aqueous phase flow rate of 120 µL/h [18]. Zhang prepared a 1.8 mm
wide and 100 mm thick micromagnetic gyromixer to achieve uniform mixing [19]. The
micromixers adopted by the above researchers can be divided into passive micromixers
and active micromixers according to whether there is an external power source. Passive
micromixers mainly improve the mixing performance by increasing the contact area be-
tween fluids and constructing chaotic convection through the microchannels. Passive
micromixers have a drawback, i.e., the mixing performance is not ideal when the Reynolds
number is low, which limits their application. However, active micromixers do not have
this drawback because they actively enhance mixing performance by using some form of
external energy to generate chaotic convection, such as electric or magnetic fields. Active
micromixers, for example micromagnetic gyromixers, also have limited application due to
their complicated manufacturing process and high cost [20–22]. Moreover, by reducing the
size of the droplets to shorten the distance of solute diffusion, researchers have currently
achieved micromixing at a flow rate of µL/min or µL/h, which is unfavorable for large-
scale industrial applications of micromixing. In addition, these micromixers usually have
microchannels etched on polydimethylsiloxane and then thermally bonded together. If the
two solutions react when mixed in the micromixer they may generate insoluble substances;
for example, FeCl3 solution and NaOH solution generate Fe(OH)3 particles, which can
easily block the microchannels and cause damage to the micromixer. However, a reusable,
low-cost, high-throughput micromixer has not been developed yet. Therefore, there is
an urgent need for a high-throughput micromixer with good mixing performance, which
needs to be disassembled to clean the insoluble matter in the micromixer, so as to realize
the reuse of the micromixer.

In this work, a novel high-throughput and instant-mixing droplet microfluidic system
(noted as DMS) is constructed. The DMS is composed of an active magneton micromixer
and a T-junction microfluidic device. Liquid droplets can be produced with such a device.
The DMS can be used for the rapid and uniform mixing of two solutions, and can also
be used for the preparation of micro/nano ceramic particles. It is easy to disassemble the
DMS and clear the insoluble matter from the microchannel. By adjusting the structure of
the T-junction microfluidic device and process parameters such as the magneton speed,
and the content of surfactant, etc., the most suitable conditions for the DMS are found.
The DMS is compared with the mainstream micromixers on the market and their mixing
performance and the uniformity of the droplets’ sizes are analyzed. The effectiveness of
the DMS is evaluated by using dispersed phases of different viscosities to simulate the
preparation of zirconium broth and uranium broth in the internal gelation process.

2. Materials and Methods
2.1. Construction of High-Throughput and Instant-Mixing Droplet Microfluidic System

The high-throughput and instant-mixing droplet microfluidic system is schematically
shown in Figure 1. The DMS is mainly composed of a magneton micromixer and a
coaxial T-junction (1/4-28UNF, Runze Fluid) microfluidic device. A charge coupled device
camera (CCD, Olympus, Tokyo, Japan) is used to monitor the dropping processs in situ.
Two miscible aqueous phases are propelled into the chamber equipped with magnets
at a flow rate of mL/min through the injection path by two syringe pumps (XFP12-BD,
Zhongxinqiheng, China). The mixing performance of the two aqueous phases is adjusted by
controlling the magneton speed. In order to facilitate the flexible rotation of the magneton
in the chamber, the shape of the chamber is set to a cylinder with an inner diameter of 8
mm and a height of 6 mm. The volume of the liquid filling the chamber can be estimated
to be 0.256 mL by subtracting the volume of the magneton from the volume of the chamber.
When the flow rate of the two aqueous phases is 0.25 mL/min and the flow time of the
two aqueous phases in the microchannel is ignored, it takes only 30 s to for the fluid to
fill the entire chamber. It means that it only takes 30 s for the two aqueous phases to mix
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thoroughly and form droplets. In addition, in order to prevent the magneton from sending
the two aqueous phases without being sufficiently mixed into the sample path beforehand,
this micromixer is designed with the injection path at the bottom of the chamber and
the sample path at the top of the chamber. The mixed solution as the dispersed phase
is sheared into droplets by the continuous phase of silicone oil in the coaxial T-junction
microfluidic device and the droplets are collected in a measuring cylinder. The droplet
formation process is observed under the CCD camera. The physical image of DMS and
Magneton micromixer are mentioned in detail in Figure S1.
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Figure 1. Schematic drawing of the droplet microfluidic system (DMS) for preparing monodisperse droplets.

The magneton micromixer is sealed with fastening screws and gaskets, and the pipe
of the coaxial T-junction microfluidic device is fixed with inverted cone joints. When the
two aqueous phases are not uniformly mixed or the mixing ratio is not appropriate to
produce insoluble substances, the DMS can be easily disassembled to clean the clogged
part, thereby realizing the reuse of the DMS and greatly reducing the cost compared with
clogged and scrapped micromixer of the previous researchers.

The DMS increases the contact area of the two aqueous phases by using the magneton
rotation to generate chaotic convection, and when the mixed solution is sheared into
droplets, the solute diffusion distance is shortened to improve the mixing performance.
Therefore, the DMS combines the characteristics of the active and passive micromixers.

2.2. Mixing-Target Liquids

In order to prevent the DMS from firstly clogging, deionized water was used as the
aqueous phase in the process of preparing monodisperse droplets. In the comparison of
mixing performance, two portions of 150 mL deionized water were added with 1 g of
pigment. According to the mixing principle of the pigment, the same amount of the sky
blue aqueous phase and the lemon yellow aqueous phase will become the dispersed phase
of kelly green. The mixing performance is judged based on the color uniformity of the
collected pictures by the CCD camera. In addition, a certain amount of polyvinyl alcohol
abbreviated as PVA (Mw 13,000–23,000, Sigma-Aldrich (Munich, Germany)) was added to
water with pigment to simulate a zirconium broth and a uranium broth. In order to prevent
the addition of the pigment from affecting the formation of monodisperse droplets, the
density, viscosity, and interfacial tension of different aqueous phases with the appropriate
continuous phase are measured, as shown in Table 1. The composition of this suitable
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continuous phase, which will be given in the third part, is 83.6 mPa·s silicone oil (Aladdin,
Shanghai, China) with 2% v/v Dow Corning 749 (Dow Corning, Midland, TX, USA).

Table 1. The density, viscosity, and interfacial tension of different aqueous phases.

Samples Density (g/cm3) Viscosity (mPa·s) Interfacial Tension
(mN/m)

Deionized water 1.000 1.0 20.7
Water with lemon
yellow pigment 1.013 8.1 20.5

Water with kelly
green pigment 1.007 7.5 20.0

Water with sky blue
pigment 1.001 7.8 20.2

Zirconium broth [23] 1.211 7.0 20.9
Uranium broth [24] 1.512 14.5 21.0
Water with PVA and
kelly green pigment

for simulating
zirconium broth

1.003 8.1 19.6

Water with PVA and
kelly green pigment

for simulating
uranium broth

1.008 15.2 20.0

It can be seen from Table 1 that the viscosity of the water and water with PVA after
adding the pigment will increase a few mPa·s, and the density and interfacial tension are
basically unchanged compared with the original solution. When the same amount of sky
blue pigment solution is mixed with the lemon yellow pigment solution to obtain the kelly
green pigment solution, compared with the two solutions before mixing, the density and
interfacial tension of the kelly green pigment solution are basically unchanged, and the
viscosity is slightly reduced. Zirconium broth and uranium broth are nearly saturated
solutions, so it is normal that the density of water with PVA and pigment is lower than
that of zirconium broth and uranium broth. Unlike macroflow, the interfacial tension plays
a dominant role in microfluidics and the effect of gravity is usually negligible. In other
words, the density difference between the simulated solution and the broth can be ignored
in the DMS.

In general, deionized water is used as the aqueous phase and combined with the DMS
to prepare monodisperse droplets. This mixing performance is quantitatively characterized
by analyzing the color uniformity of the kelly green pigment solution mixed from the sky
blue solution and the lemon yellow solution.

2.3. Characterization

The density of the aqueous phases is measured by a liquid densitometer. The viscosity
of the aqueous phases is measured with an LVDV-1 digital rotation viscometer (Shanghai
Jingtian Electronic Instrument Co., Ltd., Shanghai, China). The picture of the droplets
formed at the capillary port and the picture of the droplets of the collecting cylinder are
captured by an Olympus IX71 fluorescence microscope (Olympus, Tokyo, Japan). Through
image recognition, the size and coefficient of variation of the droplets in these pictures are
extracted, as shown in Figure 2A. The program automatically recognizes the number and
outline of the droplets in the picture (Figure 2B), and calculates the size and coefficient of
variation of the droplets. The specific identification principle is mentioned in the previous
article by the research group [25]. The simplified variance normalization method is used to
characterize the mixing performance (noted as MP) [1], as shown in Equation (1) where
mi is the gray value of the i-th point in the picture, and m is the average gray value on the
picture, and n is the number of pixel points in the picture.
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3. Results and Discussion
3.1. The Structure of the T-Junction Microfluidic Device

The T-junction microfluidic device is a key device for forming monodisperse droplets.
According to the flow direction of the continuous phase and the dispersed phase, the T-
junction microfluidic device can be divided into T-junction perpendicular flow, T-junction
transverse flow and coflowing. When the flow rate of dispersed phase and the continuous
phase is 1 mL/min and 4 mL/min, respectively, and the continuous phase viscosity is
66 mPa·s, the droplets formed by the three flow structures are observed. It can be seen
from Figure 3 that the size of the droplets prepared by the coaxial T-junction microfluidic
device is the most uniform and the coefficient of variation is less than 5%, which meets the
requirements of monodisperse droplets [26].
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The reason for the difference is related to the droplet formation mechanism of these
three flow structures. T-junction perpendicular flow and T-junction transverse flow mainly
use the pressure difference before and after the droplet to break the droplet. In T-junction
perpendicular flow, the dispersed phase is squeezed into a continuous liquid column
that moves in in the microchannel, resulting in uneven droplet sizes (Figure 3A). In
T-junction transverse flow, the dispersed phase is squeezed into discontinuous liquid
columns in the microchannel and satellite droplets are generated, resulting in uneven
droplet sizes (Figure 3B). The mechanism of coflowing by the coaxial T-junction microflu-
idic device to generate droplets is Kelvin–Helmholtz instability. That is, when the difference
between the flow rate of the two phases exceeds a certain range, monodisperse droplets
will be generated, as shown in Figure 3C. In addition, due to the interfacial tension of the
droplets and the continuous phase, the sphericity of the droplets formed by these three
flow structures is all less than 1.05 (Figure 3D), which is good. The sphericity will not be
discussed in the subsequent droplet evaluation process. Therefore, the suitable structure of
the T-junction microfluidic device that generates monodisperse droplets is coflowing, that
is the coaxial T-junction microfluidic device.

3.2. The Magneton Rotation Speed

The rotational speed of the magneton directly affects the mixing performance of the
liquid in the chamber of the magneton micromixer. Equal amounts of water with lemon
yellow pigment and water with sky blue pigment are pushed into the chamber to observe
the mixing performance under different magneton speeds. The mixing performance at
different magneton speeds can be seen from Figure 4. When the magneton speed is
0 r/min, the mixing performance reaches 0.800. This is solely due to the solute diffusion
between the two pigment solutions. It can be seen from the picture of the chamber in the
magnetic micromixer at 0 r/min that there are still some lemon yellow solutions that are
not completely mixed. When the magneton speed increases from 0 r/min to 600 r/min,
the mixing performance is significantly improved, reaching 0.944. However, when the
magneton speed further increases from 600 r/min to 1200 r/min, the improvement of
mixing performance reaches plateau. Therefore, 600 r/min was chosen as the magneton
speed of this experiment.
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3.3. The Content of Surfactant

Dow Corning 749 (Dow Corning Co., Ltd.) is decamethyl-cyclopentasiloxane and
trimethylated silica as the surfactant, which is one of the oil-soluble polymers. The surfac-
tant is used to prevent coalescence between droplets by reducing the interfacial tension
between the continuous phase and the dispersed phase. The surfactant is added to 50 mPa·s
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silicone oil as the continuous phase according to the volume ratio. When the flow rate
of dispersed phase and the continuous phase is 0.5 mL/min and 2 mL/min, respectively,
and the magneton speed is 600 r/min, the size and coalescence of droplets are observed,
as shown in Figure 5. The droplets’ sizes decrease with the increase in the content of
surfactant. This can be attributed to the increase in the surfactant, which reduces the
interfacial tension between the dispersed phase and the continuous phase. The decreased
interfacial tension is beneficial to generation of smaller droplets by the DMS. The coefficient
of variation of the droplets’ sizes after the addition of surfactants does not have obvious
regularities in Figure 5. It can be seen from the physical map of the collected droplets that
the surfactant has little effect on the coalescence of the droplets. Then, in order to prevent
the excessively high content of the surfactant from affecting the subsequent experiments of
preparing monodisperse microspheres by DMS, 2% v/v of the surfactant was added to the
silicone oil.
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3.4. Factors Affecting Droplets’ Sizes and Coefficient of Variation

When 2% v/v of the surfactant is added to the silicone oil, the viscosity of the silicone
oil needs to be re-measured as the viscosity of the continuous phase. When 2% v/v
the surfactant is added to the silicone oil of different viscosity as the continuous phase,
and the flow rate of the dispersed phase and the continuous phase is 0.5 mL/min and
2 mL/min, respectively, the magneton speed is 600 r/min, and the coaxial T-junction
microfluidic device is used, the relationship between the droplet’s size and coefficient of
variation and various factors is obtained, as shown in Figure 6A. It can be seen that as
the viscosity of continuous phase increases, the size of the droplets decreases, and the
coefficient of variation decreases from the initial 0.047 to 0.003. This is because the viscosity
of the continuous phase increases, which increases its shearing force on the dispersed
phase, resulting in a smaller and more uniform droplet sizes. Then, when the viscosity of
the continuous phase is very large, it will increase the flow resistance of the continuous
phase and the dispersed phase in the microchannel, which is not conducive to high-
throughput droplet microfluidic systems. Therefore, a moderate viscosity of continuous
phase (83.6 mPa·s) was selected. From the physical image of the droplets collected, which
formed at 83.6 mPa·s in a measuring cylinder (Figure 6A), it can be seen that the droplets
are uniform in size and have good sphericity.
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The effect of the flow rate of the continuous phase is investigated under the condition
that the viscosity of the continuous phase is 83.6 mPa·s, the flow rate of the dispersed
phase is 0.5 mL/min, 2% v/v surfactant is used, the magneton speed is 600 r/min, and
the coaxial T-junction microfluidic device is used. The results are presented in Figure 6B.
With the increase in the continuous phase flow rate, the droplet’s size rapidly decreases
and the coefficient of variation of the droplets fluctuates around 0.007. The volume of the
continuous phase is only 100 mL on the syringe pump. Considering the initial bubble
elimination time of the DMS and the time for the droplets to reach stable generation
conditions, the DMS requires at least 50 min of running time to ensure accurate data
collection. Therefore, 2 mL/min is chosen as the flow rate of continuous phase.

The influence of the flow rate of dispersed phase is investigated under the condition
that the viscosity of the continuous phase is 83.6 mPa·s, the flow rate of the continuous
phase is 2 mL/min, 2% v/v surfactant is used, the magneton speed is 600 r/min, and the
coaxial T-junction microfluidic device is used. The results as shown in Figure 6C indicate
that as the flow rate of the dispersed phase increases, the droplets’ sizes also increase. When
the flow rate of the dispersed phase is 0.9 mL/min, the droplets’ size sin the microchannel
become larger and the distance between the droplets becomes smaller, because the shear
force of the continuous relative dispersed phase becomes smaller. This will easily cause
the droplets of the microchannel to collide and the collected droplets in the measuring
cylinder will be of uneven size. For example, when the flow rate of the dispersed phase
is 0.9 mL/min, the coefficient of variation of the droplets will reach 0.04. However, if the
flow rate of the droplets is small, it is not conducive to the high-throughput preparation
of monodisperse droplets. Therefore, a moderate dispersed phase flow rate (0.5 mL/min)
was selected.

The effect of the flow ratio of the continuous phase to the dispersed phase is analyzed
under the condition that the viscosity of the continuous phase is 83.6 mPa·s, the flow rate
of the dispersed phase is 0.5 mL/min, 2% v/v surfactant is used, the magneton speed is
600 r/min, and the coaxial T-junction microfluidic device is used, as shown in Figure 6D. As
the flow ratio of the continuous phase to the dispersed phase becomes larger, the size of the
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droplets decreases rapidly, and the coefficient of variation of the droplets fluctuates at 0.01,
which can be ignored. Since the inner diameter of the outlet tube of the microchannel is
1600 µm, the size of the droplets cannot be too large to avoid friction between the droplets
and the tube wall of the microchannel. This means that the larger the flow ratio of the
continuous phase to the dispersed phase, the better. However, considering the stable
working time of the DMS, 4:1 was chosen as the best flow ratio of the continuous phase to
the dispersed phase.

Therefore, using deionized water as the aqueous phase, the best conditions for the
DMS to prepare monodisperse droplets are found—that is, in the coaxial T-junction mi-
crofluidic device, the magneton speed is 600 r/min, and the content of surfactant is 2%
v/v, the viscosity of continuous phase is 83.6 mPa·s, the flow rate of continuous phase
and dispersed phase is 2 mL/min and 0.5 mL/min, respectively, and the flow ratio of the
continuous phase to the dispersed phase is 4:1.

3.5. Correlation Analysis of Influencing Factors

As can be seen from the above, there are many factors that affect the size of the droplets
prepared by the DMS. Mathematical statistics and numerical simulations are widely used
in scientific research [27–29]. The SPSS software (version 22.0) developed by IBM (Armonk,
NY, USA) is used to do Pearson correlation analysis of these influencing factors and the
droplets’ sizes. The correlation coefficient and significance of each influencing factor are
shown in Table 2. It can be seen that except for the flow rate of the dispersed phase, the
other influencing factors are negatively related to the droplets’ sizes. The flow ratio of
the continuous phase to the dispersed phase is varied by maintaining the flow rate of the
dispersed phase at a constant rate while the flow rate of the continuous phase is changed.
Its correlation coefficient is basically the same as that of the flow rate of the continuous
phase; both are about 0.974. In addition, the viscosity of the continuous phase has the
largest correlation coefficient, followed by the flow rate of the continuous phase, then the
flow rate of the dispersed phase and finally the content of the surfactant. This shows that
the viscosity of the continuous phase has the closest relationship with the droplets’ sizes
in the DMS, which is significant at the level of 0.01. Therefore, the droplets’ sizes can be
changed mainly by changing the viscosity and flow rate of the continuous phase.

Table 2. Pearson correlation coefficient of influencing factors and droplet size.

The Influencing Factors Pearson Correlation with Droplets’ Size

The content of surfactant −0.886 α

The viscosity of continuous phase −0.987 β

The flow rate of continuous phase −0.973 β

The flow rate of dispersed phase 0.900 α

The flow ratio of continuous phase to
dispersed phase −0.974 β

α Correlation is significant at the 0.05 level (2-tailed); β Correlation is significant at the 0.01 level (2-tailed).

3.6. Mixing Performance and Uniformity of Droplets’ Sizes

In order to verify the mixing performance of the DMS, the DMS is compared with the
mainstream micromixers on the market. The aqueous solutions of sky blue pigment and
lemon yellow pigment (as shown in Table 1) are respectively passed into the micromixer
at the dispersed phase and are sheared into droplets under the abovementioned optimal
droplet generation conditions. The droplet generation drawings in the microchannel
drawing are shown in Figure 7.
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Figure 7A shows that the droplets prepared by DMS are evenly mixed in color,
and Figure 7B shows that the droplets prepared by the T-junction microfluidic device,
which is composed of a T-junction micromixer and the coaxial T-junction microfluidic
device, are yellow on the outermost surface and have uniform internal color. The colors
of the two pigment solutions in the droplets prepared by the serpentine micromixing
chip in Figure 7C are still clearly visible. Moreover, the two pigment solutions have gone
through eight u-shaped bends in the serpentine micromixing chip and they are still not
evenly mixed. Their mixing performance is quantitatively extracted, as shown in Figure 8A.
It can be seen from Figure 8A that the mixing performance of the collected droplets in a
measuring cylinder is better than that of the generated droplets in the microchannel because
the solute diffusion inside the droplets increases mixing performance when the generated
droplets move into the measuring cylinder through the microchannel. Under the same flow
rate of the dispersed phase, whether it is the generated droplets or the collected droplets,
the mixing performance of DMS is the best, followed by the T-junction microfluidic device,
and the serpentine micromixing chip comes last. This is because both T-junction microflu-
idic device and serpentine micromixing chip are passive micromixers, which mainly rely
on solute molecular diffusion for mixing, while DMS is an active micromixer, which is
prone to generating chaotic convection and has the best mixing performance among these
microfluidic devices.
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The magneton and serpentine microfluidic device in Figure 7D is integrated by the
magneton micromixer and a serpentine micromixing chip. When the magneton speed is
600 r/min, the magneton and serpentine microfluidic device and the DMS are considered
to reach the same degree of mixing. This is explained from the fact that the mixing
performance of the two is similar in Figure 8A. However, the magneton and serpentine
microfluidic device cannot achieve high throughput. Under the conditions of 0.5 mL/min
for the dispersed phase and 2 mL/min for the continuous phase, the dispersed phase cannot
be sheared into droplets by the continuous phase. The continuous phase can flow counter-
currently into the chamber with the magneton that mixes the aqueous phase solutions,
hindering the mixing of the solutions, resulting in the inability to form droplets. Only when
the flow rate of the dispersed phase is 20 µL/min and the flow rate of the continuous phase
is 100 µL/min can the droplets be formed. At a similar mixing performance level, the DMS
can achieve a flow rate of mL/min to prepare droplets while the magneton and serpentine
microfluidic device can only prepare droplets at µL/min, which directly illustrates the
superiority of the DMS structure. It can be seen from Figure 8B that the size of the droplets
generated by the DMS and the T-junction microfluidic device is very uniform, and the
coefficient of variation is below 0.006. The coefficient of variation of the droplets by the
serpentine micromixing chip and magneton and serpentine microfluidic device exceeded
0.5, indicating that the size distribution of the droplets prepared by these two micromixers
is very large.

Therefore, compared to these three kinds of micromixers, the DMS has the best mixing
performance and droplet size uniformity. In principle, the coaxial T-junction microfluidic
device prepares droplets which are more stable under force on a three-dimensional flow
scale than other microfluidic devices. The magneton micromixer has a simple structure
and uniform mixing. It makes the flow resistance in the DMS far smaller than that of the
complex microchannels in other microfluidic devices, thereby achieving the preparation of
high-throughput uniformly mixed monodisperse droplets.

3.7. Simulated Broths Experiment by DMS

In the preparation of ZrO2 and UO2 gel microspheres by the internal gelation pro-
cess, the metal ion solution needs to be mixed with a mixed solution of urea and hex-
amethylenetetramine (noted as HMUR solution) to form a zirconium or uranium broth,
and the broth is rapidly dispersed into droplets and falls into hot silicone oil to form gel
microspheres [30,31], which can be found in Figure S2. However, hexamethylenetetramine
is thermally unstable and easily decomposes into ammonium hydroxide, leading to the
premature precipitation and gelation of metal ions to block the dispersing device. The reac-
tion can be simplified into Equation (2) [17,30,31] and Mn+ is the metal ion. Therefore, the
metal ion solution and the HMUR solution need to be cooled and mixed at 5 ◦C, which is
not conducive to large-scale industrial production. Moreover, when the metal ion solution
and the HMUR solution are not sufficiently mixed, certain positions in the mixed solution
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will reach the pH at which the metal ion gelation reaction occurs, so the broth will quickly
gel and block the device.

Mn+ + nOH− → M(OH)n (2)

The water with PVA and sky blue pigment solution is used to simulate metal ion
solution and the water with PVA and lemon yellow pigment solution is used to simulate
HMUR solution. The two kinds of solutions are mixed into the kelly green pigment solution
similar to the interfacial tension and viscosity of the broth by the magneton micromixer,
and then droplets are formed on the coaxial T-junction microfluidic device under the
abovementioned optimal droplet generation conditions. The pictures of the collected
droplets in the measuring cylinder are shown in Figure 9A,B. The droplet size and the
coefficient of variation and the mixing performance of the DMS for these two simulated
broths can be seen from Figure 9C.
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It can be seen from the Figure 9A,B that the droplets of simulated zirconium broth and
simulated uranium broth are formed by DMS with good sphericity and uniform size and
uniform mixing. The coefficient of variation of the droplets is less than 0.01. The mixing
performance is greater than 0.95 for the generated droplets in the microchannel and the
collected droplets in the measuring cylinder, which can be regarded as uniformly mixed. In
addition, the size of the droplets formed by the simulated uranium broth is slightly smaller
than that of the simulated zirconium broth. The viscosity of the simulated uranium broth is
greater than that of the simulated zirconium broth. However, previous studies have shown
that changing the viscosity of the dispersed phase will not change the force state of the
droplets in the microchannel. So, it is normal that the size of the droplets slightly changes
with the viscosity of the dispersed phase [32].
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The internal gelation process is a process of hydrolysis of metal ions which is heavily
dependent on temperature. When the temperature rises from 5 ◦C to 20 ◦C, the protonation
of HMTA and the decomposition of protonated HMTA will accelerate, leading to an
increase in the pH of the broth and promoting the hydrolysis of the metal ions [23,24]. For
example, when the temperature rises from 5 ◦C to 20 ◦C, the stability time of the zirconium
broth is reduced from 5 h to 1 h, and the stability time of uranium broth is reduced from
16 h to 200 s [23,24]. Because of the short stabilization time, it is difficult to achieve a
continuous internal gelation process at room temperature without cooling to prepare the
zirconia or uranium oxide microspheres. The time for DMS to mix and form droplets is
only 30 s, much less than 200 s and 1 h. Therefore, it is expected that the mixing process
using the DMS will not strongly affect the hydrolysis and gelation process of the metal ions
such that gel microspheres can be prepared at room temperature by DMS without cooling
the precursor solution.

4. Conclusions

In this study, a novel high-throughput and instant-mixing droplet microfluidic system
is designed for solution mixing and preparation of micro-/nanoparticles. The system
is detachable and it is easy to clean any blockages in the microchannel, which realizes
the reuse of the system and greatly reduces the cost. Moreover, the system can mix the
solution uniformly and produce droplets of uniform size at a flow rate of mL/min, which
overcomes the shortcomings of low droplet yield and easy clogging of the micromixing
chips on the market.

The results show that the best conditions for the DMS to prepare uniform mixing
and monodisperse droplets with good sphericity are in the coaxial T-junction microfluidic
device, where the magneton speed is 600 r/min, and the content of surfactant is 2% v/v, the
viscosity of continuous phase is 83.6 mPa·s, the flow rate of continuous phase and dispersed
phase is 2 mL/min and 0.5 mL/min, respectively, and the flow ratio of continuous phase
to dispersed phase is 4:1. The viscosity and flow rate of continuous phase have a major
impact on monodisperse droplets of different sizes. The DMS achieves the preparation
of monodisperse droplets with better mixing performance than three micromixing chips
on the market. Moreover, the simulation broths are used to simulate the preparation of
zirconium and uranium gel microspheres in the internal gelation process by the DMS.
The DMS can potentially realize the continuous production of ZrO2 and UO2 ceramic
microspheres without cooling at room temperature. Thus, the DMS is expected to meet the
demands in various fields, including the high-volume industrialization of microfluidics,
micromixing, and micro-/nanoparticles.
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Abstract: A method of computer modeling of a surface relief is proposed, and its efficiency and
high accuracy are proven. The method is based on the mathematical model of surface microrelief,
using titanium alloy Ti6Al4V subjected to processing with femtosecond pulses as an example.
When modeling the examples of microrelief, changes in the shape of segments-cycles of the studied
surface processes, which correspond to separate morphological formations, were taken into account.
The proposed algorithms were realized in the form of a computer simulation program, which provides
for a more accurate description of the geometry of the microrelief segments. It was proven that the
new method significantly increases the efficiency of the analysis procedure and processing of signals
that characterize self-organized relief formations.

Keywords: titanium alloy Ti6Al4V; implant microrelief; mathematical model; profilometry signals

1. Introduction

It is known that during laser treatment of metals used for biomedical purposes (manufacture
of implants), complex physicochemical processes take place in the surface layer, the kinetics of
which is determined by the amount of energy introduced into the material and the processing
time [1]. Periodic titanium patterns induce more uniform and direct cell growth. This effect is mainly
connected with the surface properties of textured titanium implants [2,3]. When selected correctly,
these parameters make it possible to form a surface layer of metals with a predetermined structure,
grain size, phase composition, hardness and surface roughness [4]. However, estimating the parameters
of a processed relief based on roughness alone is an approximate method that allows detecting the
integral value of roughness only [5–7].

In this case, the geometric features of the relief formed, even with the same roughness values,
may differ due to local peculiarities of micro- and macro-stresses distributed in the area of laser
processing of materials [8,9]. Currently, investigations are ongoing into femtosecond laser treatment
of titanium alloys, which is superior to the previously studied nanosecond laser treatment, as it
makes it possible to create a surface topography of different geometries. It is known that increased
overlap of laser-treated sections leads to an increased periodicity (cyclicity) of the treated surface
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microrelief. Femtosecond treatment of the material provides for the formation of highly ordered conical
microstructures on the surface [10].

Modern methods of profilometry allow conducting functional diagnostics of the surface condition
and detecting ordered structural formations. However, it remains important to create effective computer
diagnostic systems for the automated processing of the received signals, followed by a preliminary
diagnostic conclusion about the surface condition. Thus, the development of approaches for modeling
the surface microgeometry of titanium alloys is the basis for creating a technology for making a
self-organized microrelief with an optimal rate of osteointegration and modifying its surface with
high-energy pulses [11–13].

Improving the methods of modeling the microgeometry of a laser-treated surface is one of the
steps for ensuring the reproducibility of the relief formed and creating methods for describing its
diagnostic state. Both parametric (roughness criteria) and nonparametric evaluation criteria are used
to evaluate microgeometry. In particular, some works are known, the authors of which use densities
and density functions describing the distribution of ordinates and tangents of the profile inclination
angles, as well as profile microtopography. The effectiveness of the nonparametric approach to
solving the optimization problems has been proven by numerous studies. In particular, earlier in [4],
a mathematical model of the cyclic structure of the surface microrelief of the titanium alloy Ti6Al4V
was described. The self-organization of the surface subjected to the impact-oscillatory laser effect was
considered to be a cyclic random process, which provides for a description of the geometric features of
the microrelief [14,15]. The components of the proposed model take into account the segments-cycles
of cyclic microrelief.

The purpose of this research is to develop a new mathematical model that allows taking into
account the amplitude parameters at each segment-cycle within the microrelief structure of the surface
of titanium alloy Ti6Al4V and compare the results of the microrelief modeling using the new and
known mathematical models.

2. Materials and Methods

A model for creating relief formations on the surface of titanium alloy Ti6Al4V, which were
polished to a roughness s = 0.065 ± 0.003 µm and treated with a laser, was considered in this
article [4,10]. A Yb-doped fiber laser system of the type UFFL_60_200_1030_SHG from Active Fiber
Systems GmbH, Jena, Germany, with a pulse duration of 300 fs was used in this research. The system
enabled a pulse repetition rate from 50.3 kHz up to 18.6 MHz with a maximum pulse energy of 200 µJ.
The linear polarized Gaussian beam was deflected by an intelliSCAN 14 scan head (Scanlab GmbH,
Puchheim, Germany) and focused with an f-theta lens with a focal length of 163 mm, resulting in a
circular focus diameter of df = 36 µm (1/e2). For the experimental work, a wavelength of 1030 nm
was applied. Laser structuring was carried out on a Microgantry GU4 micromachining center from
Kugler GmbH, Salem, Germany. This spot diameter was used for all laser parameter calculations [4,10].
The findings presented in article [4], in which pulse treatment was performed by overlapping the areas
of laser treatment (LO), were the experimental basis of this research. High values of the parameters
considered caused phase transformations and heat accumulation, which led to a reduced ablation
threshold and increased roughness. In this paper, the surface relief properties of titanium alloy
Ti6Al4V were modeled by LO 40% at a laser fluence of q = 4.91 J/cm2, Figure 1, to verify the method
efficiency. Both trenches and ridges were strongly covered with melt and nanoprotrusions due to a
high level of fluence far above the ablation threshold of the material, resulting in a pronounced heat
accumulation [4,10].
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Figure 1. SEM images of structured Ti6Al4V surface with a laser pulse overlap of 50% and scanning
line overlap of 40% at a fluence of q = 4.91 J/cm2. (a) A clear formation of trenches and ridges can be
observed as a result of a low scanning line overlap (b) [4,10].

A generalized theoretical and methodological approach, which consisted of identifying the
segmental structure of cyclic signals with a variable rhythm, was applied to the analysis of the surface
relief, allowing us to process experimental data as part of the stochastic approach.

3. A New Mathematical Model of Cyclic Microrelief

The profilogram of the surface microrelief of the titanium alloy Ti6Al4V after femtosecond pulse
treatment was considered as a stochastic cyclic process. In [14], the definition of a cyclic random
process is given. It is a separable random process ξ(ω, l),ω ∈ Ω, l ∈ [0, L), which is called a cyclic
random process of a continuous argument, provided that there is the function T(l, n), which satisfies
the conditions of the rhythm function. In addition, finite-dimensional vectors (ξ(ω, l1), ξ(ω, l2), . . . ,
ξ(ω, lk)) and (ξ(ω, l1 + T(l1, n)), ξ(ω, l2 + T(l2, n))),..., ξ(ω, lk + T(lk, n)), n ∈ Z, where

{
l1, l2, . . . , lk

}

is the set of the process separability, ξ(ω, l),ω ∈ Ω, l ∈ [0, L) are stochastically equivalent in a broad
sense for all integers k ∈ N where T(l, n) is the rhythm function of the cyclic process, which reflects the
regularities in the variation of temporal (spatial, in our case) intervals between its single-phase values.
The main properties of this function are described in [15].

Figure 2 presents a block diagram of the well-known approach to modeling the surface
microrelief [14]. Accordingly, the mathematical model of the cyclic surface microrelief was presented
in a form that takes into account its segmental cyclic structure:

ξω(l) =
C∑

i=1

fi(l), l ∈W (1)

where C is the number of segments-cycles of the cyclic microrelief, W is the definition area of the
cyclic microrelief, while the region of its values in case of the stochastic approach is the Hilbert space
of random variables given on a single probabilistic space (ξω(l) ∈ Ψ = L2(Ω, P)). In expression (1),
segments-cycles of the cyclic microrelief process are determined by indicator functions, that is:

fi(l) = ξω(l) × IWi(l), i = 1, C, l ∈W (2)
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Figure 2. Block diagram of the computer modeling of the microrelief process (known approach):
1—assessment of the segmental structure of the microrelief; 2—assessment of the rhythmic structure of
microrelief; 3—statistical processing of microrelief; 4—cyclic microrelief modeling.

In this case, the indicator functions, which allocate segments-cycles, were defined as:

IWi(l) =
{

1, l ∈Wi,
0, l <Wi.

, i = 1, C (3)

where Wi is the definition area of the indicator function, which in case of a discrete signal is W = D,
that is, equals a discrete set of samples.

Wi =
{
li, j, j = 1, J

}
, i = 1, C, (4)

The segmental cyclic structure D̂c is taken into account by a set of spatial samples {li} or
{
li, j

}
,

i = 1, C, j = 1, J. The mathematical model (1) takes into account the rhythm of the cyclic microrelief
using the continuous rhythm function T(l, n), namely:

IWi(l) = IWi+n(l + T(l, n)), i = 1, C, n = 1, l ∈W. (5)

In order to assess the rhythm function T(l, n), the segmental structure of the microrelief (in this case,
the segmental cyclic structure) was determined as D̂c =

{
li, i = 1, C

}
, which is a set of spatial moments

that correspond to the boundaries of the segments-cycles of the microrelief.
Having obtained the segmental structure D̂c and estimated the rhythmic structure (discrete rhythm

function T(l, n)), we used the methods of statistical processing. As a result, we obtained statistical
estimates of probabilistic characteristics (mathematical expectation m̂ξ(l), l ∈ W1 and dispersion
d̂ξ(l), l ∈ W1) of the cyclic microrelief process. After this, the obtained information was used for
computer simulation of the realization of the cyclic process of surface microrelief ξ̂ω(lk), lk ∈W.

For an adequate description of the real process, the microrelief amplitudes on the segments-cycles
need to be considered (this was prevented by the mathematical model presented in [14]); therefore,
we take them into account in the new mathematical model, Figure 3.

Figure 3. Block diagram of the computer modeling of the microrelief process (new approach):
1—assessment of the segmental structure of the microrelief; 2—assessment of the rhythmic
structure of microrelief; 3—statistical processing of microrelief; 4—cyclic microrelief modeling;
5—determination of maximums of segments-cycles of microrelief; 6—estimation of the scale factors of
the microrelief amplitude.
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In the new model (1), segments-cycles of the cyclic microrelief process are defined as multiplicative
components, taking into account the indicator functions and scale coefficients of the microrelief
amplitude, that is:

fi(l) = ξω(l) · αWi(l) · IWi(l), i = 1, C, l ∈W. (6)

In Formula (6), an additional component αWi(l) is introduced, which reflects the scale factors of
the microrelief amplitude on each segment-cycle of the cyclic process, namely:

αWi(l) =
{
αi, l ∈Wi,
0, l <Wi.

, i = 1, C, (7)

where αi are the scale coefficients of the microrelief amplitude on each i-th segments-cycles defined as
follows:

αi =
αi max

αaver
, i = 1, C, (8)

where αi max is the maximum value of the microrelief amplitude on the i-th segment-cycle (determined at
the segmentation stage of the cyclic microrelief process), αaver is the average value of the microrelief
amplitude (the maximum value of the mathematical expectation amplitude determined at the stage of
statistical processing of the cyclic microrelief process).

4. Modeling Results

A comparative analysis of the results of computer modeling was performed. It showed that the
new method of computer modeling of microrelief was more accurate than the well-known method
presented in [14]. This is because the new method is based on a mathematical model of the self-ordered
relief, which is presented as a cyclic random process, taking into account the amplitude parameters on
each segment-cycle, Figure 4. Higher accuracy of computer modeling was achieved due to adapting
the description of the shape of the segments-cycles under study.

Figure 4. The result of modeling the surface microrelief of titanium alloy Ti6Al4V after processing with
femtosecond pulses: (a) based on the well-known mathematical model [14]; (b) based on the proposed
mathematical model (red line—experimental data; black line—results of modeling).

This approach eliminated the negative effect of taking into account only the statistical evaluation
(mathematical expectation) in case of modeling the relief morphology in the presence of a significant
height variation of the microrelief elements.
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Estimation of errors. In order to compare the proposed and well-known mathematical models,
computer modeling of microrelief realizations was performed, and modeling results were estimated by
defining the absolute ∆q(k) and relative errors δq(k), Figure 5.

∆q(k) =

√√√
1
K

K∑

k=1

(
ξω(lk) − ξ̂ω(lk)

)2
, q = 1, 2, k = 1, K, lk ∈W, (9)

δq(k) =
∆q(k)√

1
K

K∑
k=1

(ξ̂ω(lk))
2

, q = 1, 2, k = 1, K, lk ∈W. (10)

where ξ̂ω(lk) is the computer-simulated realization of the cyclic microrelief process (one of
the two approaches); ξω(lk) is the experimentally obtained realization of the cyclic microrelief
process; computer simulation errors based on the well-known model were identified at q = 1;
computer simulation errors based on the new model were identified at q = 2 (new approach).

Figure 5. Fragments of the absolute and relative errors of computer modeling of the surface microrelief of
titanium alloy Ti6Al4V after processing with femtosecond pulses: (a) absolute errors, (b) relative errors.

It was found that the relative root mean square modeling error for the studied case (new approach)
did not exceed 1.2 (12%). It should be noted that the comparative analysis of the relief reproduction
accuracy was individual for each realization of the relief formation process, Table 1.

Table 1. Comparison of characteristics of the well-known and new mathematical models of the surface
relief after laser treatment.

Models

Taking into
Account the

Cyclical Nature
of the Relief

Taking into
Account the

Random Nature
of the Relief

Taking into
Account the

Morphological
Features of

Segments-Cycles
of the Relief

Taking into
Account the

Rhythmic
Features of the
Deployment of

Segments-Cycles
of the Relief

Taking into
Account the
Amplitude
Features of

Segments-Cycles
of the Relief

Well-known
[5–7,16–19] + + +/− + −

New + + + + +

“+”—takes into account (reflects); “−”—does not take into account (does not reflect); “+/−”—partially takes into
account (partially reflects).
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Based on a new mathematical model of the surface relief, as well as previously developed
approaches to estimating the segmental and rhythmic structures and probabilistic characteristics of the
process [19], a new approach to computer modeling of the cyclic microrelief realization on implant
surfaces has been substantiated [20,21].

5. Conclusions

Based on the new mathematical model of surface microrelief, as applied to titanium alloy Ti6Al4V
after its processing with femtosecond pulses, a method of computer modeling of the surface microrelief
realization was developed. The model contains the components that take into account changes in the
shape of cycles-segments of the processes investigated. The developed method of computer modeling
makes it possible to describe more precisely the features of microrelief segments. This allowed
increasing the efficiency of their processing procedure and computer modeling in information systems.

The software for computer simulation of the surface microrelief realization created on the basis
of the new model can be integrated into specialized software for technical diagnostics of the surface
condition and modeling experiments conducted after the precision laser processing. Using the
developed software, a series of experiments on the processing of real microrelief sections by the new
and well-known methods was performed. The obtained results of comparative analysis of modeling
errors using the new method confirmed its higher accuracy in describing the segments-cycles as
compared to the well-known method.

In further scientific research, it is planned to modify the mathematical model so as to allow
considering the features of the microrelief nonlinearity (presence of a trend) on curvilinear surfaces.
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Abstract: This paper discusses experimental studies aiming to determine the effect of the drawing
method on the lubrication conditions, zinc coating mass and mechanical properties of medium-carbon
steel wires. The test material was 5.5 mm-diameter galvanized wire rod which was drawn into
2.2 mm-diameter wire in seven draws at a drawing speed of 5, 10, 15, 20 and 20 m/s, respectively.
Conventional and hydrodynamic dies with a working portion angle of α = 5◦ were used for the
drawing process. It has been shown that using hydrodynamic dies in the process of multi-stage
drawing of zinc-coated wire improves the lubrication conditions, which leads to a reduction in
friction at the wire/die interface. As a consequence, wires drawn hydrodynamically, as compared to
wires drawn conventionally, are distinguished by a thicker zinc coating and better mechanical and
technological properties.

Keywords: wire; zinc coating; hydrodynamic die; drawing speed; surface; properties

1. Introduction

External friction between the wire and the drawing die is among the factors which determines
the conditions of the top wire layer [1–5]. Among the known methods of improving lubrication
conditions and reducing friction is the application of hydrodynamic dies, the so-called pressure dies in
the drawing process. The drawing process performed with the use of hydrodynamic dies consists in
introducing a lubricant into the resistance die through a narrow slot. As a result, the lubricant becomes
a liquid, successively increasing the pressure in the die, where the greatest value is achieved at the
contact of the working die with the wire. The generated high pressure not only separates the friction
surfaces of the wire and the working die but also contributes to the deformation by changing the
diameter and shape of the drawn wire [6–8].

In the case of drawing zinc-coated wire, this layer consists of zinc coatings and a steel substrate [9].
In hot-dip zinc coating, the properties of the zinc coating depend largely on the galvanizing technology,
including the composition and temperature of the bath and the immersion time [9–12]. In contrast
to drawing uncoated wire, a very high variation in physicochemical properties between individual
wire layers exists in the surface layer of zinc-coated wire at a depth of approximately 100 µm.
In the multi-stage drawing process, the top surface layer is intensively heated up. This, in turn,
is expected to influence the conditions of deformation of the soft zinc coating on the hard steel core,
including wire surface roughness. The formation of the wire topography also depends on the drawing
technology. The literature on the zinc-coated wire drawing technology lacks information concerning
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the surface roughness of zinc-coated wire after the multi-stage drawing process at high drawing speeds
(above 5 m/s). Nevertheless, the literature data on single-stage drawing at a speed of up to 2 m/s show
that the angle and the drawing method influence both the top wire layer and the zinc coating surface
roughness [13–16].

2. Materials and Methods

The test material was 5.5 mm-diameter galvanized steel wire rod (Drumet, Wloclawek, Poland).
The examination of the microstructure of the coatings was made with the use of an S-3400 N-type
Hitachi scanning microscope equipped (Hitachi, Tokyo, Japan) with an Energy Dispersion Spectroscopy
X-ray spectrometer. An accelerating voltage of 25 kV was used. Figure 1 shows the structure of the
zinc coating before and after the drawing process (wire rod with a diameter of 5.5 mm).

Figure 1. Coat cross-section (SEM) microstructure for: (a) wire rod, (b) 2.2 mm wire drawn in
conventional dies.

The SEM investigation showed that after the hot-dip galvanizing process of the wire rod, the zinc
coating consists of an outer layer and a diffusion layer containing intermetallic phase layers, Figure 1a.
The process of drawing wires with a diameter of 2.2 mm caused, regardless of the drawing technology,
a more than two-fold decrease in the thickness of the zinc coating, Figure 1b.

The wire rod was drawn into 2.2 mm-diameter wire on a multi-stage drawing machine in seven
draws at a drawing speed of 5, 10, 15, 20 and 20 m/s, respectively (Tables 1 and 2). Conventional dies
and hydrodynamic dies with a working portion angle of α = 5◦ were used for the drawing process.

Table 1. Distribution of single reductions, Gp, and the total reduction, Gc.

Draw No. 0 1 2 3 4 5 6 7

φ, mm 5.50 4.73 4.10 3.57 3.13 2.77 2.46 2.20

Gp, % - 26.04 24.86 24.18 23.13 21.68 21.13 20.02

Gc, % - 26.04 44.43 57.87 67.61 74.64 79.99 84.00

The examination of the surface topography of the zinc-coated wires after the drawing process
was carried out on a Form Talysurf 50e profilometer (Taylor Hobson, Leicester, England). Figure 2
shows an example of a profilogram of the surface texture of 2.20 mm-diameter wire.
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Table 2. Drawing speed, v [m/s], at individual drawing drafts.

Draw No.

1 2 3 4 5 6 7

Drawing speed, v [m/s], at individual drafts

1.06 1.43 1.90 2.47 3.15 4.00 5

2.12 2.86 3.80 4.94 6.31 8.00 10

3.17 4.28 5.70 7.41 9.46 12.00 15

4.22 5.70 7.59 9.88 12.62 16.00 20

Figure 2. The surface texture of φ2.2 mm-diameter wire drawn in hydrodynamic dies.

Figure 2 shows an example of a profilogram of the surface texture of 2.20 mm-diameter wire.
To illustrate the variations in the wire surface texture, the profile height and profile deviation parameters
were used for the analysis. The average line (Figure 2) is understood as a profilogram line which
divides the surface into two parts in such a manner that the surface calculated using the integral is
equal to zero. The circle in the center of the profilogram of the geometric structure of the wire surface
represents the center of the wire roughness measurement on the analyzed length, while the numbers
on the x-axis represent the current position of the measuring head of the device.

The profile height parameter describes the height of the profile irregularities using linear
dimensions perpendicular to the average line or the arithmetic mean. The explanation of the profile
height can be represented with the use of the following parameters:

Rp—the maximum height of the profile elevation above the value of the average line within the
measuring length under examination;

Rv—the maximum depth of the profile below the average line within the measuring length;
Rt—the total value of the profile depth and profile height within the measuring length

under examination:
Rt = Rp + |Rv| (1)

Rz—the arithmetic mean of the absolute values of the heights of the five largest elevations and the
five largest depressions of the roughness profile:

Rz =

∑5
i=1

∣∣∣∣ypi

∣∣∣∣+
∑5

i=1

∣∣∣yri

∣∣∣
5

(2)

The profile deviation parameters describe the deviation of the profile in the direction perpendicular
to the average line, where the basis for the calculation of the measure of dispersion is the assumption
of mathematical statistics. They are calculated as follows:
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Ra—the mean of the profile deviations from the average line:

Ra =
1
L

L∫

0

∣∣∣y(x)
∣∣∣dx (3)

Rq—the quadratic mean of the values of profile deviations from the average line within the
examined measuring length:

Rq =

√√√√√√
1
1

1∫

0

y2(x)dx (4)

The examination of the zinc-coated wire roughness measurements was carried out for finished
2.2 mm-diameter wires. For the structural examination of the top wire layer geometry, five elementary
segments, each of a measuring length of 0.8 mm, were used. The wire roughness measurements were
performed for the longitudinal direction to the drawing direction.

3. Results and Discussion

Lubrication conditions. To determine the effect of the drawing method on the lubrication
conditions, ten 100 mm-long specimens were taken for each drawing variant. After the specimens were
weighed on a laboratory balance, the lubricant layer was removed with the use of sodium hydroxide
(NaOH) and technical acetone. After the specimens had completely dried up, they were weighed again.
From the mass difference, the amount of lubricant on the wire surface was determined. The test results
are presented in Figures 3 and 4 for conventional dies (K) and hydrodynamic dies (H), respectively.

Figure 3. The effect of the drawing speed, v, on the lubricant mass on the surface of 2.2 mm-diameter
wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.

The test results illustrated in Figures 2 and 3 confirm the significant effect of the drawing method
on the lubrication conditions. The data in Figures 2 and 3 show that using hydrodynamic dies in the
zinc-coated wire drawing process improves the lubrication conditions, while the higher the drawing
speed and the greater the total reduction, the larger the differences. For wires drawn hydrodynamically
at drawing speeds of 5 and 20 m/s, as compared to wires drawn conventionally, a lubricant amount
larger by 26.6% and 114.8%, respectively, was recorded on the wire surface. The improvement in
the lubrication conditions when drawing in hydrodynamic dies can be explained by more favorable
conditions for the deformation of the top layer of the zinc-coated wire.
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Figure 4. Variation in the lubricant mass on the surface of wires drawn in conventional dies (K) and
hydrodynamic dies (H) as a function of total reduction (v = 10 m/s).

Analysis of the surface topography of zinc-coated wires. In drawing processes, aside from the die
geometry and the drawing speed, the method of drawing has a significant influence on the formation
of the wire surface. Therefore, a comparison of the surface roughness of zinc-coated wires drawn in
conventional dies and hydrodynamic dies, respectively, was made in the study.

Based on the results, graphs were plotted to illustrate the effect of the drawing method on the
surface texture parameters of 2.2 mm-diameter zinc-coated wires—see Figures 5–10.

Figure 5. The effect of the drawing speed, v, on the surface profile height parameter, Rp,
for 2.2 mm-diameter wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.

The analysis of the surface roughness of wires drawn conventionally and hydrodynamically has
shown that using hydrodynamic drawing dies reduces the surface roughness of zinc-coated wire. At a
drawing speed of 20 m/s, the difference between the drawing variants is as follows: 12.5% Rv, 20.4%
Rv, 15.8% Rt, 11.3% Rz, 18.7% Ra and 44.6% Rq, respectively. Using hydrodynamic dies in the drawing
process creates more favorable conditions for the deformation of the top layer of the zinc-coated wire.
The better lubrication conditions, as confirmed by a greater amount of the lubricant after the drawing
process (Figure 3), have contributed to a reduction in friction and the wire top surface temperature.
In contrast to drawing uncoated wire, significant changes to the physicochemical properties of the
zinc coating occur in the case of drawing zinc-coated wire. Using hydrodynamic dies diminishes
the adverse effect of the drawing speed on the softening of the thin zinc coating in the die. Hence,
wires drawn by the hydrodynamic method have a smoother surface.
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Figure 6. The effect of the drawing speed, v, on the surface profile height parameter, Rv,
for 2.2 mm-diameter wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.

Figure 7. The effect of the drawing speed, v, on the surface profile height parameter, Rt,
for 2.2 mm-diameter wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.

Figure 8. The effect of the drawing speed, v, on the surface profile height parameter, Rz,
for 2.2 mm-diameter wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.
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Figure 9. The effect of the drawing speed, v, on the surface profile deviation parameter, Ra,
for 2.2 mm-diameter wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.

Figure 10. The effect of the drawing speed, v, on the surface profile deviation parameter, Rq,
for 2.2 mm-diameter wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.

Examination of zinc coating mass. The mass of the zinc coating was determined by the gravimetric
method in accordance with the applicable standard PN-EN 10244-1. Then, the change in the zinc
coating mass after drawing in conventional dies and hydrodynamic dies was compared. The test
results are illustrated in Figures 11 and 12.

The analysis of the surface roughness of wires drawn conventionally and hydrodynamically has
shown that using hydrodynamic drawing dies reduces the surface. It can be seen from Figures 11 and 12
that the drawing method significantly influences the variation of the zinc coating mass on the wire after
the drawing process. Using hydrodynamic dies in the multi-stage zinc-coated wire drawing process
favorably influences the drawing conditions and the zinc coating mass. While at a drawing speed of
5 m/s, the difference in the zinc mass between the wires drawn conventionally and hydrodynamically
amounts to 3.8%, at a drawing speed of 20 m/s, it already exceeds 47%. It has also been found that the
difference in the zinc mass between variants K and H increases with the increase in total reduction.
At a reduction of Gc = 84% and a speed of 10 m/s, this difference is approximately 15%.
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Figure 11. The effect of the drawing speed, v, on the zinc mass δ on the surface of 2.2 mm-diameter
wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.
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Figure 12. Variation in the zinc mass δ on the surface of wires drawn in conventional dies (K) and
hydrodynamic dies (H) as a function of total reduction (v = 10 m/s).

When analyzing the mass of the coating (based on standard PN-EN 10244-2), which should be
present on the wire when it is categorized into the respective class, it can be found that, for a drawing
speed of 5 m/s, the coatings on wires drawn either conventionally or hydrodynamically are situated in
class AB, whereas the coating in the hydrodynamic method is thicker by 3.8% compared to that in
the conventional method. At a drawing speed of 10 m/s, both variants still hold class AB, while the
difference between the variants being almost 15% of the zinc mass on the other wire.

A significant difference of 30% in the zinc coating mass between the variants under analysis
caused variant K (conventional dies) to be categorized into a lower class—i.e., B, at a drawing speed of
15 m/s, while variant H (hydrodynamic dies) achieved class AB. The increase in the drawing speed
from 15 to 20 m/s did not change the class of the coatings.

In the hydrodynamic method, the mass of the remaining zinc coating is dependent on the
lubricant pressure created in the die during the drawing process, which directly influences the friction
conditions and the wire heating. Sufficiently high lubricant pressure in the hydrodynamic die allowed
relatively good lubrication conditions to be maintained. This, in turn, contributed to a lowering of
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wire temperature. In consequence, the wires drawn hydrodynamically were distinguished by a thicker
zinc coating. Unlike the conventional method, no such negative effect of high drawing speeds on
the zinc coating thickness was noted for the hydrodynamic method. Therefore, the wires drawn in
hydrodynamic dies at a drawing speed of 20 m/s had the coating class AB.

Testing for mechanical and engineering properties. Tests aiming to determine the mechanical and
engineering properties of the wire were performed in accordance with standard PN-EN 10218-1:2012
on a Zwick/Z100 testing machine and on a wire twisting and bending test device. Wires of a diameter
of 2.2 mm were subjected to testing to determine the yield strength, R0.2; ultimate tensile strength,
Rm; uniform elongation, Ar; total elongation, Ac; reduction in area, Z; the number of twists, Nt;
and the number of bends, Nb. The results of the mechanical and technological tests are represented in
Figures 13–17. Figure 13 shows that using hydrodynamic dies results in a reduction in the mechanical
properties of zinc-coated steel wire. Wires drawn in hydrodynamic dies, as compared to wires drawn
conventionally, showed a yield point decrease, on average, of 2.7% and an ultimate tensile strength
decrease of 2.3%.

Figure 13. The effect of the drawing speed, v, on the yield strength (UMTS) and yield point, R0.2,
of 2.2 mm-diameter wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.

Figure 14. The effect of the drawing speed, v, on the uniform elongation, Ar and also on the total
elongation Ac of 2.2 mm-diameter wires drawn in conventional dies (K) and hydrodynamic dies
(H), respectively.
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The lower strain hardening of the hydrodynamically drawn wires can be linked with more
favorable conditions of lubrication as well as wire and zinc coating deformation in the drawing process.
Hence, the wires drawn by the hydrodynamic method exhibited better plastic properties, as confirmed
by the data illustrated in Figures 14 and 15.

The data in Figures 14 and 15 show that, with the increase in the drawing speed, the differences
in the plastic properties between the conventionally and hydrodynamically drawn wires increase
and exceed 10% at a drawing speed of 20 m/s. Wires drawn hydrodynamically at a drawing speed
of 20 m/s, as compared to wires drawn conventionally, show reductions in uniform elongation and
total elongation values of 10.6% and 9.9%, respectively, as well as a reduction in the area of 11.8%.
Using hydrodynamic dies in the zinc-coated wire drawing process also has a favorable effect on the
technological properties, such as the number of twists, Nt, and the number of bends, Nb. This is
confirmed by the data shown in Figures 16 and 17.
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Using hydrodynamic dies largely removes the adverse effect of the drawing speed on the
technological properties of the wire. In the drawing speed range of 5–20 m/s, using hydrodynamic
dies caused an increase in the number of twists, Nt, by 1% to 7.2% and an increase in the number of
bends, Nb, by 1.4% to 8.7%, compared to conventional dies. Therefore, the use of hydrodynamic dies
in the zinc-coated wire drawing process enables not only a thicker zinc coating on the finished wire
but also better mechanical and technological properties to be obtained, especially at drawing speeds
not exceeding 15 m/s.

Analysis of residual stresses in steel wires. Residual stress is one of the basic parameters
significantly affecting the quality of the steel wire. Mechanical methods are the best methods for
determining the residual stresses in wires, allowing quick stress measurements. The analysis of the
influence of the drawing method on the residual stresses in end wires with a nominal diameter of
2.2 mm was determined based on the method of longitudinal wire cutting, known in the literature as
the Schepers–Peiter method. This method involves cutting the wire to a certain length and measuring
the deflection value at the end of the wire. The end wires with a nominal diameter of 2.2 mm were cut
on a wire EDM machine to the length l = 44 mm (ratio l/d = 20). Schepers–Peiter [16] proposed that
from the equation of the moments of forces acting on the cut wire, the following expression is obtained
for the circular-symmetric distribution to determine the stresses on the outer surface of the wire:

σw = 1.3176 · E ·R · h

l2
(5)

where:

σw—longitudinal residual stress on the wire surface, MPa; E—Yung’s module, MPa; R—wire radius,
mm; h—parting of the wire ends, mm; l—cutting length, mm.

The results of type I residual stresses (average values of 10 wires) are presented in Table 3. In order
to better analyze the obtained test results, the percentage differences between the analyzed drawing
variants are also presented.
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Table 3. Results of the residual stress tests performed by the longitudinal cutting method for the final
wires with a nominal diameter of 2.2 mm drawn in conventional dies (K) and in hydrodynamic dies (H).

v, m/s

Die Angle α, ◦

(K-H)/K, %K H

Residual Stress σw, MPa

5 290.6 167.1 42.5

10 312.7 189.0 39.6

15 349.4 252.7 27.7

20 383.3 370.6 3.3

On the basis of the results presented in Table 3, diagrams were prepared showing the influence of
the drawing method on the first type residual stresses, Figure 18.

Figure 18. The effect of the drawing speed, v, on the longitudinal residual stressesσw of 2.2 mm-diameter
wires drawn in conventional dies (K) and hydrodynamic dies (H), respectively.

Based on the data presented in Figure 18, it can be concluded that the drawing method significantly
affects the residual stresses in steel wires. The use of hydrodynamic dies in the drawing of galvanized
steel wires causes a decrease in residual stress, especially in the speed range of 5–15 m/s. With the
increase in the drawing speed, the differences in the values of longitudinal residual stresses between
the wires drawn with the conventional and hydrodynamic methods decreased, and were: 42.5%, 39.6%,
27.7% and 3.3%, respectively

Lower values of residual stresses in hydrodynamically drawn wires should be seen with the
occurrence of smaller deformations for this variant. Separating the friction surfaces of the wire and
die with a sufficiently thick layer of lubricant allowed a significant decrease in the friction coefficient,
and this, in turn, reduced the deformation resistance. As a consequence, the wires drawn with the
hydrodynamic method are characterized by a lower heterogeneity of the deformation on the wire
cross-section, hence the decrease in residual stresses for this drawing variant. Lower residual stresses
in hydrodynamically drawn wires can also be seen in a more uniform temperature distribution,
because the lower the friction coefficient, the lower the temperature of the wire surface layer heated
by friction.
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4. Conclusions

The carrying out of the process of drawing zinc-coated wire in hydrodynamic dies enables an
improvement in the lubrication conditions and reduces the friction at the wire/die interface. Therefore,
a larger amount of zinc has been applied on the wire surface for wire drawn hydrodynamically,
as opposed to wire drawn conventionally.

Using hydrodynamic dies partially removes the adverse effect of high drawing speeds
(above 10 m/s) on the softening of the thin zinc coating in the die. In consequence, wire drawn
by the hydrodynamic method has a smoother surface.

Wires drawn in hydrodynamic dies in the drawing speed range of 5-20 m/s showed, on average, a
yield point decrease of 2.7% and an ultimate tensile strength decrease of 2.3%, as compared to wires
drawn conventionally. The lesser strain hardening of hydrodynamically drawn wires can be associated
with more favorable conditions of lubrication as well as wire and zinc coating deformation in the
drawing process. Therefore, wires drawn by the hydrodynamic method were distinguished by better
plastic properties.

Using hydrodynamic dies largely removes the adverse effect of the high drawing speeds on the
engineering properties of the wire. Therefore, hydrodynamically drawn wires showed a number of
twists greater by 1% to 7.2% and a number of bends greater by 1.4% to 8.7%.

The application of hydrodynamic dies in the drawing process of galvanized steel wires causes a
decrease in residual stress, especially in the speed range 5–15 m/s. The separation of the friction surfaces
of the wire and the hydrodynamic drawing die with a sufficiently thick layer of lubricant allowed a
significant decrease in the friction coefficient, deformation resistance and deformation heterogeneity
on the wire cross-section. In consequence, the wires drawn hydrodynamically are characterized by
lower residual stresses.

The obtained investigation results can be used in the design of technologies for multi-stage
drawing of zinc-coated steel wire. According to the authors, in the process of drawing galvanized
wires, hydrodynamic dies should be used in all drafts.
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