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Abstract: This paper describes thermal spray techniques for making hard coatings on bushing and
sleeve component surfaces. Specifically, plasma-arc welding was used to produce 5-mm thick Co-Cr
alloy welding overlays on the bushing, while a high-velocity oxy-fuel spraying technique and laser
re-melting technique were used to produce thinner coatings of Co-Cr-Ni+WC of about 1 mm thickness
on the sleeve-pipe counterparts. The surface-treated components were then submerged in liquid zinc
to study the corrosive behaviour of the surface coating and substrate. Both the scanning electron
microscope and energy dispersive spectrometer analyses were used to study the microstructure
and phase composition of both coatings and substrates prior to and after corrosion experiments.
The results show that the microstructure of the bushing consists of γ-cobalt solid solution as well
as the eutectic structure of γ-cobalt and carbides, which have good corrosive resistance against
molten zinc. Meanwhile, the microstructure of the sleeve pipe consists of a Co-Cr solid solution with
various forms of carbides, which displays the combined properties of toughness with good corrosive
resistance to molten zinc.

Keywords: sink roller; bushing; sleeve pipe; thermal spray; high-velocity oxy-fuel (HVOF) spray;
welding overlay

1. Introduction

In the continuous galvanised zinc (Zn)-coating production lines in typical manufacturing factories,
the rollers consist of sink rollers and tension rollers. Sink rollers are submerged in molten Zn baths
and are subject to high-temperature corrosion in Zn solutions and continuous wear of the steel strip.
The working environments of the rollers are extremely harsh [1–4]. Bushings and sleeve pipes are the
main components on the sink-roller assembly, which are used as supports and rotation pairs for the
sink rollers. Similarly, bushings and sleeve pipes are also subjected to high temperature, corrosion and
abrasion. As a result, they generally have a very low in-service life, with its current working lifetime
being approximately 15 days [5,6].

Sink rollers are normally made of 316L of stainless steel. In the past, the lifetime of sink rollers was
usually about a week (or seven days) [7]. Recently, development has shown that with high-velocity
oxy-fuel (HVOF)-sprayed carbon-deficient WC-12Co coatings, the lifetime of sink rollers had been
extended to beyond 20 days. Nowadays, the challenge is how to extend the lifetime of the bushings
and sleeve pipes, so that their service lives are compatible with that of the sink rollers. Bushings and
sleeve pipes are also made of 316L of stainless steel. Studies have shown that the damage to these
components was usually due to: (1) severe corrosion caused by molten Zn in the bath and (2) formation
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of Zn dregs that introduce severe wear problems on the interacting surfaces. The combined corrosion
and wear eventually leads to rotation failure or fracture of the components [8,9].

To improve the service life of bushings and sleeve pipes as well as to reduce economic losses,
many methods had been chosen to improve their wear resistance and anti-corrosion, such as selecting
specialty materials, using a surface hardening process or other methods. The choice of materials usually
includes high nickel (Ni)-chromium (Cr) stainless steel, Ni-based alloys or cobalt (Co)-based alloys
for creation, but it obviously leads to higher manufacturing costs [10–13]. The method of material
surface infiltration and centrifugal casting for the preparation of the bushings and sleeve pipes with
a composite structure is a way to reduce the production cost and maintain excellent performance,
but the manufacturing process is also very complex.

Surface modification and thermal spraying are effective methods for fabricating composite
structures for bushings and sleeve pipes. These techniques had been effectively applied on the
surfaces of strengthened sink rollers, which is the industrial standard today [14]. To date, however,
little work has been done on the preparation of the surface hardening of bushings and sleeve-pipe
surface techniques.

Therefore, this paper reports the recent works of surface modifications of Co-based alloy bushings
and sleeves pipes using a combined welding overlay and the HVOF thermal spray technique. It also
includes the surface properties of the coatings associated with their performance in a molten Zn
work environment.

2. Experimental Procedure

2.1. Substrate Fabrication of Bushings and Sleeve Pipes

Using the Chinese industrial specifications, the bushings and sleeve pipes are made in-house
at the Dalian Huarui Heavy Industrial Special Spare Parts Co., Ltd., Dalian, China, using 316L-type
stainless steels. This is shown in Figure 1, which are the typical dimensions in the sink-roller assemblies
of continuous galvanised Zn production lines in steel mills. Figure 1a shows that the bushing is a
cylindrical-type of size 200 mm/100 mm × 100 mm, where the interacting surface is at its inner
surface of the cylinder. Figure 1b shows that the sleeve pipe is also a cylindrical-type structure,
with dimensions of 95 mm/70 mm × 105 mm, where the interacting surface is at its outer surface of
the cylinder.

(a) (b)

Figure 1. Schematic illustration of the typical dimensions of a sink-roller assembly at the continuous
zinc galvanising production lines in steel mills: (a) bushing and (b) sleeve pipe.

2.2. Coating Feedstock Materials

Varied materials are used for the bushing and sleeve-pipe surfaces, as shown in Table 1.
The feedstock composition for the bushing is a Co-Cr-based welding alloy consisting of 61.25%Co
and 30.19%Cr as well as other elements including 4.08% tungsten (W), 1%Ni, 1.48% silicon (Si), 0.5%
manganese (Mn) and 1.5% carbon (C). The feedstock materials for the sleeve-pipe surface coating
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is a mixture of the Co-Cr-Ni alloy and WC powder, with a ratio of nearly 4:1. Molybdenum (Mo)
was added to improve the corrosion resistance and Ni could improve the adherence of coatings.
The composition is shown in Table 1.

Table 1. Compositions of the powder for both bushing and sleeve pipe.

No. Feedstock Material
Chemical Elements (wt %)

C Si Mn Cr Mo W Ni Co

1 Bushing Coating 1.50 1.48 0.50 30.19 – 4.08 1.00 Bal.

2 Sleeve-Pipe Coating 2.45 0.55 0.89 29.50 0.45 17.50 8.07 Bal.

2.3. Coating Fabrication

We aimed to achieve a 5 mm-thick coating for the bushing surface. With such a thick coating
goal and its inner surface nature or non-line-of-sight (NLOS) surface, neither plasma spray nor HVOF
spray systems can accomplish the task. Therefore, the plasma-arc-welding technique was used to
prepare the coating. For the sleeve-pipe surface coating, we aimed to produce approximately a 1 to 2
mm-thick coating, with its line-of-sight (LOS) surface geometry nature. A HVOF spray technique and
laser-melting technique were used to produce the coating.

For the bushing surface coating, a welding overlay technique was used to prepare the surface
coating for the bushing. The welding torch model is BX-ZD-400A, made by Benxi Mechanical & Electrical
Technology Co., Ltd., Shanghai, China. The plasma welding parameters are shown in Table 2.

Table 2. Plasma welding operation parameters.

Current (A) Voltage (V) Gas Flow Rate (L/min) Cylinder Rotation Speed (r/min)

400–450 35–45 15–25 60

For the sleeve surface coating, JP-8000 (Praxair, Danbury, CT, USA) HVOF spraying equipment
was used to prepare the surface coating for the sleeve-pipe surface. Before thermal spraying, sample
surfaces were sand-blasted using alumina-based sand with a mesh size of 30, followed by de-greasing
using acetone. The spray parameters are listed in Table 3.

Table 3. High-velocity oxy-fuel (HVOF) spraying operation parameters.

Fuel Flow Rate
(L/h)

Oxygen Flow
Rate (m3/h)

Powder Feeding
Rate (g/min)

Cylinder Rotation
Speed (r/min)

Gun Travelling
Speed (mm/min)

21–23 55–60 65–70 60 1000

Since the sink roller is subjected to extensive loading (especially shear torque) during
operation, the inner laminal structure and porosities of sprayed coating lead to poorer adhesion
between the coating and substrate. Therefore, the laser-melting technique (LDF6000-100, Laserline,
Mülheim-Kärlich, Germany) was used to re-melt the surfaces of the HVOF spraying coating, so that
metallurgical coating bonding can be achieved and the splat boundaries between each layer are
eliminated. The re-melting parameters by lasers are listed in Table 4.

Table 4. Re-melting operation parameters by lasers.

Power
(kW)

Ar Flow Rate
(L/min)

Focal Length
(mm)

Cylinder Rotation Speed
(r/min)

Gun Travelling Speed
(mm/min)

2.5 20 400 60 500
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2.4. Molten Zinc Corrosion Experiments

Regarding specimen preparation, using electrical discharge machines, the specimens were
prepared by cutting the coated bushing piece into the dimensions of 15 mm × 15 mm × 10 mm
(Figure 2a) and the coated sleeve-pipe specimen into dimensions of 15 mm × 15 mm × 12.5 mm
(Figure 2b).

For the corrosion experiments, ceramic crucibles with aninner size of 92 mm × 118 mm (modelA5;
and volume = 625 mL, Jintuo Experimental Equipment Co., Ltd., Changsha, China) were used.
The samples were taken out at 72 h, 120 h and 168 h.

(a) (b)

Figure 2. Schematic illustration of the specimen dimensions: (a) bushing with Co-Cr alloy coating and
(b) sleeve pipe with Co-Cr-Ni+WC coating.

2.5. Coating Analysis

The coated and after-corrosion samples were cut into small cross-sections for metallography using
epoxies for sample mounting. The mounted samples were then ground using a grinding machine
(GPX200, Leco Corporation, St. Joseph, MI, USA), with the grinding started at a mesh size of 100,
which was reduced down to a mesh size of 800. This was followed by polishing using a 1μm diamond
slurry. An optical microscope (IA44+GX51RBB, Olympus, Tokyo, Japan) was used to analyse the
coating thickness and porosity. The thickness of the coating was measured from the top of coating to
the interface, with ten areas obtained to calculate an average length. The Vickers microhardness tester
(HVS-1000, Shidai, Beijing, China) was used to measure coating hardness.

A scanning electron microscope (SEM; S3400, Hitachi, Tokyo, Japan) was used to analyse the
cross-section samples to study the detailed microstructure of the coating and associated Zn-corrosive
behaviour. An energy dispersive spectrometer (EDS; S3400, Hitachi, Tokyo, Japan) was used to analyse
the overall coating composition and their localised phase identifications. In addition, X-ray diffraction
(XRD; type 7000, Shimadzu, Kyoto, Japan) was used to study the phases of the coating prior and
post-corrosion testing.

3. Results and Discussion

3.1. Coating Morphology, Phase Composition and Hardness

Regarding the bushing surface coating, the XRD spectrum is shown in Figure 3. Since no Cr and W
phases were detected in the XRD spectrum, this probably indicates that Cr and W atoms are in the solid
solution of the FCC Co structure, while the Cr-carbide phase is the hard phase dispersed in the Co-Cr
matrix phase. The deposited Co-Cr alloy has a microhardness of approximately 530–580HV0.3. A Co-Cr
(70:30 atomic ratio) would exhibit a microhardness of approximately 340–350HV0.3. This slight increase
in hardness is probably due to the presence of the Cr–carbide phase-dispersion strengthening effect.

Figure 4 is an image of the welding overlay coating produced on the bushing surface.
The two-phase microstructure is clearly shown, including a grey matrix phase and a dark bi-phase.
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To verify the chemical structure of the two distinct phases, EDS was focused on both the grey
matrix Area a and the dark dispersion Area b with their spectra shown in Figure 5a,b, respectively.
The quantitative analysis of the spectrum for these two areas is listed in Table 5. The hard-facing layer
of the sink-roll shaft contains Co, Cr, W, C, Si and iron (Fe) elements, among others. The composition
is the same as the powder in Table 1, but with the Fe element, which could not be found in the powder.
This may be produced by a parent metal in the process of welding. The Co content is higher in the
primary phase a, while the C is very low. This can determine that it is a γ solid solution phase (γ-Co),
which forms some solid solution with a certain amount of alloy elements, such as Cr and W. In the
primary phase at the grain boundary eutectic b, the C content is higher due to being concentrated with
Cr and W, which shows that the phase is Cr7C3-type carbides with a γ-Co eutectic structure.

Figure 3. XRD spectrum of bushing surface coating.

(a) (b)

Figure 4. Morphology of the deposited Co-Cr alloy coating on the bushing surface: (a) cross-section of
the Co-Cr alloy coating; (b) position of EDS.

(a) (b)

Figure 5. Presence of atomic elements by EDS in (a) Area a, and (b) Area b.
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Table 5. Compositions of different areas in the produced bushing coatings by energy dispersive
spectrometer (EDS).

No. Positions Analysed
Chemical Elements (wt %)

Co Cr W Fe Si C

1 General Area Average 55 30 4.0 4.2 1.4 1.7
2 Grey Matrix Phase Area a 63 22 2.8 4.6 1.9 0.9
3 Dark Phase Area b 12 63 10 1.9 0.1 4.0

Regarding the sleeve-pipe surface coating, the XRD spectrum is shown in Figure 6 and the XRD
spectra is quite complex. It indicated that the XRD spectra of the coating shows diffraction patterns of
the following: (a) major FCC-Co phase with peaks of (111), (200) and (220) at 2θ angle of ~44◦, ~51◦

and ~72◦, respectively; (b) hexagonal W carbide (WC phase) peaks of (001), (100), and (101) at 2θ
angles of ~31.5◦, 35.6◦ and 48.3◦, respectively; (c) η-carbide phase Co3W3C at 2θ angles of ~42◦; (d) a
minor Cr-carbide Cr3C2 phase identified at 2θ angles of ~65◦.

Figure 6. XRD spectrum of the sleeve-pipe surface coating.

The measured Vickers microhardness is approximately 900–1200HV0.3, indicating that the
deposited sleeve surface is a complex Co-Cr-Ni alloy that has a co-existence of multi-phasic
carbide phases.

Figure 7 is an image of the post-laser treatment of the HVOF-sprayed coating produced on the
sleeve-pipe surface. It is clearly a multi-phasic microstructure, which includes a grey facet large
particulate phase (Area a), a grey contiguous smaller precipitate phase (Area b), a large irregularly
shaped crystal phase (Area c) and a dark matrix phase (Area d). The EDS spectrum for all areas is
listed in Table 6.

(a) (b)

Figure 7. Post-laser treatment of the HVOF-sprayed coating on the sleeve-pipe surface: (a) cross-section
of treated coating; (b) position of EDS.

6



Coatings 2017, 7, 113

Table 6. Compositions of different areas in the produced sleeve-pipe surface coatings by EDS.

No. Positions Analysed
Chemical Elements (wt %)

Co Cr W Ni C

1 General Area Average 28.0 15.0 44.0 8.0 3.7
2 Grey Facet Large Particulates Area a – – 90.0 – 9.3
3 Grey Contiguous Smaller Precipitates Area b 21.0 3.0 68.0 2.3 4.6
4 Large Irregularly Shaped Crystals Area c 17.0 10.0 58.0 7.7 5.5
5 Dark Matrix Phase Area d 32 44.0 12.0 – 2.9

The above results show that the coating composition and microstructure are relatively complicated.
The alloy system is a Co-Cr-Ni-W series, which contains a higher proportion of Cr and Co solid
solutions as well as a certain proportion of W. There are three types of precipitated phase distribution.
The zone in Area a is a white WC phase, which should belong to the mix with the WC powder.
The Area b zone is a grey compound carbide phase including Cr, Co, Ni and W, which should belong to
the Co3W3C phase. Furthermore, this compound contains some W elements in the γ-Co solid solution.
The Area c zone has some small circular particles, which are distributed like “eggs”. Its composition is
mainly C and W, meaning that it should belong to the WC or W2C compounds.

3.2. Corrosion of Bushing Surface Coatings

The coating has an original thickness of 5 mm. Their after-corrosion thicknesses are 4.475 mm for
72 h, 4.15 mm for 120 h and 3.65 mm for 168 h, which leads to a coating corrosion rate of 0.008 mm/h.
The after-corrosion samples at the sampled times for the bushing coating for 72 h, 120 h and 168 h are
shown in Figure 8a–c, respectively. Figure 8a shows two regions after the 72 h corrosion, including:
(a) the top region with the molten Zn adhered onto the coating interface and (b) the bottom region
with the coating. During the Zn corrosion, the coating morphology does not change, a new phase is
not formed, while corrosion channels or cracks are not formed in the coating. In addition, the fact
that there is no observed corrosion rate difference between the light-coloured alloy phase and the
dark-coloured particulate phase (or eutectic phase) is likely to be the primary reason there is a uniform
corrosion mechanism without the formation of cracks or interconnected porosity channels for the
welding-overlaid bushing surface coating in the corrosion experiments.

Figure 8. Microstructure of the bushing coating after corrosion tests at: (a) 72 h; (b) 120 h; (c) 168 h.

7
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Figure 8b shows the SEM image of the sample after 120 h of corrosion. There is some evidence
that the matrix phase revealed a slightly higher corrosion rate than the dark-carbide particulate phase
due to the presence of carbide particles protruding at the coating/molten Zn interface. However, the
preferred corrosive resistance of the carbide particles did not result in a dramatic change in coating
corrosion rate or the formation of cracks or corrosion channels in the coating. This is probably because
the volume fraction of the carbide phase is too small to cause a dramatic corrosion rate difference in
the material. This preferred corrosion difference is also evident in the 168 h corrosion sample, which is
shown in Figure 8c for the protruding dark-carbide phase at the coating/molten Zn interface. Therefore,
the fabricated bushing surface coating has a uniform corrosion mechanism and its corrosion rate is
predictable for the sink-roller assembly in continuous galvanised Zn-coating production applications.

3.3. Corrosion of Sleeve-Pipe Surface Coatings

The HVOF sleeve-pipe surface coating after laser treatment has a thickness of 1 mm. Their thicknesses
after corrosion are 0.8 mm for 72 h, 0.6 mm for 120 h and 0.3 mm for 168 h, which leads to a coating
corrosion rate of 0.0042 mm/h. This can be divided into a corrosion rate of 0.0033 mm/h for the first 120 h
and 0.0063 mm/h for the last 48 h from 120 h to 168 h in experiments. The corrosion rate of the HVOF
sleeve-pipe surface coating without laser treatment is 0.104 mm/h for the first 72 h, with the failure of the
coatings occurring after 120 h from the previous experiment.

The samples after corrosion at various times for the sleeve-pipe coatings at 72 h, 120 h and 168 h
are shown in Figure 9a–c, respectively.

Figure 9. Microstructure of the sleeve coating after corrosion tests at: (a) 72 h; (b) 120 h; (c) 168 h.

Similar to the bushing coatings, the 72 h corrosion experiment (Figure 9a) also shows two regions:
(a) the top left region with the presence of molten Zn on the coating surface and (b) the right bottom
region with the coating. At this stage of the experiment, the coating morphology does not change,
no new phase is formed and no corrosion channels or cracks are formed in the coating. It appears that

8
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the large carbide particles may be more corrosive-resistant to the molten Zn due to the particulates
protruding more at the coating/molten Zn interface. However, no obvious corrosion rate difference
exists between the matrix alloy phase (slightly dark-coloured) and the white-coloured particulate
phases. That can still classify it as a selective phase corrosion mechanism at this stage of corrosion for
the HVOF-coated sleeve surface.

Figure 9b shows the SEM image of the sample after 120 h of corrosion. There is clear evidence
that the coating exhibited severe molten Zn corrosion at this stage of the experiment. Both the top
matrix phase and large carbide particulates were corroded away from the coating into the molten
Zn. This resulted in smaller carbide particle particulates, which were not subjected to laser treatment,
and the matrix coatings further towards the substrate being left behind. In addition, a noticeable higher
corrosion rate of the matrix alloy phase was found when compared to the white carbide particulate
phase. However, the preferred corrosion resistance of the carbide particles did not result in dramatic
changes in the coating corrosion rate or the formation of cracks or corrosion channels in the coating.
This preferred corrosion difference is obvious in the 168 h corrosion sample. This is shown in Figure 9c,
where white carbide particulates protrude with severe cracks and channels having opened in the
coating to expose the severe corrosion of the matrix phase. Following this, the corrosion rates are
obviously higher for the matrix phase when compared to the white carbide particulates. In Co-Cr-Ni
alloy coatings, the corrosion begins from the anodic microstructural phase. If the form of the anodic
phase is continuous, such as a grain-boundary coating structure, a rapid penetration of the component
could occur.

It should be emphasised here that the current report only involved the report of bushing and sleeve
coating performance in molten Zn without subjecting an applied force. During the actual sink-roller
operation in a production environment, conditions are much more aggressive and complicated, as the
bushing and sleeve pipe will be subjected to molten Zn corrosion and surface wear. The coating wear
mechanisms are quite complex. At the initial stage of coating wear, there will be two sliding surfaces
with the liquid Zn acting as a lubricant and corrosive agent. As time goes on, corrosion, such as Co-Zn,
Cr-Zn and surface wear debris (such as metals or alloys of Cr, Co and hard-phase carbides, including
WC, Cr-C and η-Co-W-C), will be added to the surface, which further complicates the wear-and-tear
process of the surface coating. We are now trying to improve the coating qualities and to plan the wear
performance of the coating in both simulated and actual production environments. The results will be
subsequently published.

4. Conclusions

• The HVOF-coated sleeve-pipe sample exhibits a higher corrosive resistance of 0.0042 mm/h,
when compared to the corrosive resistance (0.008 mm/h) of the welding-overlaid coated bushing
sample. However, at the later stage of the corrosion, a preferred corrosion rate resulted, which caused
cracks and corrosion channels in the coating. These are unfavourable for predicting the corrosion rate
of components in applications.

• The slightly dark-coloured matrix material consisted of metal-based elements, such as Co and Cr.
These elements are reactive to molten Zn and form corrosive products, such as Co-Zn or Cr-Zn.
However, alloyed metals or carbide particles are usually inert to liquid Zn.

• The laser-treated top layer surface has more corrosive resistance than the untreated bottom layer
of the sleeve surface coatings. This reveals that the laser treatment not only caused carbide particle
growth, but also resulted in alloying of the matrix elements. This is the probable reason for its
ability to also detect W and C in the dark-matrix phase in the EDS analysis. This dark-matrix
phase is probably the dissolution of the WC phase into the matrix phase, which forms η-Co-W-C,
a well-known Zn-corrosion resistance phase.
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Abstract: We present a study on the simultaneous evolution of the electron emission and surface
charge accumulation that occurs during scratching tests in order to monitor coating failure. Steel
discs coated with a diamond-like-carbon (DLC) film were scratched in both vacuum (~10−5 Torr) and
atmospheric conditions, with electron emission and surface charge being measured by a system of
microchannel plates and an electrometer, respectively. The results highlight a positive correlation
between emission intensity values, surface charge measurements and surface damage topography,
suggesting the effective use of these techniques to monitor coating wear in real time.

Keywords: triboemission; tribocharging; coating-failure; wear; diamond-like-carbon

1. Introduction

Coatings are used extensively in many industrial and commercial applications in order to
protect components that are subjected to sliding and rolling contact, both with and without liquid
lubricants [1]. It has been shown that hard coatings and other surface modification methods are
able to improve the resistance of rolling elements (i.e., bearings) to friction, wear and corrosion [2,3].
Thin diamond-like-carbon (DLC) coatings, for instance, provide protective, low friction, wear resistant
surfaces for numerous industrial applications such as invasive and implantable medical devices,
razor blades, magnetic hard discs and microelectromechanical systems [4–10]. However, because of
mismatches in mechanical and electrical properties between the coating and substrate, residual stresses
and chemical reactions can arise at the interface of the materials leading to the structural degradation
of the coating. The evaluation of damage and the electrical state of the film/coating and substrate,
along with the option to monitor the coatings failure are becoming important tools in the endeavour to
extend the lifetime of widely used devices.

Recently, several techniques have been used to investigate coating failure. These include atomic
force microscopy to map the evolution of cracks in nickel films on a polyimide substrate [11];
ultrasonic force microscopy to measure the debonding of glass films on polyethylene terephthalate
substrate [12]; and scanning electron microscopes and thermographs to detect damage evolution [13,14].
In addition to these qualitative techniques, real-time in situ methods based on acoustic emission have
been developed to obtain quantitative stress/strain information to study interfacial properties of
coating/film systems [15,16].

In this paper, we propose a new in situ and real-time technique to monitor the failure of
diamond-like-carbon coating on a steel substrate during sliding tests under vacuum and atmospheric
conditions. The method combines triboemission imaging and tribocharging measurements.
Triboemission refers to the emission of charged particles such as electrons, protons, positive ions
and negative ions that occur during surface damage (i.e., cracking formation, wear) [17–20]—see the
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supplementary example video showing imaging of continuous electron emission arising from a moving
alumina specimen scratched by a stationary diamond tip. These emissions correlate positively with
the electrical resistivity of the rubbed material, which decreases from insulators to conductors (in the
order: insulating > semi-conductive > conductive) [17,21]. Furthermore, our recent studies on the
spatial characteristics of triboemission bursts have shown that their direction, shape, size and intensity
depend on the failure mode of the materials (such as cracking and grain pull-out) [17,22]. Tribocharging
measurements, on the other hand, are used to monitor the variation of the charge on the surface, which
may be related to tribochemical reactions occurring at the surface contact area [23,24].

This work focuses on correlating the evolution of surface topography with the variation in
emission intensity and the measured charge to demonstrate the applicability of electron emission
and surface charge measurements as a means of studying coating failure. Finally, a comparison is
made between charge measurements, obtained in vacuum and atmosphere, in order to show that such
measurements are an effective means of detecting coating failure in practice.

2. Materials and Methods

Discs, made from 52100 steel, coated with a 1 μm layer of DLC (a-C: H sp3~50%,
H~40%–characterisation provided by PCS Instruments, London, UK) were used as test specimens.
These discs had a diameter of 46 mm and a thickness of 6 mm and were cleaned with toluene followed
by isopropanol in an ultrasonic bath (15 min for each chemical), prior to each test.

The tribometer used to conduct the study is represented schematically in Figure 1 [17,22].
It consists of a system of microchannel plates (MCPs, i.e., arrays of electrons multipliers), coupled
with a phosphor screen (Photonis Inc., Sturbridge, MA, USA). The two circular MCPs, in a chevron
arrangement with an active diameter of 75 mm, are located 10 mm above and parallel to the disc
specimen (note: the centre of the circular MCPs are located directly above the centre of rotation of
the disc). This setup allows us to obtain spatially resolved images of the triboemission, with 1:30
magnification due by the divergence of emitted electrons. The emissions detected and visualised
through this system were recorded by a high speed camera (Phantom Miro eX, Vision Research Ltd.,
Bedford, UK) with a Fujian 35 mm f1.7 lens located above the experimental setup. The sliding contact
was produced by loading a diamond tip of radius 100 μm (Synton-MDP Ltd., Port, Switzerland) against
the rotating disc specimen. The rotation of the disc was recorded by the supplied PCS Instruments
encoder device. In addition, an electrometer (Model: 6517b, Keithley Instruments Ltd., Bracknell, UK)
coupled with a 10 mm × 5 mm metal sheet electrode attached underneath the specimen was used to
inductively measure the charge of the surface, simultaneously with the emission detection. The tests
were conducted in vacuum conditions at a pressure of ~10−5 Torr.

Figure 1. Schematic of the tribometer.
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The triboemission measurements were conducted in negative particle detection mode, i.e.,
10%–85% of 0.01–50 keV electrons were detected [25], with the voltage applied to the input MCP,
output MCP and the phosphor screen being ground, applying 1.5 kV, and 5 kV, respectively. The speed
of the rotation of the disc was 4 Hz giving a sliding velocity of 50 mm/s. The deadweight load applied
to the scratching tip on to the disc was 0.5 N. The frame rate of the high-speed camera (exposure time
8 ms), the encoder and the electrometer acquisition were synchronised at 125 Hz. At the end of the test,
the cleaning procedure previously described was repeated and the topography of the wear track was
recorded using the Veeco Wyko NT9100 optical profiler (Veeco Instruments Inc., Plainview, NY, USA).

The failure of the coating in atmospheric conditions was assessed by focusing the high speed
camera directly on the outlet of the contact. In this case, the MCPs and the phosphor screen system
were replaced by the 5× magnification lenses.

3. Results and Discussion

3.1. Triboemission Measurements

The test apparatus used here differs significantly from those used in previous studies that
measured the triboemission from hydrogenated carbon films in the vicinity of a sliding contact [26–30].
The spatial resolution achieved with this technique allows the emission to be visualised, defining its
shape and size. This provides more detailed information than was previously obtained from single
point measurements.

Figure 2a displays the average (spatial) intensity of each phosphor screen image plotted as a
function of time, throughout the entire sliding test. In addition, Figure 2b shows an example of an
emission event as viewed on the phosphor screen. The emission event is localised at the tip location
suggesting that it is due to wear. In Figure 2a, a decrease in emission intensity is also evident during
the second half of the test.

Figure 2. (a) Average Emission Intensity (spatial average of each phosphor screen image) vs. time,
(complete test); (b) Phosphor screen intensity of a single emission event.

An alternative way to display the same phosphor screen intensity data is to plot the average
emission intensity as a function of the cycles and the angular disc position of the stylus relative to
the disc, as shown in Figure 3 (with each coloured square representing the average phosphor screen
intensity). Here, the spatial evolution of the emissions can be visualised and divided into three regions.
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Initially, there is a moderate level of emission indicated by the pale blue rectangular section at the
start of the test. Towards the end of this period, the first and highest intensity peak in emission
occurs, and the low-level baseline emission transitions into the second stage of the test (shown by the
background colour becoming dark blue). From this point onwards, sporadic high intensity peaks occur,
although their intensity is lower than that of the first event. Eventually, the frequency and magnitude
of these peaks reduce, as shown by the mostly uninterrupted dark blue region.

Figure 3. Average phosphor screen intensity as a function of time and disc position.

It is hypothesised that this observed behaviour is attributed to the following mechanism.
The initial area characterised by a constant, low level intensity (the light blue colour) defines the
emission generated by the wearing of the non-conductive coating layer as shown by the optical
microscopy scan in Figure 4a. This is in accordance with previous studies on non-conductive
materials [17]. The following high intensity emission event indicates the moment at which the
coating fails resulting in a wear trace characterised by both surface cracks and partial delamination
(Figure 4b). This is in accordance with previous studies that suggest that emission is due to the
high energy generated during the damage of the surface, in particular crack formation [17,19,31,32].
The third region shows relatively few high emission events, occurring due to wearing of the remaining
coating. The baseline emission (shown by the dark blue colour) is at a low level due to the scratching of
the metal substrate, which can conduct away charge and hence prevents emission. This is in agreement
with the fact that the triboemission intensity is greater for materials with high electrical resistivity [33].

 

Figure 4. Optical Microscopy scans of the wear trace during (a) coating wearing phase; (b) coating
failure phase.

Since the angular position of the disc is recorded and synchronised with the camera acquisition,
the average emission intensity can be plotted as a function of the angular position of the disc as shown
in Figure 5. Here, it is evident that the highest intensity emissions are localised around 90◦ and the
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lowest intensity emission are around 270◦ of disc rotation. Visual inspection of the disc revealed that
the depth of wear around the track was not uniform. It was therefore hypothesized that the area of the
disc characterised by high intensity emission events corresponded to the diamond tip contacting the
non-conductive coating. Conversely, the area characterised by low emission events corresponded with
the tip scratching the conductive steel.
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Figure 5. Average of phosphor screen intensity as a function of emission intensity and disc position.

After the test, a Veeco optical profilometer analysis of the surface was conducted to evaluate the
depth of the wear track in the two areas under consideration. Results are shown in Figure 6. It can be
seen that the wear track at the angular position of 270◦ is 1.69 μm, which is deeper than the thickness
of the coating layer (Figure 6b). In the region of the disc surface around the 90◦ location, the depth
is only 0.1042 μm, which is less than the thickness of the coating layer, as shown in Figure 6d. This
proves that, around the 90◦ location, the coating was not removed so that the tip scratched the coating
generating an emission in accordance with triboemission measurements for non-conductive materials.
However, around 270◦, the tip scratched the metal substrate and the intensity of the emission was
reduced in accordance with previous emission measurements for conductive materials.

Figure 6. Veeco analysis of the surface at disc regions of low and high emission, (a) 3D profile at 270◦;
(b) section depth at 270◦; (c) 3D profile at 90◦; (d) section depth at 90◦.
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These results clearly show the possibility of using this technique to monitor the coating failure in
real time by evaluating the evolution of the emission events and by identifying the area of the failure.
There is an issue however, which is that the microchannel plate measurements must be carried out
within a vacuum. For this reason, the following charge measurements were performed.

3.2. Charge Measurements

The release of the emission was then compared with the evolution of the charge on the disc
surface. To do this, instantaneous measurements of charge on the surface and the average of the
emission intensity are plotted as a function of time in Figure 7. There is a clear correspondence between
the emission intensity and the charge accumulation for the DLC surface (a local regression smoothing
method was applied to the charge measurement data for a better comparison). In the first part of the
test, there is a clear correspondence between the negative emission peaks and the positive charge peaks.
This suggests that the surface charges positively, at least partly due to electrons leaving the surface.
At around 100 s, the reduction of the emission intensity and the charge can be attributed to the failure
of the coating. It is suggested that this reduction is caused by: (i) the scratching of a reduced area of
coating (part of the coating is removed during the first 100 s of the test); (ii) the exposure of the metal
substrate which switches the contact from being diamond/DLC to being diamond/steel, preventing
the accumulation of opposite charge on each of the two counter bodies which would otherwise lead
to emission; and (iii) the exposure of the steel substrate which may absorb charge, preventing the
generation of emission.
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Figure 7. Instantaneous values of average phosphor screen intensity and surface charge vs. time.

Additional measurements were assessed to compare the differences in charging behaviour
between tests in which coating failure either did or did not occur (Figure 8). The curves of instantaneous
charge values show a fluctuation for both no failure and failure tests—see Figure 8a,c, respectively.
Figure 8a shows that, in the case of no coating failure, the charge fluctuates around 10 pC for the entire
test. However, the cumulative values in Figure 8b show positive charges accumulating on the surface,
as also reported by previous studies [34], until a saturation value is reached, from which point onwards
the charging remains stable. In the case of coating failure, the instantaneous charge curve fluctuates
around 10 pC until the point failure, after which it increases, as shown in Figure 8c. The cumulative
curve in Figure 8d shows that, after failure, the surface started to accumulate negative charge. This is
suggested to be caused by the reasons outlined above.

This comparison clearly shows the differing charging behaviours in the case of failure and no
failure of the coating. The accumulation on the surface of positive particles due to the emission of
negative particles is affected in the case of failure.
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failure—cumulative; (c) coating failure—instantaneous; (d) coating failure—cumulative.

3.3. Measurements under Atmosphere

The final investigation was aimed at comparing the charging of the surface in both vacuum and
atmospheric conditions. A comparison for the charge measurements when failure did and did not
occur is reported in Figure 9. When the coating remains intact, the surface charges positively in both
vacuum and atmospheric conditions, as shown in Figure 9a. In the case of failure, the surface charges
negatively as soon as the metal substrate is exposed, as reported in Figure 9b. In each case, the value
of the charge in the atmosphere is lower compared to that under vacuum conditions. This may be
due to increased electrical breakdown due to the presence of air. Specifically, when the electric field
due to the accumulation of charge on components exceeds a threshold determined by the dielectric
field strength [35] of the surrounding gas (30 kV/cm for air [36]), breakdown can occur through a
Townsend discharge process. Furthermore, some evidence suggests that corona discharge limits the
formation of charge during contact electrification [37,38].
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Figure 9. Surface charge vs time in vacuum and atmosphere: (a) no coating failure—cumulative;
(b) coating failure—cumulative.
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The charge measurements in atmosphere were accompanied by standard optical microscope video
recordings of the wear track. This gave an in situ indication of the instantaneous coating integrity on
the specimen surface during sliding, by acquiring and averaging the colour intensity of pixels recorded
at the exit of the contact. The increase in the intensity indicates the exposure of the metal substrate,
since steel has a higher reflectivity compared to DLC coating. The average of the intensity at the exit of
the contact and the measured surface charge are plotted against time in Figure 10a. This plot shows
that, when the tip wears the coating without failure, the surface charges positively. However, as soon
as the coating fails (the moment of the failure is indicated by the dashed line) the metal substrate is
exposed, as show in Figure 10b, and the surface charge begins to decrease towards negative values in
accordance with previous results.

Figure 10. (a) Average wear track intensity and surface charge vs. time; (b) example of 5× magnification
wear track tip outlet.

4. Conclusions

The present paper reports the potential of measuring charged particle emission and/or
tribocharging for studying or monitoring the failure of coatings. The spatial information of
triboemission allows us to identify the exact time and location of the failure. The evolution of the
failure during the sliding and the change in the characteristic of the contact can also be monitored.
The phosphor screen images show that the onset of coating failure is accompanied by high intensity
emission events, while the exposure of the metal substrate is shown to cause a decrease in background
emission intensity. This is attributed to the conductive substrate preventing the build-up of charge.
The comparison between the emission and the charging of the surface again shows that triboemission
is linked to accumulation of the charge on the surface. Specifically, the peaks of emission and peaks
of positive charge coincide, showing that the surface charge is influenced by the negative particle
emission leaving the contact.
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In atmosphere, the trends in the charge measurements are comparable with those carried out
in vacuum, but their magnitudes are consistently lower. The surface charges positively during
sliding contact until failure occurs, after which, it charges negatively. It is suggested that the values
measured in atmosphere are lower than in vacuum either due to the oxidation reactions which passivate
the active fresh material or because the presence of air leads to dielectric breakdown. The charge
measurements are supported by qualitative measurements of surface reflectivity. Here, the appearance
of the conductive metal substrate is followed by a change from positive to negative surface charge.
Overall, these results suggest that charge and emission measurements may be effective in monitoring
the failure of coatings in real time and their ability to provide more detailed information will be
assessed in future work.

Supplementary Materials: The supplementary video, Video S1: Electron emission from alumina specimen,
is available online at http://www.mdpi.com/2079-6412/7/8/129/s1.
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Abstract: High-entropy alloys (HEAs) are emerging as a hot research frontier in the metallic
materials field. The study on the effect of alloying elements on the structure and properties
of HEAs may contribute to the progress of the research and accelerate the application in actual
production. FeCoCrNiAlTix (x = 0, 0.25, 0.5, 0.75, and 1 in at.%, respectively) HEA coatings with
different Ti concentrations were produced on Q235 steel via laser cladding. The constituent phases,
microstructure, hardness, and wear resistance of the coatings were investigated by XRD, SEM,
microhardness tester and friction-wear tester, respectively. The results show that the structure of the
coating is a eutectic microstructure of FCC and BCC1 at x = 0. The structure of coatings consists of both
proeutectic FCC phase and the eutectic structure of BCC1 and BCC2. With the continuous addition
of Ti, the amount of eutectic structure decreases. The average hardness of the FeCoCrNiAlTix HEA
coatings at x = 0, 0.25, 0.5, 0.75, and 1 are 432.73 HV, 548.81 HV, 651.03 HV, 769.20 HV, and 966.29 HV,
respectively. The hardness of coatings increases with the addition of Ti, where the maximum hardness
is achieved for the HEA at x = 1. The wear resistance of the HEA coatings is enhanced with the
addition of Ti, and the main worn mechanism is abrasive wear.

Keywords: laser cladding; high-entropy coatings; tribological property; phase evolution;
FeCoCrNiAlTix

1. Introduction

The concept of high-entropy alloys (HEAs) is a new alloy design philosophy that was proposed
recently, breaking the bottleneck stage of the conventional alloy design concept. The HEA philosophy
considers that multiple principle elements in an alloy system will not produce brittle phases such as
intermetallic compounds (IMCs) or other complex phases, leading to brittleness and difficulties in
processing and application. On the contrary, the high entropy effect can maintain the simple solid
solutions in alloys [1–3]. The main reason people think multiple principle elements will decrease the
property of the alloy is the Gibbs phase rule. According to the Gibbs phase rule, f = n − p + 1 (f, freedom
degree; n, component number; p, phase number), the equilibrium solidification phase number for n
kinds of elements is given by p = n + 1. Since phase formation processes are always non-equilibrium
solidification, the number of phases tends to be given by p > n + 1. More precisely, as more types
of principle elements are added to the alloy system, more complicated phases appear in it, which is
harmful [4]. However, a new path of alloy design was carried out for the first time by Yeh et al. [5,6] in
2004. They found that there were no IMCs if more than five types of principle elements were added
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into the alloy system and simple solid solutions could be gained. More and more scholars have now
joined in the study of HEAs. HEAs are better than traditional alloys in many aspects because of their
high entropy effect especially in the preparation of wear and corrosion-resistant coatings, which are
reported to be good candidates as structural and functional materials. Much research has been done
on the properties of different HEAs. Duan et al. [7] found that the hardness of AlCoCrFeNiCu via arc
melting was 475.3 HV, showing excellent tribological properties. Tian et al. [8] collected nearly 100
kinds of HEA experimental results and found that hardness steadily increased with different atomic
sizes. Among the previous HEAs studied, HEAs are usually synthesized via arc melting technology or
casting methods, which can result in high costs due to the amounts of expensive alloying elements
that are added. As wear and corrosion resistance is a surface phenomenon and mainly determined
by the surface properties of a material rather than by the bulk properties, laser cladding is widely
adopted in the coating preparation since it has many advantages such as energy concentration, a
low substrate dilution rate, and a fast cooling rate. Chen et al. [9] found that, with the increase in
aluminum content, AlxCoFeNiCu1−x HEAs displayed a greater hardness. An et al. [10] prepared
MoFeCrTiWAlxSiy coatings via laser cladding, which can obtain excellent quality coatings with the
simultaneous addition of Si and Al.

Many HEA compositions are possible, and one well-known system is Al–Fe–Cr–Co–Ni. The
evolution of the phase/microstructure was attributed to rapid quenching during laser processing. Alloy
systems possess attractive properties such as high hardness, abrasiveness, and corrosion resistance.
The addition of elements has a significant effect on the properties of HEA coatings [11,12]. It has been
reported that Cu, Ni can promote the formation of a face-centered cubic (FCC) system, while Cr, Ti can
lead to the formation of a body-centered cubic (BCC) system. The in-depth investigation on the effect
of element addition on properties and structures may accelerate the application of HEA coatings. Thus,
in this work, the effect of Ti addition on the properties and phase evolution of FeCoCrNiAlTix coatings
is investigated, and the results of the present study on the rules of phase evolution, microhardness,
and wear resistance would provide theoretical guidance to further explore the effects on the HEAs of
other element additions.

2. Experimental Procedure

In this experiment, Q235 steel (SD Steel, Jinan, China) was chosen as the substrate and the nominal
chemical composition in wt % is 0.12%–0.2% C; 0.28% Cr; 0.2% Ni; 0.3% Si; 0.3%–0.67% Mn; 0.035%
S; 0.04% P and Fe balance. The equiatomic ratio of the pure Co, Ni, Cr, and Al powder mixed with
various concentrations of Ti powder (99.6%, 300 mesh, Tianjiu Ltd., Changsha, China) was chosen as
the cladding powder. Fe powder was not included in the cladding powder since the Fe atoms can be
introduced from the substrate due to the dilution, and the content can be regulated by controlling the
power of laser. The mixed powder was ground via planetary ball mill for 10 h with a rotate speed
of 200 r/min. The ground powder was preplaced on the surface of 100 mm × 100 mm × 10 mm
cleaned Q235 substrates with a thickness of 1.5 mm. The laser generator (FL-Dlight-1500, Yuchen Ltd.,
Nanjing, China) was used to prepare the sample with a power of 800 W, a scanning speed of 3 mm/s,
a spot size of 3 mm × 1 mm, an overlap rate of 30% with Ar protection (10 L/min), under which good
quality FeCoCrNiAlTix (x = 0, 0.25, 0.5, 0.75, and 1 in at.%, respectively) HEA coatings of moderate
dilution could be achieved. The cladded samples were cut into small cross sections for metallography.
The samples were ground using a grinding machine; grinding started at 100, and then proceeded at
200 and then 2000 abrasive papers, which was followed by polishing using a 1 m diamond slurry.
They were then etched by a 5% nitric acid alcohol solution. The scanning electronic microscope (SEM,
S3400, Hitachi, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS, Hitachi) was
used to observe the microstructure of coatings and determine the content of elements, while the X-ray
diffraction (XRD, Shimadzu 7000, Kyoto, Japan) was used to identify the constituent phase with Cu
Kα (λ = 0.154 nm) radiation at a step of 0.02◦. The microhardness was tested by a Vickers hardness
tester (HVS-5, Lai Hua Ltd., Laizhou, China) with a load of 200 g and a duration time of 10 s. Sliding
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wear tests of the samples were performed on the universal tester by the ball-on-plate configuration
under a dry condition, and the WC ball was chosen as the contact head. The friction and wear tests
were carried out with a frequency of 5 Hz for 20 min.

3. Results and Discussion

Figure 1 shows the XRD results of FeCoCrNiAlTix HEA coatings. It is obvious that both FCC and
BCC1 systems exist in the FeCoCrNiAl coating, which can be identified as (Fe, Ni) and Fe–Cr phases,
respectively. However, the FCC system disappears in the FeCoCrNiAlTi0.25 HEA coating and the AlNi,
which is BCC forms. Ti is a BCC stabilizing element that restrains the formation of FCC. The AlNi is
identified as BCC2. Jiao et al. [13] gained a similar result in the experiment where AlCoCrFeNiTix was
deposited via arc melting and injection into a water-cooled copper mold.

Figure 1. XRD results of FeCoCrNiAlTix high-entropy alloy (HEA) coatings.

Figure 2 shows the cross-sectional SEM images of FeCoCrNiAlTix HEA coatings. There are two
different phases in the microstructure at x = 0. The chemical composition in different regions, as
marked in Figure 2, is listed in Table 1. It can be seen by analyzing the EDS results in Table 1 that
the components of Zone A and Zone B is very similar. Thus, Zone B is a simple hole. There are only
eutectic FCC and BCC1 structures here. The structure morphology changes significantly with the
addition of Ti. At x = 0.25, the structure consists of the proeutectic phase α and the eutectic phase β.
The proeutectic phase α exhibits an achrysanthemum-shaped microstructure, while the eutectic phase
β is a typical lamellar. According to the EDS results shown in Table 1, it can be concluded that the
content of Ni and Al is high in phase α and the content of Fe and Cr is high in phase β. Combined
with the former XRD results, it is obvious that the phase α is BCC1, while the phase β is the eutectic
phase of BCC1 and BCC2, respectively. The segregation of Ni, Al, Fe, and Cr in different phases can
be attributed to the mixing enthalpies of atomic pairs between these six elements, as it is known that
the mixing enthalpies indicate a tendency to order or cluster. The mixing enthalpies represent atomic
interactions between the solute elements and the base solvent. It is easy to occupy the cluster center
for a solute because it shows a negative ΔH tendency and shows that a weak ΔH tends to take the glue
site. Such a cluster-based formulism has been validated in many FCC and BCC alloys, which satisfies
specific composition formulas in limited quantities [14].
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Figure 2. Cross-sectional SEM images of FeCoCrNiAlTix HEA coatings. (a,b) x = 0; (c,d) x = 0.25; (e,f)
x = 0.5; (g,h) x = 0.75; (i,j) x = 1.

Table 1. The chemical composition (at.%) in different regions, as marked in Figure 2.

X Zone Fe Co Cr Ni Al Ti

0
A 32.26 24.84 10.76 23.54 8.60 0
B 32.80 23.78 11.58 23.56 8.28 0

0.25
α 21.26 27.95 16.93 24.24 4.79 4.83
β 22.15 29.38 21.08 20.34 0.91 6.14

0.5
α 29.15 20.12 10.80 25.31 5.47 9.16
β 30.12 20.54 12.69 23.11 1.72 11.81
γ 15.55 13.48 10.23 14.31 2.12 44.31

0.75
α 33.75 18.03 12.58 19.71 4.13 11.83
β 39.73 19.31 14.30 11.21 2.74 12.72
γ 8.75 10.15 4.05 8.03 1.55 67.48

1
α 33.52 15.82 10.55 20.24 6.76 13.11
β 37.12 17.01 12.58 15.33 1.59 16.36
γ 11.05 6.64 5.42 0 2.67 74.22

The mixing enthalpy of atomic pairs between these six elements is listed in Table 2. As shown in
Table 2, the mixing enthalpy of Al–Ni is −22 kJ/mol, so they have a good miscibility. However, the mixing
enthalpies of Fe–Al and Cr–Al are −11 kJ/mol and −10 kJ/mol, respectively, which is relatively high
among all of the pairs between Al and other elements. Therefore, Fe, Cr, and Al cannot have a good
miscibility. Thus, Ni, Al and Fe, Cr segregate in different phases. According to the EDS results, the phase β

is a Ti-enriched phase, indicating that the solid solubility of Ti in phase β is higher than that in phase α.
This result is in accordance with Shun et al. [15]. With the addition of Ti, the content of eutectic phase β

decreases during the increase of proeutectic phase α. Thus, the eutectic point of BCC1 and BCC2 is between
x = 0 and x = 0.25. As Ti content increases to x = 0.5, some fine precipitates are precipitated out and the
main component is Ti. The precipitates can hinder the dislocation glide, thereby enhancing the hardness
and the strength. At x = 1, equiaxed and fine grained microstructure is obtained in the structure and the
eutectic phase β almost disappears.

Table 2. The mixing enthalpy of atomic pairs between these six elements (kJ/mol) [16].

Element Fe Co Cr Ni Al Ti

Fe 0 – – – – –
Co −1 0 – – – –
Cr −1 −4 0 – – –
Ni −2 0 −7 0 – –
Al −11 −19 −10 −22 0 –
Ti −17 −28 −7 −35 −30 0
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Although there are several principle elements, the phase composition of the HEAs is relatively
simple. There are only a few kinds of solid solutions in the coatings. The phase number of
FeCoCrNiAlTix HEA coatings in this paper is much less than that calculated by the Gibbs phase
rule. This phenomenon can be attributed to the high entropy effect, which can restrain the formation
of complex intermetallic compounds. Otto et al. [17] and Yao et al. [18] also found this phenomenon.
According to the Gibbs free energy formula:

ΔGmix = ΔHmix − TΔSmix (1)

where ΔHmix is the mixing enthalpy, ΔSmix is the mixing entropy, and T is the absolute temperature. It
can be seen that the ΔGmix will decrease if the ΔSmix increases. The high ΔGmix is the driving force
for the formation of intermetallic compounds. Thus, the high entropy effect can decrease the ΔGmix

of the system and contribute to the formation of saturated or supersaturated solid solution, thereby
enhancing the solution strength effect and the mechanical properties.

Figure 3 shows the results of the microhardness test along the cross section of the FeCoCrNiAlTix
HEA coatings. The average microhardness of the HEA coatings at x = 0, 0.25, 0.5, 0.75, and 1 are
432.73 HV, 548.81 HV, 651.03 HV, 769.20 HV, and 966.29 HV, respectively. It is obvious that the average
hardness of FeCoCrNiAlTix HEA coatings increases as the content of Ti increases. The average hardness
reaches its maximum point for the HEA at x = 1, which is more than twice that of the HEA at x = 0.
The content of Ti in BCC1 and BCC2 persistently increases (as shown in Figure 1) with the continuous
addition of Ti. The atomic radii of Fe, Co, Ni, Cr, Al, and Ti are 124 pm, 125 pm, 121 pm, 124 pm,
143 pm, and 145 pm, respectively. It was easily observed that the radius of Ti is the highest among all
elements. With the addition of Ti, the solid solute effect increases, leading to serious lattice distortion.
Thus, the solid solution strengthening effect of Ti may be the most important reason, which contributes
to the increase in hardness. In addition, the second phase strengthening effect caused by the separation
of Ti is also an important reason. It can be seen in Figure 3 that there is a softening region near the
fusion line between the coating and the substrate. In this zone, the grains are coarse, which affect the
mechanical properties of the coatings.

Figure 3. Results of the microhardness test along the cross section of the FeCoCrNiAlTix HEA coatings.
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Figure 4 shows the worn surface morphologies of FeCoCrNiAlTix HEA coatings at the microscopic
level. The surface tends to be smooth with the addition of Ti. Typically, the abrasion rate is connected
with the resistance force at the contact surface during wear [19]. A higher resistance force usually
leads to a higher abrasion rate. Figure 5 shows the variations in the friction coefficient curves of
FeCoCrNiAlTix coating as a function of wear test time. The mass loss is proportional to the friction
coefficient in Figure 6. According to the surface morphology, there are no obvious pits or other
morphology features of adhesive wear. There are grooves and debris on the worn surface. Thus, the
worn mechanism is the abrasive wear. At x = 0, the grooves are deep, and there is substantial debris.
The mass loss is also higher for the HEA at x = 0, so the wear resistance is lower compared to the HEAs
with higher Ti concentrations. At x = 0.25, the amount of debris decreases, and the grooves are shallow.
It is obvious that the wear resistance of the coating is enhanced with the addition of Ti. At x = 0.5
and 0.75, the deep grooves disappear. At x = 1, only a few shallow grooves can be seen, and there
is no debris. The mass loss of FeCoCrNiAlTix coatings is the lowest at x = 1, according to Figure 6,
indicating optimum wear resistance.
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Figure 4. The morphology of FeCoCrNiAlTix HEA coatings after wear.
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Figure 5. Friction coefficient of coating.

Figure 6. Mass loss of FeCoCrNiAlTix coatings.

4. Conclusions

After studying the effect of the content of Ti on the performance of FeCoCrNiAlTix, three
conclusions can be drawn as follows:

• The structure of FeCoCrNiAlTix coatings consists of two kinds of BCC phases. With the continuous
increase in Ti content, the number of eutectic structure decreases, accompanying the increase in
the proeutectic phase and the Ti-rich second phase is precipitated out. The eutectic point of BCC1

and BCC2 is between x = 0 and x = 0.25.
• The solution strength effect and the second phase strengthening effect on FeCoCrNiAlTix coatings

are enhanced as Ti content increases. The average microhardness is also increased.
• The friction coefficient of FeCoCrNiAlTix coatings decreases as Ti content increases, while the

wear resistance increases. The HEA coatings at x = 1 exhibit the best wear resistance among the
tested samples.
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17. Otto, F.; Dlouhý, A.; Pradeep, K.G; Kuběnová, M.; George, E.P. Decomposition of the single-phase
high-entropy alloy CrMnFeCoNi after prolonged anneals at intermediate temperatures. Acta Mater. 2016,
112, 40–52. [CrossRef]

18. Yao, M.J.; Pradeep, K.G.; Tasan, C.C.; Raabe, D. A novel, single phase, non-equiatomic FeMnNiCoCr
high-entropy alloy with exceptional phase stability and tensile ductility. Scripta Mater. 2014, 72–73, 5–8.
[CrossRef]

19. Yu, Y.; Liu, W.; Zhang, T.; Li, J.; Wang, J.; Kou, H.; Li, J. Microstructure and tribological properties of
AlCoCrFeNiTi0.5, high-entropy alloy in hydrogen peroxide solution. Metall. Mater. Trans. A 2014, 45, 201–207.
[CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

29



coatings

Article

Effect of Coating Palm Oil Clinker Aggregate on the
Engineering Properties of Normal Grade Concrete

Fuad Abutaha, Hashim Abdul Razak *and Hussein Adebayo Ibrahim

StrucHMRS Group, Department of Civil Engineering, Faculty of Engineering, University of Malaya,
Kuala Lumpur 50603, Malaysia; abutaha.fuad@siswa.um.edu.my (F.A.); adebayor@siswa.um.edu.my (H.A.I.)
* Correspondence: hashim@um.edu.my; Tel.: +60-3-7967-5233; Fax: +60-3-7967-5318

Academic Editor: Alicia Esther Ares
Received: 10 August 2017; Accepted: 5 September 2017; Published: 21 October 2017

Abstract: Palm oil clinker (POC) is a waste material generated in large quantities from the palm
oil industry. POC, when crushed, possesses the potential to serve as an aggregate for concrete
production. Experimental investigation on the engineering properties of concrete incorporating POC
as aggregate and filler material was carried out in this study. POC was partially and fully used to
replace natural coarse aggregate. The volumetric replacements used were 0, 20%, 40%, 60%, 80%,
and 100%. POC, being highly porous, negatively affected the fresh and hardened concrete properties.
Therefore, the particle-packing (PP) method was adopted to measure the surface and inner voids
of POC coarse aggregate in the mixtures at different substitution levels. In order to enhance the
engineering properties of the POC concrete, palm oil clinker powder (POCP) was used as a filler
material to fill up and coat the surface voids of POC coarse, while the rest of the mix constituents
were left as the same. Fresh and hardened properties of the POC concrete with and without coating
were determined, and the results were compared with the control concrete. The results revealed
that coating the surface voids of POC coarse with POCP significantly improved the engineering
properties as well as the durability performance of the POC concrete. Furthermore, using POC as
an aggregate and filler material may reduce the continuous exploitation of aggregates from primary
sources. Also, this approach offers an environmental friendly solution to the ongoing waste problems
associated with palm oil waste material.

Keywords: coating; lightweight aggregate; palm oil clinker (POC); palm oil clinker powder (POCP);
waste material

1. Introduction

The construction industry has been identified to be one of the largest industries worldwide.
Currently, an enormous worldwide development is occurring in this industry, especially in developing
countries as a result of rapid industrial and economic developments leading to the improved standard
of living and infrastructural development [1]. Nowadays, the scarcity of natural resources and the
rising costs of raw materials have induced researchers to focus more on utilizing solid wastes and
by-products as raw material in concrete production [1,2]. Economic and environmental benefits are
some of the factors that determine the viability of using solid waste. From an economic standpoint,
using solid waste is cheaper as compared to the costs of using natural resources or even the costs
of producing new material [3]. Consequently, natural resources can be preserved and there will
be a significant reduction in waste being discharged to the environment [4]. The solid wastes and
by-products, when properly used, have shown to be a comparable construction raw material [4].
Palm oil clinker (POC) is a waste material generated in large quantities from the palm oil industry.
POC, when crushed, has the potential to serve as a lightweight aggregate for concrete production.
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2. Pam Oil Clinker (POC)

Malaysia is one of the primary producers of palm oil, contributing more than half of the world’s
palm oil on a yearly basis [5]. In 2012, it was reported that the total production of crude palm oil
was more than 18.7 million tons [6]. The extraction of useful material from these plants generates
various types and forms of waste material, which need to be disposed of appropriately. Generally,
they comprise of ash, grains, wastewater, and shells in large combined chunks [7]. POC is a palm
oil shell incineration by-product in the form of a lightweight material (Figure 1). The large chunk
of POC is flaky, irregularly shaped, and porous with a rough and sharp broken surface, as seen
in Figure 2. POC, when crushed, represents a lightweight aggregate that can be potentially used
in concrete production [8]. Kanadasan et al. (2015) [9] reported that the similarity of the particle
size distribution and the grading features of sand and POC fine aggregate indicate the suitability
of POC fine as a suitable substitution for sand in concrete production. Abdullahi et al. (2008) [10]
prepared trial mix proportions for POC, and showed that it is possible to use POC as an aggregate
in the mix design of concrete without adding admixture. Kanadasan et al. (2014) [7] reported that
POC aggregates, which are often seen as a waste material for landfilling, performed satisfactorily
as an aggregate material in the production of self-compacting concrete. Also, a study conducted
by Ibrahim et al. (2016) [11] indicated the feasibility of incorporating POC aggregate as a suitable
replacement for natural aggregates in Pervious Concrete (PC) production. In this study, palm oil
clinker powder (POCP) was used as a filler material to fill up and coat the surface voids of POC coarse
so as to enhance the engineering properties of normal grade POC concrete. The aim was to examine
the applicability of palm oil waste as a natural aggregate replacement in concrete production towards
improving the sustainability of the construction industry.

Figure 1. Solid waste of palm oil mill.

Figure 2. Raw POC collected from palm oil mill.
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3. Materials

3.1. Aggregates

Three types of aggregate were used in this study, which includes POC, river sand as natural fine
aggregate, and crushed granite rocks as a natural coarse aggregate. POC was collected from a local
palm oil mill in the form of a large chunk. It was then crushed using a Jaw crusher machine and sieved
to be used as a replacement for natural coarse aggregate (Figure 3). The physical properties of all
aggregates used in this study are tabulated in Table 1.

Figure 3. Coarse aggregate: (a) Granite; (b) Palm oil clinker (POC).

Table 1. Physical characteristics of the aggregates.

Properties

Aggregates

River Sand
Coarse Aggregates

Granite POC

Aggregate size (mm) <4.75 4.75–14 4.75–14

Specific gravity 2.66 2.65 1.73

Water absorption (%) 0.39 0.58 3 ± 2

Moisture content (%) 0.08 0.28 1 ± 0.5

Aggregate crushing Value (%) – 17.93 56.44

Aggregate crushing value (Ten per cent fines) – – 16.99

Bulk Density (kg/m3) 1301 1294 732

3.2. Powders

Ordinary Portland Cement (OPC), equivalent to ASTM Type I, was used as the main binding
material. POC powder was prepared by grinding POC into a fine powder form. POCP can be assumed
to have a similar fineness with cement [12]. The particle size distribution curves of POCP and OPC are
comparable and most of the particles sizes are less than 100 μm [13]. In this study, POCP was used
as filler material to fill up and coat the surface voids of POC particles. A comparison of the physical
properties and the chemical composition of POCP and OPC are presented in Table 2.

3.3. Admixtures

To enhance the concrete workability, Sika ViscoCrete 2199 from Sika Kimia Sdn Bhd,
Kuala Lumpur, Malaysia, which is a modified polycarboxylate type was used as a high range water
reducing admixture in the study. This admixture is chloride free according to BS 5075 and is compatible
with all types of Portland cement.
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Table 2. Chemical composition and physical properties of Ordinary Portland Cement (OPC) and palm
oil clinker powder (POCP) [12].

Properties OPC POCP

Chemical Composition (%)

CaO 64 6.37

SiO2 20.29 59.9

SO3 2.61 0.39

Fe2O3 2.94 6.93

Al2O3 5.37 3.89

MgO 3.13 3.3

P2O5 0.07 3.47

K2O 0.17 15.1

TiO2 0.12 0.29

Mn2O3 0.12 –

Na2O 0.24 –

others 0.94 0.36

Loss on ignition 1.4 1.89

Physical Properties

Specific gravity (g/cm3) 3.15 2.59

Particle Distribution – –

Average size, D (V, 0.5) 27.98 μm 20.97 μm

Passing 10.48 μm 27.58 37.86

Retained 10.48 μm, Passing 48.27 μm (%) 45.80 34.05

Retained 48.27 μm (%) 26.62 28.09

4. Experimental Program

The experimental program involved determining the engineering properties of the concrete made
with POC as a partial and full replacement of natural coarse aggregate with and without the surface
coating. POC was collected in the form of large chunks from the palm oil mill factory, as shown in
Figure 4. It was then crushed using a Jaw crusher machine, and it was sieved to the required size.
The mix design was based on the Department of Environment (DOE) method to produce concrete
grade 40 with slump in the range of 100 ± 25 mm. The volumetric replacement of granite coarse
aggregate with POC adopted in this study are 0, 20%, 40%, 60%, 80%, and 100%. All of the mixes
had a constant cement content and water to cement ratio of 420 kg/m3 and 0.53, respectively, so as to
observe only the effect of POC incorporation on the fresh and hardened concrete properties. Details of
the constituent materials proportion at different substitution levels are presented in Table 3.

 

Figure 4. Palm oil clinker (POC).

33



Coatings 2017, 7, 175

Table 3. Mixture proportion for different replacement level of coarse aggregate.

Replacement
Level

ID w/c Ratio

Mix Proportion (kg/m3)

OPC
Fine Aggregate Coarse Aggregate

River Sand POC Granite POC

Control Mix M0 0.53 420 760 – 1007 –

Coarse Aggregate Replacement (Series POC)

20% POC20 0.53 420 760 – 806 131

40% POC40 0.53 420 760 – 604 263

60% POC60 0.53 420 760 – 402 394

80% POC80 0.53 420 760 – 201 526

100% POC100 0.53 420 760 – – 657

POC, being highly porous, and due to no standard guidelines available in literature on how to choose
the quantity of powder required to coat the surface voids of such an aggregate, the particle packing (PP)
method was adopted to determine the volume of voids due to the porosity of POC at different substitution
levels. The PP method gives an assessment of the additional voids when POC is substituted with the
natural aggregate. The steps for using the PP method to measure the voids are as follows:

• Phase 1: All the aggregate particles were checked to ensure they have been soaked in water for
24 h. They were later brought into the saturated surface dry (SSD) condition to avoid any loss of
fluid through absorption during the PP test.

• Phase 2: The combination of the aggregates, i.e., POC coarse, granite coarse and river sand with
proportion based on the mix designed by the DOE method, as tabulated in Table 3, was prepared
on the baseplate. They were thoroughly mixed by using a scoop and trowel to get a homogenous
mix. It was later placed into a container in a loosely packed state, as shown in Figure 5.

• Phase 3: A known volume of clean water was prepared and it was subsequently poured slowly
into the container filled with the aggregates.

• Phase 4: Once the water level reached the top surface of the container, the water level is checked
consecutively every 30 s for a period of 2 min. This is basically to allow for water to fill up all
the voids between the aggregates. Water is constantly added if there is a reduction in the level.
The amount of water utilized represents the total amount of voids present.

 

Figure 5. Schematic diagram of PP test.
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Determination of the Required POCP

To determine the particle packing density of concrete, small particles should be selected to
fill up the voids between the large particles [14]. In this study, palm oil clinker powder (POCP),
which was obtained by a ball mill grinding process of POC, was selected as the suitable filler material
to coat the surface voids of POC coarse in order to enhance the fresh and hardened properties of
the POC concrete. It is important to design concrete structures and mixtures in such a way that any
negative environmental impact is minimized. Thus, using POCP serves as an environmentally friendly
alternative and is also a means of maximizing the use of palm oil waste in the concrete. The general
procedure for determining the POCP required for each substitution level of POC coarse is shown in
Figure 6, and the detailed calculations are given in Appendix A.

Figure 6. Flow chart to determine the required POCP.

Based on the PP results, the final mix proportions after incorporating POCP to the six levels of
POC concrete is presented in Table 4. Figure 7 shows the total powder and superplasticizer (SP) dosage
required for different substitution levels of POC to obtain a constant slump range of 100 ± 25 mm.
A comparison was conducted to determine the effect of the filling-ability of POCP on fresh and
hardened properties of POC concrete.

Table 4. Final mix proportion of POCP concrete.

Replacement
Level

ID
Cement
(kg/m3)

POCP
(kg/m3)

w/p Ratio

Fine Aggregate
(kg/m3)

Coarse Aggregate (kg/m3)

River Sand Granite POC

Control Mix M0 420 0 0.53 760 1007 0

20% POCP20 420 70 0.51 760 806 131

40% POCP40 420 93 0.48 760 604 263

60% POCP60 420 108 0.46 760 402 394

80% POCP80 420 156 0.45 760 201 526

100% POCP100 420 203 0.43 760 0 657
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Figure 7. POCP and SP dosage for each replacement level.

5. Coating Process and Concrete Mixing

The volume of POCP required for each replacement level of POC coarse were calculated and
presented in Table 4. POCP was calculated by determining the volume of the additional voids with
reference to granite. Taking into consideration the substantial volume of voids and the irregular shape
of POC coarse aggregate. The combination of POC and POCP with a proportion based on the PP mix
design, as tabulated in Table 4, was prepared. They were thoroughly dry mixed for 4–5 min using
a pan type mixer in order to fill up the voids and properly coat the POC particles, as shown in Figure 8.

 
Figure 8. POC particle: (a) Pre-coating; (b) After coating.

The remaining aggregates i.e., sand and granite with cement, were added and allowed to dry
mix for an additional 2 min. After that, two third of the mixing water was added and allowed to
mix for 3 min. The remaining water and SP were gradually added to the mixture. The concrete
mix was subjected to additional mixing for about 5 min to ensure a homogenous mix was obtained.
Subsequently, fresh properties were determined by measuring the concrete workability and fresh
density after completing the mixing process. The quantity of concrete was always prepared 20% in
excess of the required amount. The fresh concrete was casted in steel moulds using shovels. Prior to
casting, the surfaces of the moulds were cleaned and a thin layer of oil was applied to the interior faces
of the moulds to facilitate the de-moulding process. Fresh concrete was casted in three layers and each
layer was compacted using a vibration table. After the final layer had been compacted, the top was
levelled to provide a smooth and flat surface, and it was then covered with gunnysacks to prevent
moisture loss and minimize the plastic shrinkage. The specimens were de-moulded after 24 h and
then subjected to full water curing until the date of the hardened concrete test. The final value of the
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mechanical properties was determined by taking the average of three identical specimens and the
shrinkage value for each age is the average value of nine readings.

6. Results and Discussion

6.1. Workability

The consistency of the concrete was assessed by the measure of slump in this study. Slump results
of the POC and POCP concrete mixes are depicted in Figure 9. The workability of the mixes was
affected by incorporating the POC coarse. Increasing the substitution ratio of POC decreased the
workability of the mix. The mixes up to a 40% replacement of POC achieved the target slump range of
100 ± 25 mm. Meanwhile, the mixes with more than 40% of POC coarse were found to be less cohesive,
having a high segregation and being somewhat harsher than the corresponding conventional concrete.
The reduction of workability can be attributed to the particle shape and rough surface, as well as the
sharp broken edges of POC. The irregular shape of POC resulted in a higher surface area increasing the
demand for extra paste volume to ensure a good workability and to avoid segregation. Based on the
experimental study by Koehler and Fowler (2007) [15], they concluded that the workability of a mix is
a function of the aggregate characteristics, the paste volume, and the rheology of the paste. However,
it is obvious that the workability of the POCP concrete was improved when the addition of POCP was
used as a filler material to fill up the voids of POC particles. The observed improvement in workability
can be partly attributed to the higher paste volume that makes the concrete cohesive enough to be
handled without segregation or bleeding. The POCP helped to coat the POC particles, filling the gaps
between the aggregates, thereby providing a better chance for aggregate lubrication. It can be seen
that the mixes incorporating a higher content of POC coarse tend to require a higher POCP content to
give extra lubrication to the POC aggregate, as well as higher dosages of SP to make the mixes more
cohesive and to achieve target slump range of 100 ± 25 mm.

 

Figure 9. Slump values of POC and POCP concrete mixes.

6.2. Fresh Density

The fresh density of the POC and POCP concrete, respectively, ranged from 2032 to 2293 kg/m3,
as shown in Figure 10. The unit weight of the concrete with POC aggregates is inversely proportional
to the replacement level. Increasing the amount of POC in the mix reduced the unit weight of the
concrete. The maximum reduction of fresh density was at full replacement, which registered a value
of 14% less than that of normal concrete i.e., 2379 kg/m3. The low bulk density of the POC coarse
resulted in the reduction of the unit weight of the POC concrete. The existence of a large number of
voids and pores contributed significantly to the light nature of the POC aggregate. Kanadasan and

37



Coatings 2017, 7, 175

Razak [16] reported that the lower unit weight, coupled with the porous nature of the POC aggregate,
directly resulted in a lower mass per volume of POC Self Compacting Concrete (SCC) Their results
revealed that a full replacement of POC produced a concrete with a density of less than 2000 kg/m3,
which is approximately 16% lower than the control mix.

 
Figure 10. Fresh density of POCP concrete and POC concrete.

6.3. Compressive Strength

The compressive strength of the concrete was determined in accordance with BS EN 12390-3.
In general, there was reduction in compressive strength when the POC coarse aggregate was used.
The concrete strength was lower when the volume of the POC was higher than the volume of the
conventional aggregate. At 28 days, the compressive strength of the POC concrete ranged between 33
and 39.45 MPa. The maximum reduction in strength was at full replacement of POC, i.e., approximately
30% lost with respect to the control concrete. The strength and stiffness of POC was much lower than
the normal coarse aggregate due to its porous property, which significantly affected the concrete’s
strength carrying capacity. This is also attributed to the fact that less matrix is available to fill the pores
within the POC aggregates, leading to a higher total porosity in the concrete as observed in Figure 11.
Abutaha et al. (2016) [17], and Ibrahim et al. (2017) [18] reported that the porosity of POC and the
lower aggregate crushing value negatively affected the compressive strength when compared to the
control mix. This also corroborates the results of the study by Rashid et al. (2012) [1] on the utilization
of LWA from waste material by using crushed clay bricks as a coarse aggregate replacement. The study
reported that the replacement resulted in a strength reduction of 9.6% and 32.9% at 50% and 100%
replacement levels, respectively. Furthermore, lightweight concrete incorporating aggregate made
from sewage sludge waste showed good hardened properties whereby they were able to produce
73% of the strength when compared to that of the control concrete [19]. However, it can be observed
in this study that a significant reduction in the compressive strength was avoided with the use of
POCP as a filler material to fill the voids of POC coarse. Additionally, POCP significantly improved
the compressive strength of the POC concrete by providing a sufficient amount of paste to coat the
POC surface voids.
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Figure 11. Difference in porosity of concrete. (a) Granite; (b) POC.

The influence of the additional POCP on the compressive strength of the POC concrete mixes is
plotted in Figure 12. At 28 days, the POCP concrete had compressive strength values ranging between
40.52 and 51.27 MPa with maximum strength obtained at 20% POC coarse replacement. Compared
to the mixes without POCP (pre-coating), the strength increased by 20% to 30%. Figure 13 illustrates
the development of the POCP concrete strength. Figure 14 shows the variation of relative strength,
which can be defined as the ratio of the tested specimen strength to that of control at the same age.
For all replacement levels, the maximum relative strength occurred on the 3rd day for the mix of
POCP20, and decreased until it reached a relatively constant value at 56 days and beyond. At a 20%
replacement of POC coarse, the compressive strength improved due to the lesser percentage of POC
in the mix when compared to the other replacement levels. Therefore, the effect of ACV of POC on
the compressive strength of the concrete was not pronounced. The combined effect of POCP and the
low percentage replacement of POC coarse ensured that POCP20 exhibited superior properties as
compared to other replacement levels. However, at the age of 28 days, the mixes with up to an 80%
replacement ratio of POC coarse exceeded the control strength. Meanwhile the mix at full replacement
achieved 90% of the control strength, which continued to increase with age until it became close to the
control strength value after 90 days, as shown in Figure 14. These results indicate that the inclusion of
POCP gave a tremendous contribution to the strength property of the POC concrete. Thus, the finer
POCP particles have better voids-filling ability, resulting in low void space that leads to a higher
compressive strength. Furthermore, the use of superplasticizer also increases the strength by lowering
the quantity of mixing water and increasing the flowing ability. It also contributed to achieving denser
packing and a lower porosity of the concrete, and thus assisted in producing a higher strength and
good durable concrete.

6.4. Splitting Tensile Strength

A splitting tensile strength test was carried out in accordance with BS 1881: Part 117 on a cylinder
of (100 mm diameter × 200 mm length) at the age of 7, 28, 56, and 90 days. Splitting tensile strength
results of the POC concrete generally showed a trend similar to that observed in the compressive
strength. The replacement of POC with natural coarse aggregate led to a reduction in the splitting
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tensile property, as shown in Figure 15. The higher the contents of the POC coarse, the lower the
splitting tensile value. At 28 days, the splitting tensile of the POC concrete was in the range of 2.61 to
3.28 MPa. The maximum reduction was at the full replacement of POC, which registered a value of 27%
lower than the control concrete. During the visual examination of some broken specimens, as shown
in Figure 16, the failure of the specimen was mainly due to the breaking of POC particles, while the
bonding between the hardened cement paste and POC remained good. As such, the failure occurred
through the POC coarse, which is weaker as compared to the concrete matrix and the aggregate-matrix
interface. Meanwhile, at 28 days, the POCP concrete recorded an increase of between 10% and 31%,
with respect to POC concrete mixes, while the splitting tensile values were in the range of 3.23 to
3.83 MPa. The development of the splitting tensile strength of the POCP concrete mixes up to 90 days
is presented in Figure 17. All of the mixes had tensile strength values close to that of the control mix
at different ages, and no trend was found linking this property with the replacement ratio of POC.
The maximum strength reduction of the POCP concrete was at full replacement, which registered
a value of 11% lower than the control mix. However, it became closer to the control at the age of
90 days as shown in Figure 18.

 

Figure 12. Development of POCP concrete strength.

 

Figure 13. 28-day compressive strength of POC and POCP concretes.
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Figure 14. Relative compressive strength of POCP concrete.

 

Figure 15. 28-day splitting tensile of POC and POCP concretes.

Figure 16. Splitting tensile failure.
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Figure 17. Development of splitting tensile of POCP concrete.

 

Figure 18. Relative splitting tensile strength of POCP concrete.

Nevertheless, the obtained tensile strength of the POCP concrete was always higher than the
minimum recommended by ASTM C330 for structural lightweight concrete, which is 2 MPa. Previous
studies [20–22] reported that the 28 days splitting tensile strength of lightweight concrete ranged
between 1.10 and 2.41 MPa for moist cured concrete. In general, lightweight concrete with cube
compressive strengths of 50, 40, and 30 MPa has a splitting tensile strength in the range of 2.5–3.8,
2.2–3.3, and 1.8–2.7 MPa, respectively [23]. However, the measured splitting tensile strength of POCP
concrete in this study was in the range of 3.23–3.82 MPa at 28 days, which is higher than the values
reported in previous studies on lightweight concrete.

The relationships between compressive strength, flexural, and splitting tensile strength at 28 days
are tabulated in Table 5. In general, the splitting tensile strength for normal weight concrete ranges
from 8% to 14% of its compressive strength [23]. The splitting/compressive strength ratio for normal
weight concrete is higher when compared to the lightweight concrete [24]. Holm (2000) [25] reported
that lightweight concrete that is moist cured has a splitting tensile strength of generally between 6%
and 7% of its compressive strength. However, at the age of 28 days, the splitting tensile strength of the
POCP concrete in this study ranged from 6.5% to 8% of the compressive strength. This is similar to the
tensile/compressive strength ratio ranging from 6.6% to 9% of the lightweight concrete made with
an artificial lightweight aggregate, as reported by Haque (2014) [24].
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Table 5. Flexure, splitting and compressive strength relationship at 28 days.

ID
Compressive

Strength (MPa) fcu

Flexural Strength
(MPa) fr

fr
fcu

Splitting Tensile
(MPa) ft

ft
fcu

M0 45.16 4.422 9.79 3.663 8.11

POCP20 51.27 4.521 8.82 3.829 7.47

POCP40 46.39 4.501 9.70 3.422 7.16

POCP60 46.22 4.381 9.48 3.315 6.82

POCP80 44.63 4.800 10.76 3.553 7.96

POCP100 40.52 4.534 11.19 3.233 7.51

A parabolic relationship with a correlation coefficient of 0.86 was observed between the 28-day
compressive strength and splitting tensile of the POCP concrete, as shown in Figure 19. Figure 20
shows the comparison between the splitting tensile strength predicted by various equations listed in
Table 6 and the experimental values. Equation (1) was proposed based on the results in this study
for the POCP concrete. All equations with their descriptions are tabulated in Table 6. It can be seen
that the equation of POCP concrete in this study is different from the equations proposed in previous
studies due to the usage of a different type of aggregate in the mixtures and its physical properties.
Additionally, Figure 20 revealed that the predicted splitting tensile from compressive strength of the
POCP concrete is close and comparable with the Equations of (2) and (6), and overestimation than that
of Equations (3)–(5).

 

y x
R

Figure 19. Splitting tensile and compressive strength relationship of POCP concrete.

 

Figure 20. Experimental and theoretical 28-day splitting tensile of POCP concretes.
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Table 6. Practical equations for splitting tensile strength of concrete.

Equation Description Reference Equation No.

ft = 0.176 f 0.76
cu

POCP concrete with cube compressive strength
ranging between 40 and 51 MPa This study Equation (1)

ft = 0.53 f 0.5
cy ACI-318-11 [26] Equation (2)

ft = 0.3 f 0.67
cy Eurocode 4-04 Eurocode 4-04 Equation (3)

ft = 0.46 f 0.5
cy

From natural Tuff LWAC with a compressive strength
as high as 60 MPa [27] Equation (4)

ft = 0.23 f 0.66
cu

For pelletized blast slag LWAC with cube compressive
strength ranging from 10 to 65 MPa [28] Equation (5)

ft = 0.27 f 0.67
cu

Concrete with an artificial LWA has cube compressive
strength ranging between 21 and 47 MPa [29] Equation (6)

Note: ft, splitting tensile; fcu, cube compressive strength; fcy, cylinder compressive strength.

6.5. Flexural Strength

A flexural strength test was carried out in accordance with BS1881: Part 118. The flexural strength
results of the POC and POCP concrete, respectively, revealed that as the POC coarse content increased,
the flexural strength decreased, as shown in Figure 21. All POC concrete have slightly lower flexural
strength values when compared to that of the control concrete. At 28 days, the flexural strength of the
POC concrete was in the range of 3.75 to 4.42 MPa. The maximum reduction was at full replacement,
with approximately 15% lower than the control concrete. However, a significant increase in the flexural
strength was achieved with the use of POCP in the POC concrete mixtures. The improvement was in
the range of 5%–25% higher when compared to the POC concrete (pre-coating). Figure 22 illustrates
the flexural strength development with curing age of POCP concrete mixes of up to 90 days. Flexural
strength of the POCP concrete at different ages ranged from 4.01 to 6.15 MPa, and it was always higher
than the control mix value at a specific age. Previous studies [20,21,30,31] also revealed that lightweight
concrete has flexural strength in the range of between 2.13 and 4.93 MPa. Shetty (2005) [32] reported
that for concrete with a compressive strength of 25 MPa and above, under continuous moist curing,
the flexural strength is generally within the range of 8% to 11% of its compressive strength. Teo et al.
(2006) [21] showed that the flexural strength varied in the range of 8% to 13% of the compressive
strength. As stipulated in Table 5, the POCP concrete had a ratio in the range of 9.8–11.2 for flexural to
compressive strength. This result is in good agreement with conventional values derived for concrete
made with natural aggregates.

 

Figure 21. 28-day Flexural strength of POC and POCP concrete.
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Figure 22. Developing of flexural strength of POCP concretes.

6.6. Modulus of Elasticity

Modulus of elasticity (MOE) was conducted according to BS 1881: Part 121 on the cylinder
specimens with a dimension of 150 mm diameter × 300 mm length. The results of the MOE of the
concrete specimen containing different replacement levels of POC coarse with and without POCP
are shown in Figure 23. Both POC and POCP concrete had a 28-day MOE ranging between 22 and
32 GPa, and the 28-day compressive strength ranged between 33 and 51 MPa. The incorporation of
POC coarse negatively affected the MOE values of concrete. The results revealed that the MOE of the
POC concrete was 9% to 31% lower than the control mix. Often, the quality of the coarse aggregate
greatly affects the elastic modulus. A comparison between the MOE values of the POC and POCP
concrete before and after coating at 28 days showed that the addition of POCP had a significant
effect on the MOE of the POC concrete. POCP concrete had a 28-day MOE range between 28 and
32 GPa, which is 14%–46% higher than that of POC concrete (pre-coating). Furthermore, the addition
of POCP resulted in the decreasing of the water to powder ratio, which benefited the elastic modulus
property. Krizova et al. (2004) [33] studied the influence of the water-binder ratio on the static modulus
of concrete and reported that using a lower volume of mixing water reduced the number of cracks
created by drying, and consequently improved the elastic modulus.

 

Figure 23. 28-day modulus of elasticity of POC and POCP concretes.
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The increase in the MOE values of the POCP concrete with respect to the POC concrete mixes
can also attributed to the enhancement of the interfacial transition zone. Domagała et al. (2011) [34]
reported that for LWAC, a strong bond was formed between the cement matrix and aggregate due to
the higher water absorption of LWA and its rough texture, resulting in a higher modulus of elasticity.
Also, the rough surface texture further ensured that the bond between the surrounding hydrated
cement paste and aggregate was better, thus improving the mechanical properties of the concrete [34].
The development of the MOE values of the POCP concrete up to 180 days is shown in Figure 24.

 

Figure 24. Development of modulus of elasticity of POCP concretes.

Various standards relate the MOE of concrete to its compressive strength and density. Figure 25
shows a comparison of the MOE value of the POCP concrete in this study with those predicted by
various equations given in Table 7. The formulas presented in ACI 318 [35] defines this relationship
in terms of either the square root of compressive strength or the combination of density and the
square root of the compressive strength in Equations (8) and (9), respectively. This is applicable
for density levels of 1440–2480 kg/m3 and strength levels of 21–35 MPa. Hossain et al. (2011) [36]
proposed Equation (11) based on data for lightweight concrete incorporating pumice with 28-day
density ranging between 1460 and 2185 kg/m3. Meanwhile, a cylinder compressive strength of
16–35 MPa. Equation (12) was proposed by Tasnimi (2004) [37], who presented information on artificial
LWA concrete with a cylinder compressive strength of about 15–55 MPa.

Table 7. Practical Equations for Elastic Modulus of Concrete.

Equation Reference Equation No.

Ec = 0.0017W2
c f 0.33

cu [39] Equation (7)
Ec = 4730 f 0.5

cy [35] Equation (8)
Ec = 0.043Wc

1.5 f 0.5
cy [35] Equation (9)

Ec = 9500 f 0.33
cy [40] Equation (10)

Ec = 0.03W1.5
c f 0.5

cy [36] Equation (11)
Ec = 2.1684 f 0.535

cy [37] Equation (12)
Ec = (0.062 + 0.0297 f 0.5

cy )W1.5
c [41] Equation (13)

Ec = 22, 000 f 0.033
cy [38] Equation (14)

Note: Ec, modulus of elasticity; Wc, concrete density; fcu, cube compressive strength; fcy, cylinder compressive strength.
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Figure 25. Experimental and theoretical of 28-day modulus of elasticity of POCP concretes.

As shown in Figure 25, among all of the equations, the MOE values of the POCP concrete at
28 days was close to and comparable with the values calculated using Equations (7), (8), and (10) as
recommended by BS 8110, ACI 318 [35], and Noguchi et al. (2009) [38], respectively, for predicting the
elastic modulus MOE of concrete in terms of its compressive strength and density. While the other
equations underestimated the MOE values.

6.7. Water Absorption

The water absorption was carried out according to BSI 1881-122 [42]. Figure 26 shows the
percentage of water absorption of the POC and POCP concrete specimens, as well as for the control
concrete at 28 days. It is obvious that at the same w/c ratio of POC concrete mixes, the water absorption
was higher than the control mix and tends to increase with the increasing volume of POC contents.
At 28 days, the water absorption of the POC concrete was in the range of 35% to 80%, higher than
that of the control mix. The water absorption has a direct relationship with the voids, the absorption
increased as the voids increased [43]. A similar trend was observed in the results obtained by Teo et al.
(2010) [44], which indicated that the high porosity of OPS aggregate increased the water absorption of
the concrete as compared to the conventional concrete, like other lightweight aggregates concrete.

 

Figure 26. 28-day water absorption of POC and POCP concretes.
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The lower porosity of the granite aggregate in the normal concrete mixture restricts the rate
of water absorption as compared to the POC concrete. Most artificial lightweight concrete exhibits
significantly higher water absorption than normal weight concrete [20]. Topcu (1997) [45] is of the idea
according to the result of his own study that there is a parabolic connection between water absorption
and concrete density, “the lower the concrete density, the higher water absorption capacity”. However,
the values of water absorption of the POCP concrete mixes are comparable to the natural aggregate
concrete. The addition of POCP resulted in a decrease in the value of water absorption. At 28 days,
the reduction was in the range of 15% to 32% with respect to the POC concrete. The increase of POCP
content was advantageous to the concrete and resulted in a more condensed microstructure. The low
water absorption of the POCP mixes is also attributed to the denser interfacial zone between the
aggregate and mortar matrix with respect to that of the POC concrete mixes.

Moosberg et al. (2004) [46] reported that the physical effect of the mineral admixture on the
concrete properties occurred as a result of pervading the fillers into the void between the cement
particles. Therefore, the incorporation of POCP has a similar effect to the mineral admixtures in the
concrete, by reducing the pore size, which resulted in highly densified paste. As such, the concrete
water absorption decreased. It is also obvious that SP played an important role in enhancing the
fluidity of the POCP concrete mixes and maximized the compaction subsequently resulting in the
production of a high impermeable concrete. Figure 27 shows the percentage of water absorption of
the POCP concrete specimens as well as for the control concrete subjected to 7, 28, 90, and 180 days of
moist curing after demolding.

6.8. Drying Shrinkage

A demountable mechanical strain gauge (DEMEC), with a precision of 1 μm, was used to monitor
the total liner shrinkage. The DEMEC was placed over two steel studs at a 200 mm gauge length,
which had been glued onto the three as cast surfaces. The development of the shrinkage strains with
a drying period of up to 180 days under an initial water curing condition of seven days is shown in
Figure 28. The specimens were exposed to uncontrolled laboratory conditions, with humidity ranging
between 60% and 85%, and temperature ranging between 26 and 35 ◦C. The test results showed that
the POCP concrete mixes has a lower drying shrinkage strain when compared to the control concrete.
Furthermore, the addition of POCP significantly improved the drying shrinkage of the POC concrete.
The increase in POCP content resulted in decreased drying shrinkage. Also, it was observed that the
mixes with a higher content of POCP have lower a drying shrinkage.

 

Figure 27. Water absorption of POCP concrete at different ages.
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Figure 28. Dry shrinkage for POCP concrete.

The lower drying shrinkage values of the POCP concrete with respect to the control concrete can
be attributed to two main factors. Firstly, the incorporation of POCP reduced the pore sizes in concrete.
The transformation of large pores to fine pores decreased the evaporation of water from the concrete
surface, and hence, reduced the drying shrinkage strain [47]. Secondly, the quality of cement paste
directly influenced the drying shrinkage of the concrete such that the dry shrinkage increased with the
increase in water content of the paste [48]. POCP concrete mixes have lower water to powder ratio
when compared to the control concrete, which would be expected to cause a lower drying shrinkage
strain. In general, it was observed that the difference between all of the mixes shrinkage values was
not significant at a specific age.

6.9. Chloride Permeability

According to the ASTM C1202 test, a concrete specimen of 50 mm thick and 100 mm diameter is
subjected to a 60 V applied DC voltage for 6 h using the apparatus shown in Figure 29. 3.0% NaCl
solution was filled in one reservoir while in the other reservoir is a 0.3 M NaOH solution. The total
charge passed was determined and this was used to rate the concrete according to the criteria given in
Table 8.

Rapid Chloride Permeability Test (RCPT) was conducted to investigate the performance of the
concrete mixes against chloride ingress. The lower the total charge passed through the concrete matrix,
the higher the resistance to chloride penetration. RCPT was conducted for the mixes containing
a replacement of 20%, 60%, and 100% of POC coarse before and after coating as well as for the control
concrete. The charged passed was obtained by measuring an average of three samples at the ages
of 28, 90, and 180 days. According to the ASTM rating standard, the control concrete suffered high
chloride-ion penetrability at the ages of 28 and 90 days since the charge passed was higher than
4000 coulombs. Meanwhile, at the age of 180 days, the control concrete showed moderate chloride-ion
penetrability. At 28 days, a slight variation in the total charge passed with respect to the percentage
of POC coarse replacement was observed, as shown in Figure 30. The chloride ion resistance of the
POC concrete mixes was similar and comparable to the control concrete. The total charge that passed
through the POC concrete ranged between 4331 and 4895 columns, falling in the range of high chloride
penetrability. Similar to the study by Chia (2002) [49] on LWA concrete, the results of the RCPT
indicated that the electric charge passed through the LWC was in the same order as those through the
corresponding normal weight concrete (NWC). Furthermore, the water to cement ratio is one of the
main factors affecting the total charge passing through the concrete specimens. All of the POC concrete,
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including the control mix, had the same water to cement ratio of 0.53. Therefore, the total charge passed
values are expected to be similar for all of the specimens at a specific age. Shi (2003) [50] reported that
the water to powder ratio ranging between 0.4 and 0.5 for conventional concrete can achieve a charge
passed of 2000 to 4000 coulombs, which is indicated as Moderate. Meanwhile, from the results shown
in Figure 31, a progressive reduction was observed in the chloride penetrability from the POC to
POCP concrete, respectively. Specimens containing additional POCP exhibited a greater chloride-ion
resistance as compared to POC mixes as well as to the control concrete. The chloride ion penetration
exhibited a higher reduction for the mixes with a higher content of POCP. At 28 days, the charge passed
of the POCP concrete was in the range of 12% to 70% lower than that of the POC concrete. The reason
for the significant reduction in chloride ion penetration was due to the low water to powder ratio of the
mixes, which made the concrete more densify. Chia (2002) [49] reported that the resistance of concrete
to chloride penetration increased with the reduction of w/cm (water to cementitious materials ratio).
At 90 and 180 days, the effect of this was even more favorable. POCP concrete exhibited a general
downward trend in the amount of electrical charge passed as the age increased.

 

Figure 29. Concrete specimens and test set up (ASTM C1202).

Table 8. RCPT ratings (per ASTM C1202).

Charge Passed (Coulombs) Chloride Ion Penetrability

>4000 High High (H)
2000–4000 Moderate Moderate (M)

1000–2000 Low Low (L)
100–1000 Very Low Very Low (V.L)

It is well known that the use of supplementary cementing materials improves pore structure and
reduces the permeability of hardened concrete [51]. Smith (2006) [52] presented data that showed that
the conductivity of the pore solution could be lowered with the use of mineral admixtures such as
ground granulated blast furnace slag (GGBS), fly ash, and silica fume. One of the most important
factors affecting the permeability of concrete is the internal pore structure, which in turn is dependent
on the extent of the hydration of the cementitious materials [53]. Uysal et al. (2012) [54] reported
that the factor that affects the pore system of concrete is the filler effect, which influences the total
volume and size distribution of pores, and finally affecting the concrete permeability. Therefore,
the incorporation of POCP had similar effect to the mineral admixtures in the concrete by reducing the
pore size, which resulted in a highly densified paste and thus lowered the conductivity of the pore
solution. The addition of POCP resulted in an increased powder material which is advantageous to
the permeability resistance of the ions. Furthermore, the low permeability of chlorides for the POCP
concrete can be justified by the low water to powder ratio in the POCP concrete mixes when compared
to POC mixes, as well as to the control concrete.
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Figure 30. 28-day charge passed coulombs value of POC and POCP concretes.

 

Figure 31. Charge passed coulombs value of POCP concretes.

7. Conclusions

Based on the experimental results of this work, the following conclusions can be drawn:

• POC, being highly porous had a negative effect on the fresh and hardened concrete properties
when the coarse aggregate is substituted with POC. However, incorporating additional POCP
into the POC concrete mixes resulted in increasing the paste content required to make the mixes
more cohesive. POCP together with SP proved to be beneficial to the workability of the POC
concrete mixes.

• In general, there was reduction in the compressive strength when POC coarse aggregate was
used. The concrete strength was lower when a higher content of conventional aggregate was
substituted with the POC. At 28 days, the compressive strength of the POC concrete obtained was
in the range between 33.01 and 39.32 MPa. Meanwhile, a significant reduction in compressive
strength was avoided when POC coarse was coated using POCP as a filler material to the surface
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voids. Thus, the compressive strength of the POCP concrete increased by 20% to 30% compared
to the mixes before coating.

• Splitting tensile strength results of the POC concrete generally showed a trend similar to that
observed in the compressive strength. The higher the contents of POC coarse, the lower the
splitting tensile value. At 28 days, the splitting tensile of the POC concrete was in the range of 2.61
to 3.28 MPa. The maximum reduction was at full replacement of POC, which registered a value
of 27% lower than the control concrete. Meanwhile, the POCP concrete recorded an increased
ranging between 10% and 31% with respect to POC concrete mixes (pre-coating).

• All of the POC concrete mixes had slightly lower flexural strength values when compared to that
of the control concrete. At 28 days, the flexural strength of the POC concrete was in the range of
3.75 to 4.42 MPa. The maximum reduction was at full replacement with approximately 15% lower
than the control concrete. However, a significant increase in flexural strength was achieved when
POCP was used in the POC concrete mixtures. The improvement was in the range of 5%–25%
higher when compared to the POC concrete.

• Incorporation of the POC coarse negatively affected the MOE value of the concrete. The MOE of
the POC concrete dropped by 9% to 31% lower than that of the control concrete. However, the
POCP concrete had a 28-day MOE values range of between 28 and 32 GPa which was 14%–46%
higher than that of the POC concrete (pre-coating).

• POC concrete mixes had higher water absorption when compared to the control mix and tends
to rise with an increasing POC coarse contents. However, the addition of POCP resulted in
a decrease in the value of water absorption when compared to the POC concrete by reducing the
pore size, which resulted in highly densified paste.

• Specimens containing additional POCP exhibited a greater chloride-ion resistance as compared to
POC mixes, as well as to the control concrete. At 28 days, the charge passed of the POCP concrete
was in the range of 12% to 70%, lower than that the POC concrete.

• The results revealed that coating the surface voids of POC coarse with POCP significantly
improved the engineering properties as well as the durability performance of the POC concrete.
Thus, using POC as an aggregate and filler material may reduce the continuous exploitation of
aggregates from primary sources. Also, this approach offers an environmentally friendly solution
to the ongoing problems of palm oil waste material.
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Appendix A

Detailed calculation of determine the required POCP using PP method:

1. The void volume (VVoid) using PP method for all the POC concrete mixes is determined by
adopting Equations (A1) and (A2). This is represented by the volume of water (VPPwater) required
to fill up the PP container for different substitution levels of POC coarse as well as for the control
mix. Please change the following equations to be Editable state.

VVoid(m
3) = VPPwater (A1)

VVoid(m
3/m3) =

VPPwater
Vcontainer

=
ColumnA
ColumnB

(A2)
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2. Equation (A3) is adopted to determine the percentage of void increment resulting from each
replacement level of POC coarse in which the PP control mix void volume (VPPcontrolVoid) is taken
as a benchmark.

Void Increment (%) =
Vvoid − VPPcontrolVoid

VPPcontrolVoid
× 100 (A3)

3. Adjust the control paste volume using Equation (A4), multiplying the PP paste volume by the
correction factor:

VControlPaste = CorrectionFactor × VPPcontrolPaste (A4)

4. The total paste volume required for different substitution level of POC concrete (VTotalPaste) is
calculated using (Equation A5) by increasing the control cement paste volume (VControlPaste) with
the percentage of void increment obtained in Equation (A3).

VTotalPaste = VControlPaste + (%o f Void Increment)× VControlPaste (A5)

5. The volume of the additional POCP (VPOCP) is obtained using Equation (A6) by deducting the
control paste volume (VControlPaste) from the total paste volume (VTotalPaste) obtained in Equation
(A5). Equation (A7) represents the additional POCP in kg/m3.

VPOCP = VTotalPaste − VControlPaste (A6)

POCP (kg/m3) = VPOCP × SGPOCP (A7)

where SGPOCP is Specific Gravity of POCP.

Table A1. POCP required for each substitution levels of POC coarse.

Column A B C D E F G K L

ID
PP Water
Vol. (m3)

PP
Container
Vol. (m3)

Void Vol.
(m3/m3) A

B

Void
Increment

(%)
C−0.3049

0.3049 × 100

Control
Mix

Correction
Factor

Control Paste
Vol. (m3/m3)
0.3049 × 1.16

Total Paste Vol.
(m3/m3)

(D × 0.356) + 0.356

POCP Vol.
Required
(m3/m3)
G-0356

POCP
(kg/m3)

K × POCPSG

M0 0.00057 0.0018696 0.3049 – 1.16 0.356 0.356 – –

POCP20 0.00062 0.0018696 0.3289 7.92 – – 0.384 0.028 70

POCP40 0.00063 0.0018696 0.337 10.55 – – 0.393 0.037 93

POCP60 0.00064 0.0018696 0.3423 12.31 – – 0.399 0.043 108

POCP80 0.00067 0.0018696 0.3584 17.57 – – 0.418 0.062 156

POCP100 0.0007 0.0018696 0.3744 22.84 – – 0.437 0.081 203

References

1. Rashid, M.A.; Salam, M.A.; Shill, S.K.; Hasan, M.K. Effect of replacing natural coarse aggregate by brick
aggregate on the properties of concrete. Dhaka Univ. Eng. Technol. J. 2012, 1, 17–22.

2. Katz, A. Properties of concrete made with recycled aggregate from partially hydrated old concrete. Cem. Concr.
Res. 2003, 33, 703–711. [CrossRef]

3. Alnahhal, M.F.; Alengaram, U.J.; Jumaat, M.Z.; Alqedra, M.A.; Mo, K.H.; Sumesh, M. Evaluation of industrial
by–products as sustainable pozzolanic materials in recycled aggregate concrete. Sustainability 2017, 9, 767.
[CrossRef]

4. Mannan, M.; Neglo, K. Mix design for oil–palm–boiler clinker (OPBC) concrete. J. Sci. Technol. 2010, 30,
111–118. [CrossRef]

5. Hosseini, S.E.; Wahid, M.A. Utilization of palm solid residue as a source of renewable and sustainable energy
in malaysia. Renew. Sustain. Energy Rev. 2014, 40, 621–632. [CrossRef]

6. Halimah, M.; Tan, Y.A.; Nik Sasha, K.K.; Zuriati, Z.; Rawaida, A.I.; Choo, Y.M. Determination of life cycle
inventory and greenhouse gas emissions for a selected oil palm nursery in malaysia: A case study. J. Oil
Palm Res. 2013, 25, 343–347.

53



Coatings 2017, 7, 175

7. Kanadasan, J.; Razak, H.A. Mix design for self–compacting palm oil clinker concrete based on particle
packing. Mater. Des. 2014, 56, 9–19. [CrossRef]

8. Fuad Abutaha, H.A.R. Jegathish Kanadasan. Effect of palm oil clinker (POC) aggregates on fresh and
hardened properties of concrete. Constr. Build. Mater. 2016, 112, 416–423. [CrossRef]

9. Kanadasan, J.; Fauzi, A.F.A.; Razak, H.A.; Selliah, P.; Subramaniam, V.; Yusoff, S. Feasibility studies of palm
oil mill waste aggregates for the construction industry. Materials 2015, 8, 6508–6530. [CrossRef] [PubMed]

10. Abdullahi, M.; Al-Mattarneh, H.; Hassan, A.A.; Hassan, M.; Mohammed, B. Trial mix design methodology
for palm oil clinker (POC) concrete. In Proceedings of the International Conference on Construction and
Building Technology, Kuala Lumpur, Malaysia, 16–20 June 2008.

11. Ibrahim, H.A.; Razak, H.A. Effect of palm oil clinker incorporation on properties of pervious concrete.
Constr. Build. Mater. 2016, 115, 70–77. [CrossRef]

12. Kanadasan, J.; Abdul Razak, H. Utilization of palm oil clinker as cement replacement material. Materials
2015, 8, 8817–8838. [CrossRef] [PubMed]

13. Karim, M.R.; Hashim, H.; Razak, H.A. Assessment of pozzolanic activity of palm oil clinker powder.
Constr. Build. Mater. 2016, 127, 335–343. [CrossRef]

14. Mangulkar, M.; Jamkar, S. Review of particle packing theories used for concrete mix proportioning. Int. J.
Sci. Eng. Res. 2013, 4, 143–148.

15. Koehler, E.P. Aggregates in Self-Consolidating Concrete; Final Report; International Center for Aggregate
Research (ICAR) Report; University of Texas: Austin, TX, USA, 2007.

16. Kanadasan, J.; Razak, H.A. Engineering and sustainability performance of self–compacting palm oil mill
incinerated waste concrete. J. Clean. Prod. 2015, 89, 78–86. [CrossRef]

17. Abutaha, F.; Abdul Razak, H.; Kanadasan, J. Effect of palm oil clinker (POC) aggregates on fresh and
hardened properties of concrete. Constr. Build. Mater. 2016, 112, 416–423. [CrossRef]

18. Ibrahim, H.A.; Abdul Razak, H.; Abutaha, F. Strength and abrasion resistance of palm oil clinker pervious
concrete under different curing method. Constr. Build. Mater. 2017, 147, 576–587. [CrossRef]

19. Tuan, B.L.A.; Hwang, C.-L.; Lin, K.-L.; Chen, Y.-Y.; Young, M.-P. Development of lightweight aggregate from
sewage sludge and waste glass powder for concrete. Constr. Build. Mater. 2013, 47, 334–339. [CrossRef]

20. Mannan, M.A.; Ganapathy, C. Engineering properties of concrete with oil palm shell as coarse aggregate.
Constr. Build. Mater. 2002, 16, 29–34. [CrossRef]

21. Teo, D.; Mannan, M.; Kurian, V. Structural concrete using oil palm shell (OPS) as lightweight aggregate. Turk.
J. Eng. Environ. Sci. 2006, 30, 251–257.

22. Abdullah, A. Palm oil shell aggregate for lightweight concrete. In Waste Materials Used in Concrete
Manufacturing; Chandra, S., Ed.; Noyes Publ.: Westwood, NJ, USA, 1996; pp. 624–636.

23. Shafigh, P.; Jumaat, M.Z.; Mahmud, H.B.; Hamid, N.A.A. Lightweight concrete made from crushed oil palm
shell: Tensile strength and effect of initial curing on compressive strength. Constr. Build. Mater. 2012, 27,
252–258. [CrossRef]

24. Haque, M.; Al-Khaiat, H.; Kayali, O. Strength and durability of lightweight concrete. Cem. Concr. Compos.
2004, 26, 307–314. [CrossRef]

25. Holm, T.A.; Bremner, T.W. State of the Art Report on High-Strength, High-Durability Structural Low-Density
Concrete for Applications in Severe Marine Environments; US Army Corps of Engineers, Engineer Research and
Development Center: Vicksburg, MS, USA, 2000.

26. ASTM International. Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens;
ASTM International: West Conshohocken, PA, USA, 2011.

27. Smadi, M.; Migdady, E. Properties of high strength tuff lightweight aggregate concrete. Cem. Concr. Compos.
1991, 13, 129–135. [CrossRef]

28. Neville, A.M. Properties of Concrete, 14th ed.; Prentice Hall: Upper Saddle River, NJ, USA, 2008.
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Abstract: The wear of pipelines, used in slurry transport, results in high costs for maintenance and
replacement. The wear mechanism involves abrasion, corrosion, impact, and the interaction among
them. In this work, we study the effect of impact on the wear mechanism and wear rate. Results
show that when the effect of impact is small, the wear mechanism is dominated by electrochemically
induced surface modification, which leads to a lower wear rate in a corrosive environment than in a
non-corrosive environment. By contrast, when the effect of impact is large, the wear mechanism is
drastically altered. In that regime plastic deformation is important. The influence of corrosion in the
high impact regime can be neglected. Our findings show the importance of including impact effect in
the distinction of wear of slurry pipes.

Keywords: wear; corrosion; impact; deformation; surface modification

1. Introduction

Dredging is involved in keeping waterways navigable or for the purposes of constructing new
land in freshwater or seawater areas. In dredging engineering, the sedimented sands or other solids,
mixed with water, need to be transported by means of pipelines. The pipelines wear due to the
interaction among erosion, abrasion, and corrosion, resulting in high costs for maintenance and
replacement of the pipelines [1–3].

Researchers have studied and reported the wear of pipelines for decades [4–10]. Truscott [11]
reviewed the research findings of 20 years before 1972 and summarized three determinant factors of
wear: the properties of the slurry, the regime of the flow and the materials. The properties of slurry
mainly include the particle hardness, size, shape (sharpness), specific mass, concentration. The mode
of flow in principle determines the particle dispersion and particle motion, which eventually determine
the wear mechanism. The properties of materials mainly include chemical composition, microstructure
and hardness. The erosion wear of slurry pipelines results from two mechanisms, particle impact and
scouring, where the latter occurs as a result of a sliding abrasive wear. Several apparatuses have been
introduced to study the wear mechanism of slurry pipes [12,13]. These apparatuses aim to study the
influence of multiple factors like the flow concentration, the particle size, or the flow velocity.

However, the material surface change due to corrosion is rarely reported, yet extremely important.
In a corrosive environment, especially electrochemical corrosion, the surface of the material changes
and the change could potentially alter the original material properties like hardness, and therefore
it influences the final wear rate. In a previous paper [14], the authors reported the micro-coupling
effect, occurring in a multiphase material in an electrochemically corrosive environment. In that
study, a pearlitic steel, consisting of ferrite and cementite, was exposed in seawater while subject to
abrasive wear. The coupling between ferrite and cementite, due to their electrochemical potential
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difference, leads to the dissolution of ferrite and the protruding of cementite, and subsequently the
redistribution of cementite due to abrasion. The altered surface is much harder than the original due
to the enrichment of harder phase: cementite.

In actual slurry transport, however, no noticeable seawater wear rate decrease was observed and
reported. In this study, impact is introduced to identify the wear mechanism. Various liquids are used
to provide different corrosive environments. We will argue that impact dominates in slurry transport.
This domination of impact wear explains the negligible difference in wear in seawater and fresh water.

2. Experimental

2.1. Material Preparation

The material, used in this study, is a structural steel: S235 [15]. This material, with minimum
yield strength of 235 MPa and hardness of 183 HV0.1 (±9.2), is widely used in dredging industry for its
good combination of mechanical properties and welding properties. The sample used in this study
are cylinders, 30 mm in diameter and around 8 mm in thickness. The preparation procedure consists
of three stages. First, the sample was grinded with silicon carbide sandpaper from 80 to 2400 mesh
(particle size equals roughly 10 μm). Then the grinded sample was polished with diamond containing
polishing liquid from 3 μm to 1 μm until the surface was mirror-like. Finally, the polished sample
was cleaned in acetone with ultrasonic, followed by rinsing with distilled water and dried with room
temperature air.

2.2. Experimental Procedure with a Hammering Pin on Disc

A modified pin on disc, as shown in Figure 1, was used to perform experiments. A hammering
module was incorporated. The module contains a retractable component, powered by compressed
air to hit and lift the pin. The impact height can be measured during experiments by the pin on disc
software (TriboX 1.0, CSM instruments, Buchs, Switzerland). The load was 1 N for all experiments
but with various impact height, thereby various effect of impact, namely 0.2 mm, 1.0 mm, 2.0 mm,
and 3.3 mm. The pin was lifted at a frequency of 1 Hz and in contact with the sample for a period
close to 0.5 s. The pin hit the sample at a near but different place each time, forming a round wear
track eventually. The radius was 8 mm, and the rotational speed was 2 Hz (corresponding linear
speed is 0.1 mm/s) for each 2.75-h experiment. Three liquids were used to provide different corrosion
condition, namely non-corrosive ethanol, corrosive deionized water, and severely corrosive seawater
(simulated by a 3.5% NaCl solution). Each combination of impact height and liquid was repeated three
times to obtain the variability of the experiment. The counterpart used in this study was an aluminum
oxide ball with a diameter of 6 mm. After each experiment, the ball was either rotated or replaced to
obtain fresh contact between the sample and the ball.

Figure 1. The diagram of the modified pin on disc. A lifted distance exists between tha ball and the
sample surface. The distance is well controlled and measured by the software of pin on disc.
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2.3. Characterization

After experiments, the wear track profiles of the samples were measured by white light
interferometry (Bruker Contour GT-X, Bruker, Leiderdorp, The Netherlands). Specifically, four different
places of each cross section of the wear track were measured, and the wear rate was calculated by
multiplying the area of the cross section by the perimeter of the wear track, divided by the sliding
distance [16].

3. Results

3.1. Wear Rate Comparison

Wear rate, overall, increased with increasing impact height from 0.2 mm to 3.3 mm, as shown
in Figure 2a. For the case of 0.2 mm, the wear rate in deionized water was the largest, followed by
wear in ethanol. In seawater, the wear rate was the smallest. This order is the same as was obtained
in sliding wear in these liquids [14]. For higher impact heights, the wear rate difference among three
liquids decreases. At 1.0 mm impact height, the wear rate in the three liquids is identical within the
error of measurement. For higher impact heights the differences are even smaller. The net material loss,
shown in Figure 2b, shows the same behavior, except that the wear rate increase with the increasing
impact height is much smaller.

Figure 2. (a) Wear rate comparison at various impact heights; (b) Net volume loss comparison at
various impact height. Ethanol, deionized (DI) water and seawater were used to vary corrosivity.
The error bar stands for one standard deviation of three repeated results. The embedded small figure
represents the cross section of the round wear track.

3.2. Wear Track Analysis

The wear track comparison at various impact height in three liquids is illustrated in Figure 3.
As can be seen, for each liquid, with increasing impact height, the depth of the track increases as well,
and when the impact height reaches 3.3 mm, the wear depth seems to be the same among all liquids,
well corresponding to the wear rate comparison (Figure 2). The total volume loss due to wear has two
components: material removal and deformation. The deformation part accounts for a large portion of
the total wear when the impact height is beyond 1 mm. As shown in Figure 4, for all three liquids,
the ratio of deformation to total wear is less than 20% for the impact height of 0.2 mm, by comparison,
it reaches nearly 80% when the impact height is 3.3 mm. For 1 mm and 2 mm, the ratios are comparable.
In seawater, the ratio change is the most dramatic from less than 20% to roughly 60%, when the impact
height increases from 0.2 mm to 1 mm. Additionally, the wear track, overall, is smooth except for the
situation where the impact height is the least, 0.2 mm, which shows a level of roughness, similar to the
situation in pure sliding [14].
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Figure 3. Wear track comparison at various impact heights in three liquids: (a) in ethanol; (b) in DI
water; (c) in sea water. The average of three repetitive results was used for each situation. The wear
track was moved to the center in order to be easily compared.

Figure 4. The ratio of plastic deformation to the total wear at various impact heights. Ethanol, DI water
and seawater were used to vary corrosivity. The error bar stands for one standard deviation of three
repeated results. The embedded small figure represents the cross section of the round wear track.

4. Discussion

In slurry transport, the pipes wear due to the combination of sliding, impact and corrosion [1].
The interaction among those factors determines the final wear. Typically, the interaction leads to
a positive synergistic effect and results in higher wear rate. However, research has shown the
beneficial effect of the interaction between corrosion and abrasion, where corrosion is able to modify the
sample surface by dissolving the soft phase and leaving the hard phase protruding, and subsequently,
abrasion redistributes the hard phase, increasing the wear resistance [14]. However, in real slurry
transport situations, no noticeable wear difference between corrosive and non-corrosive mediums was
observed and reported. Although the scale of the research in a lab is different from in real situation,
the mechanisms should keep the same. In this study, impact shows a huge influence on the wear
rate. At 0.2 mm, the wear rate in ethanol, DI water, and seawater shows a huge difference, and in
seawater, the wear rate is the smallest. However, when the impact height increases to 1 mm, the wear
rate difference is within the experimental uncertainty. From 1 mm impact height, the influence of
corrosion is not able to dominate. At 0.2 mm, the impact is small, and the wear result is similar to the
result found in pure sliding. In pure sliding, the modified surface is able to increase the wear resistance
of the sample, showing a beneficial effect. From low impact to high impact, the wear mechanism
changes from material removal to mainly plastic deformation, as shown in Figure 4. When deformation
becomes the determining factor of wear, surface modification, which governs the wear mechanism
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in pure sliding wear, does not make a difference. The deformation also results in a rather smooth
wear track, which is not typical in a corrosive environment. The smooth wear track implies that the
influence of corrosion becomes a minor influencing factor.

5. Conclusions

In this study, the effect of impact on the wear of a structural steel S235 was studied in various
liquids. When impact is small, corrosion plays a dominant role so that the sample in seawater wears
the least due to the beneficial interaction with abrasion. However, when impact is large, the wear
rates among three liquids do not show a noticeable difference, because the wear mechanism changes
from material removal to mainly plastic deformation. The influence of corrosion becomes a minor
influencing factor when subject to impact.

Supplementary Materials: The followings are available online at http://www.mdpi.com/2079-6412/7/12/237/
s1, Figure S1: Estimated hitting speed of the pin: 0.2 mm; 1 mm; 2 mm; 3.3 mm; Figure S2: The micrograph of
worn surfaces imaged with Scanning Electron Microscope; Table S1: Estimated hitting speed and angle of the pin
on the sample for various lifted heights.
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Abstract: Surface engineering is widely used in different areas, such as the aerospace industry
or the biomechanical and medical fields. Specifically, laser surface modification techniques may
obtain specific surface finishes for special applications. In texturing laser procedures, the control of
processing parameters has a great influence on the geometry and characteristics of the treated area.
When these processes are carried out on titanium alloys, thin oxide layers are usually developed on
the irradiated surface, formed through the thermochemical combination of vaporized material with
atmospheric oxygen in the air. In thermal oxidation treatments of Ti6Al4V, the highest concentration
of oxides is mainly composed by rutile (TiO2), producing surface property modifications such as
hardness, among others. In this research, a thermochemical oxidation of Ti6Al4V alloy has been
performed through laser texturing, using laser scanning speed (Vs) and pulse rate (f ) as process
control variables, and its influence on the beam absorption capacity of the modified layer have been
analyzed. Combined evaluations of microgeometrical features and mechanical properties, such
as hardness, verified that, by means of laser texturing treatments, the ability to generate specific
topographies and increase the initial hardness of the alloy is obtained. The most advantageous results
for the increase of hardness by thermochemical oxidation have been detected in low scan speeds
of laser beam treatments, resulting in an increase of approximately 270% using a scanning speed
of 10 mm/s. On the other hand, a dependence between roughness values, in terms of Ra and Rz,
and the energy density of pulse (Ed) has been observed, showing higher values of roughness for a
17.68 J/cm2 energy density of pulse.

Keywords: surface engineering; laser texturing; thermal oxidation; Ti6Al4V; surface characterization

1. Introduction

Titanium alloys are one of the most commonly used materials in strategic fields such as the
aerospace and biomechanical industry. This fact is mainly due to the ratio between physicochemical
properties and weight, and an excellent biocompatibility with organic environments [1–3]. Also,
current advances in biotechnology and biomechanics induce the development of new materials and
surface treatments that aim to increase wear and corrosion strength, or improve features, which allows
the promotion of the biointegration of materials [4–8]. Laser processing techniques imply the ability to

Coatings 2018, 8, 6 62 www.mdpi.com/journal/coatings



Coatings 2018, 8, 6

perform changes on surface material without direct contact [9–13]. This feature results in a relatively
clean and precise process, due to an excellent control over the heat absorption on the affected area, and
the possibility of focusing the laser beam on small areas of the surface. The exposure of Ti6Al4V alloy
to radiation treatments by laser techniques in an air atmosphere causes the combination of the external
surface layer with the oxygen present in ambient air, promoted by the temperature increase generated
in the radiation process [14–17]. Such a combination results in the development of a thin protective
layer, mainly composed of titanium oxides, with rutile (TiO2) being the predominant form [15–17].
A range of several tonalities is shown according to variables such as the thickness and microstructure
of the oxidation layer [15–17]. With the aim of ensuring the quality of results, metrological procedures
are required to evaluate the dimensions of the grooves created by surface laser texturing [18].

Through variations of conditions of laser treatment, several features, such as the surface finish or
the hardness, can be tuned for very specific material uses [19–21]. Based on laser surface treatments,
a large number of studies are focused on improving the tribological properties of titanium alloys,
induced by limitations and poor material behavior in friction sliding conditions [22,23].

In the present work, laser texturing has been performed on Ti6Al4V alloy surfaces, combining
energy density on pulse (Ed) and speed scans of beam (Vs) values. In this way, the influence of intrinsic
parameters of the laser processing setup on morphology, characteristics and properties of treated
surfaces has been analyzed.

2. Materials and Methods

2.1. Laser Texturing

Surface texturing aims to develop outer layers of reduced thickness with specific microstructural
properties, decreasing the heated irradiated area. In this study, the laser texturing of a Ti6Al4V
alloy has been carried out using an ytterbium fiber infrared pulsed laser system Rofin EasyMark
F20 (ROFIN-SINAR Technologies Inc., Plymouth, MI, USA) with 1070 ± 5 nm wavelength, 60 μm
spot diameter and 100 ns pulse width (according to the manufacturer). Surface treatments have
been developed under ambient air conditions in order to generate the oxidation of the surface alloy.
A bidirectional traces layout has been performed without overlapping throughout the titanium samples,
resulting in parallel textured lines with approximately 0.12 mm between neighboring laser traces.
With the purpose of obtaining a higher uniformity in the radiation absorption capacity of the alloy’s
surface, an adaptation process has been realized by grinding the initial surface finish to 1200 grits
(particles per square inch). Subsequently, through parameter combinations of pulse energy (Et),
fluence or energy density of pulse (Ed) and scanning speed (Vs), 24 different types of specimens were
obtained, keeping a constant laser power of 10 W. With these combinations, a sufficiently broad range
of treatments are analyzed to study the behavior of the alloy under different radiation stages—see
Table 1 below.

Table 1. Laser processing parameters.

Parameter f 1 f 2 f 3

f (Hz) 20,000 50,000 80,000
Et (mJ) 0.500 0.200 0.125

Ed (J/cm2) 17.68 7.07 4.42
Parameter V1 V2 V3 V4 V5 V6 V7 V8

Vs (mm/s) 10 20 40 80 100 150 200 250

2.2. Evaluation of Laser Textured Specimens

In order to assess the effects caused by laser texturing on the surface of titanium alloy specimens,
several procedures have been developed, including visual and microscopy inspection, microstructural
and compositional analysis, measurement of surface finish, depth evaluation of molten material and
hardness variation induced by oxidation.
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The main purpose of visual and microscopy inspection is the detection of surface variations
through chromatic changes and microstructural modifications. In order to obtain higher contrast and
enhance the detection of different phases and grain sizes of the material surface, a metallographic setup
and subsequent chemical attack by Kroll’s reagent technique on transverse sections of the irradiated
surface have been performed. After sampling the metallographic setup, energy dispersive spectrometry
(EDS) analysis has been conducted to evaluate the indications of oxides on the substrate material.

In this work, surface finish measurements have been applied to textured surfaces by using
a roughness measurement device: model Mahr Perthometer Concept PGK120 (Mahr technology,
Göttingen, Germany). With the aim of characterizing the surface integrity from the microgeometrical
point of view, linear profile measurements have been carried out along the entire surface,
perpendicularly to the displacement of the laser beam, in order to quantify the average roughness
parameter, Ra.

By optical and scanning electron microscopy (SEM), some features in the shape of the radiation
grooves, undetectable at surface level, have been found. To do this, a metallographic setup was
required to inspect the internal section in order to obtain a deeper description of the heat-affected
area of laser processing. Subsequently, a depth measurement of the carved grooves, quantifying the
thickness of the surface layer affected by the process, has also been performed.

Finally, hardness measurements have been carried out on cross sections of laser-treated samples
in a near-surface layer of material, where the thermal affected area and higher oxide concentration
gradients are located. To perform this measurement, a Shimadzu (RTY) microdurometer (Kyoto, Japan)
has been used with a test load of 245.2 mN (HV 0.025) for a time of 10 s. In order to analyze the
goodness of measurements, a series of measurements have been made on untreated Ti6Al4V alloy,
obtaining less than a 3% variation from the nominal value of material hardness.

3. Results and Discussion

3.1. Laser Textured Specimens: Chromatic Variability

During laser texturing, particles located in the outer layers of the Ti6Al4V alloy react with the
oxygen present in the atmosphere, causing oxidation of the material surface and forming a thin layer
of titanium oxide (TiyOx). This behavior is mainly caused by the high temperatures produced during
laser processing and may also be observed during hard conventional machining processes such as dry
drilling in the Ti6Al4V alloy [24]. Regarding this behavior, the oxidation layer is usually composed of
various types of oxide, predominantly rutile TiO2 form. Due to the high reactivity between titanium
and oxygen particles present in ambient air, a wide range of oxidation states can be developed,
being characterized by their color tonality. In this way, through the variation of laser processing
parameters (energy density of pulse, scanning speed) associated with the presence of oxidation layers,
different treatment intensities may be achieved, obtaining chromatic variation, different thickness and
characteristics—see Figure 1.

In the same way as in anodizing processes, the thickness of the modified layer subjected to
oxidation is shown as one of the main parameters that affects the chromatic variation of the material [25].
In this aspect, in accordance with Perez del Pino et al. [15,16], it has been detected that, for treatments
that involve higher thicknesses of modified layers corresponding to lower Ed and Vs, there is a
tendency towards bluish and grayish to dark brown color tonalities. On the other hand, by increasing
Vs and/or reducing Ed, developing modified layers with lower thickness, light brown to golden color
tonalities textures are generated.
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Figure 1. Tonality variations on thermal Ti6Al4V oxidation layers.

3.2. Laser Textured Specimens: Microstructure and Composition

The grade 5 titanium alloy (ASTM) used in this study shows an equiaxed or mill-annealed
microstructure type, formed by fine grains of α- (lighter) and β- (darker) phases. The surface fusion
procedure by laser may induce the generation of microstructures which differ from the initial Ti6Al4V
alloy, allowing us also to determine the existence of a thermally affected area [26]. It is observed that
the zone affected by direct incidence of laser pulses presents variations in the initial composition,
surface finish and texture, enabling us to detect alterations in substrate microstructure and oxidation
rates of the alloy—see Figure 2.

 

 

50 μm

100 μm

Figure 2. (a) Microstructure and EDS analysis of Ti6Al4V surface; (b) Cross section and EDS analysis
of heat affected zone of laser incidence for 17.68 J/cm2; 10 mm/s texturing conditions.

3.3. Laser Textured Specimens: Surface Finish (Roughness)

Laser processing parameters have a great influence on the resulting roughness in texturing
processes. Therefore, in some cases, a precise control of them may induce the generation of specific
microgeometry topographies [17].
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Starting from polished Ti6Al4V samples with average values of arithmetic average roughness
Ra = 0.049 ± 0.005 μm and maximum height of roughness profile Rz = 0.405 ± 0.070 μm, the surface
finish of the treatments performed indicates that variations in laser texturing parameters have a great
influence on the absorption of laser radiation, obtaining a significant variability of roughness values.
Moreover, different shapes can be observed in the profiles obtained for different combinations of pulse
rate and scanning speed—see Figure 3.

Ed = 17.68 J/cm2 Vs = 80 mm/s   

Ed = 7.07 J/cm2 Vs = 80 mm/s   

Ed = 4.42 J/cm2 Vs = 80 mm/s   

Figure 3. Roughness profiles as a function of energy density of pulse and scan speed of the beam.

Specific combinations of fluence and scan speed result in surface textures with different natures,
mainly based on the cooling process and material melted rate. However, it is noteworthy that the
energy density of the pulse is shown as the greatest influential parameter on the development of
roughness—see Figure 4a,b. In this aspect, an increase in the pulse rate results in the melting of a
higher material thickness, producing a slower solidification process and smoothing the topography of
the modified surface. As a consequence of this, more aggressive treatments related to higher energy
density absorbed by the surface can result in more volume of melted alloy, increasing the depth and
height of the asperities produced by the texturing process.

Analyzing the topography from laser texturing tracks, a wide range of grooves with varying
dimensions and geometry may be detected. With the aim of obtaining accurate measurements and an
overview of the removed material grooves, a metallographic setup of cross sections of the textured
samples has been conducted.

(a) (b)
Ed=17.68 J/cm2 Ed=7.07 J/cm2 Ed=4.42 J/cm2 Ed=17.68 J/cm2 Ed=4.42 J/cm2Ed=7.07 J/cm2

Figure 4. Surface finish (a) Ra and (b) Rz behavior with different laser processing parameters.
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3.4. Laser Textured Specimens: Laser Grooves Depth

In order to obtain accurate information about the surface behavior after the radiation process
and to evaluate possible changes in the microstructure of the alloy sections unaffected by thermal
oxidation, metallographic preparations of treated samples have been carried out. Thus, through an
acid etching procedure, grain boundaries that form the α- and β-phases of the alloy Ti6Al4V can be
clearly revealed.

Due to variations in the frequency and scan speed of the laser parameters, several types of texture
and grooves can be observed, influencing the geometry and reaching depth [27], as can be seen in
Figure 5. This analysis allows us to perform approaches to the behavior of the material after it has
been vaporized by laser irradiation, favoring the evaluation of the heat-affected zone.

 
(a) (b) (c)

 
(d) (e) (f)

 
(g) (h) (i)

250.8 μm 100 μm 100 μm

100 μm 100 μm 100 μm

100 μm 100 μm 100 μm

Figure 5. Different morphology of grooves due to laser absorption features. (a) 17.68 J/cm2, 10 mm/s;
(b) 17.68 J/cm2, 80 mm/s; (c) 17.68 J/cm2, 250 mm/s; (d) 7.07 J/cm2, 10 mm/s; (e) 7.07 J/cm2, 80 mm/s;
(f) 7.07 J/cm2, 250 mm/s; (g) 4.42 J/cm2, 10 mm/s; (h) 4.42 J/cm2, 80 mm/s; (i) 4.42 J/cm2, 250 mm/s.

The depth of grooves produced by laser beam incidence shows direct relationships with the
processing parameters. Laser scan speed is presented as the most influential parameter in the track
depth value generated by radiation. However, the increase of pulse energy coincident with lower
frequency values bound to a greater beam exposure time on a single point, resulting in a significant
increase of thickness in the affected layer of the alloy—see Figure 6.

A maximum depth value of approximately 300 μm is observed for the highest values of the
fluence and scan speed of the beam parameters, showing similar behaviors for the three values of
energy density of pulse studied, only decreasing the depth for the lower values. In this aspect, when
the scan speed increases, an absorption of a lower density of pulses takes place on the same section of
the surface, tending to decrease the incidence depth of the laser beam, developing softer topographies
as expected.
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Figure 6. Grooves depth as a function of laser processing parameters.

3.5. Laser Textured Specimens: Hardness Variation

Microstructural modification and thermal oxidation of the alloy is usually associated with a
hardness variation of the material, as such procedures are used, in most cases, in hardening processes.
After hardness measurement located on the cross sections of the texturing grooves, it has been
observed that the hardness of the material increases considerably depending on the proximity to the
laser irradiated section, obtaining values that can triple the initial value of the base alloy Ti6Al4V—see
Figure 7.

Ed=17.68 J/cm2 Ed=7.07 J/cm2 Ed=4.42 J/cm2

Figure 7. Hardness as a function of laser processing parameters.

As previously indicated, a significant influence of laser parameters can be observed on hardness
under thermal oxidation conditions. The proximity to the material surface, and therefore to the
remelted layer, results in a hardness increase, expressed with dimensions of Vickers test traces. This fact
is due to the existence of microstructural changes of the alloy and oxidation reactions.
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As can be appreciated in Figure 7, there is a clear dependence between hardness values and the
scan speed of the laser beam, increasing significantly with lower speeds, which generates samples
with higher thicknesses in the irradiated layers.

4. Conclusions

Variations of laser processing parameters may induce the formation of modified material layers
with different natures and properties. The energy density of the pulse (fluence) (J/cm2) and scanning
speed of the beam are the main variables that govern texturing processes.

The different treatments obtained through setup parameter combinations allow the obtaining of
samples with widely varying features, according to the thickness of the treated layer and incidence
depth of laser beam. This diversity of samples shows a range of color tonalities from soft gold to
medium gray and blue.

Laser surface texturing processes greatly affect roughness profiles, with the energy density of pulse
(Ed) being the most relevant parameter in controlling the properties of surface finish. Furthermore,
the intensity of treatments, in terms of the incidence absorption of the beam, result in the modification
of microstructure and composition (with addition of oxide concentrations) of the outer layers of the
alloy. Microstructural changes and oxidation layer generation provide a significant increase in material
hardness, reaching Vickers hardness values close to 1000 HV on high intensity treatments.
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Abstract: Friction stir burnishing (FSB) is a surface-enhancement method used after machining,
without the need for an additional device. The FSB process is applied on a machine that uses rotation
tools (e.g., machining center or multi-tasking machine). Therefore, the FSB process can be applied
immediately after the cutting process using the same machine tool. Here, we apply the FSB to the
shaft materials of 0.45% C steel using a multi-tasking machine. In the FSB process, the burnishing tool
rotates at a high-revolution speed. The thin surface layer is rubbed and stirred as the temperature is
increased and decreased. With the FSB process, high hardness or compressive residual stress can be
obtained on the surface layer. However, when we applied the FSB process using a 3 mm diameter
sphere tip shape tool, the surface roughness increased substantially (Ra = 20 μm). We therefore used
four types of tip shape tools to examine the effect of burnishing tool tip radius on surface roughness,
hardness, residual stress in the FSB process. Results indicated that the surface roughness was lowest
(Ra = 10 μm) when the tip radius tool diameter was large (30 mm).

Keywords: friction stir burnishing; surface enhancement; residual stress; surface roughness; strain

1. Introduction

Mechanical parts need to have long life and high performance. This is especially true of
cylindrical bars and gears that are used in power transmissions. Such parts must have both high
abrasion resistance and high fatigue strength. Then the surface enhancement technologies have been
used to provide a new surface characteristic without losing the characteristics of the base material.
There are various methods of surface enhancement. For example, induction hardening [1,2] and shot
peening [3–5] are very popular. High strength and abrasion resistance can be given by the induction
hardening; the surface is hardened while the toughness in the core is maintained. Laser hardening
process [6,7] is also employed to make high quality hardened layer on the limited area of the workpiece.
These methods are used for auto parts and various kinds of mechanical parts. On the other hand,
thermal-sprayed coatings [8] or blasting process [9] can make additional layers using different material
from the base metal to get higher hardness, wear resistance, thermal resistance, or corrosion resistance.

Metal cutting is one of the general machining methods used to achieve high accuracy and
productivity for metal parts. However, the tensile residual stress often induced within the surface
layer after machining and the tensile residual stress weakens the fatigue strength [10]. Therefore, shot
peening is often applied after cutting in order to induce the compressive residual stress and higher
hardness within the surface layer [6,7]. However, since the shot peening process is an additional
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process after the machining process, some kinds of combined process with the cutting process is
requested from industry to improve the productivity.

One solution is a laser hardening process [6,7], as mentioned before. Laser head can be mounted
on the machine tools such as a lathe, then the laser hardening can be executed just after the turning
on the lathe. The burnishing processes are also one of the solutions. Most common shape of the
burnishing tool is ball or roller. Ball/roller burnishing tool can also be mounted on the machine tools,
such as the lathe and the drilling machine. The ball/roller burnishing tool presses the work piece
surface and move then the workpiece surface plastically deforms without friction. As the result, surface
roughness is improved and compressive residual stress is induced, at same time work-hardening
occurs on the surface [11]. Slami et al. applied the ultrasonic burnishing process for Co-Cr and stainless
steel components made by additive manufacturing [12]. By the ultrasonic burnishing process surface
roughness could be improved and processed surface is hardened.

As the other solution, a friction stir processing [13–18], which is basically based on the similar
process of friction stir welding, has been proposed as a novel surface-enhancement technology.
In this process, frictional heat and large strain produce grain refinement and a hardened layer.
It can be combined with machining processes that use a rotating tool, such as machining center
or multi-tasking machine. It can be possible to achieve surface enhancement immediately after the
cutting process using general cutting machine tools, additional processes could be avoided, improving
manufacturing efficiency.

One of the author of this paper proposed friction stir burnishing (FSB) [19–21] as one of the
frictional stir process. Figure 1 contains a schematic of the FSB process. In a thin surface layer, large
plastic strain and frictional heat are induced locally, because a sphere-shaped burnishing tool rotating
at high rotational speed rubs the surface of a workpiece. This makes the surface temperature rise and
fall within a short time period. Then, metallic grain refinement and martensitic transformation could
be produced on carbon steel.

 
Burnishing tool Tool feed direction 

Strain and Frictional heat 

Enhanced layer 
Metallic material

High speed rotation

Figure 1. Scheme of the friction stir burnishing.

We reported that high hardness (600 HV) and compressive residual stress (−400 MPa) could be
obtained by the FSB process on 0.45% C steel [22]. However, when a sphere tip shape tool with a 3 mm
radius was applied for the FSB process, surface roughness became very large (Ra = 20 μm) for the
machine parts surface. Tanaka et al. proposed combination machining [23], after the FSB process and
finish cutting process was conducted again, and showed that a superior surface roughness could be
obtained without changing the characteristics of the enhanced layer. However, the additional finish
cutting is not efficient. In addition, surface characteristics might change due to the finishing cutting
process, depending on the cutting conditions.

Therefore, this study aims to achieve both surface enhancement and superior surface roughness
using only the FSB process. In this paper, we used four different burnishing tool tip radii to research
the effect of tip shape. Our objective is to clarify the effect of tool tip radius on surface roughness,
hardness, and residual stress within the surface layer.

2. Materials and Methods

Figure 2 shows the FSB tool assembly. This tool consists of a burnishing pin made of cemented
carbide. The burnishing pin was attached at the end of the tool top. A spring was inserted into the
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tool shank so that the spring preload could be controlled. It was then possible to apply a constant
axial force [19]. The experimental setup is shown in Figure 3. The FSB tool was mounted to the tool
spindle of a multi-tasking machine (INTEGREX 200-IIIST, Mazak, Oguchi, Japan), and the cylindrical
workpiece was set to the work spindle. The workpiece material was 0.45% C steel. The high-speed
rotating tool moved in the axial direction of the workpiece rotating at a low speed. The tool path
was helical.

(a) (b)

Tool shank 

Spring Burnishing pin 

Figure 2. Tool for friction stir burnishing (FSB): (a) External view; and (b) Components.

Tailstock

Chuck Tool

Work piece Tailstock

Chuck Tool

Work piece

Figure 3. The experimental test stand.

After the FSB process was completed, we measured the surface roughness and residual stress on
the processed surface. The measurement point was around fourth turn of the helical path. Measurement
directions were circumferential and axial on the cylindrical workpiece. The X-ray diffraction method
was used for residual stress measurement. Five levels of X-ray incident angles: 0◦, 5◦, 10◦, 15◦, and 20◦,
were used for measurement. A part of the machined surface layer was excised and mounted on resin.
It was then ground using SiC paper, and polished with a diamond compound. After polishing, samples
were etched using nital solution (5% nitric acid in ethanol). Subsurface microstructural analyses were
conducted using an optical microscope. Vickers microhardness measurements were conducted with a
load of 0.245 N for 20 s. Hardness on the hardened layer was measured at six points on fourth turn of
the helical path and averaged.

The FSB process was applied using different tip radius burnishing tools, and surface roughness,
hardness, and residual stress were compared. Figure 4 shows the FSB tool tips, and Table 1 lists
the specifications of the burnishing tool. The burnishing tool was a 6-mm diameter cylindrical bar,
and the tip was machined to sphere shape. In this study, four levels of tool tip radius were used for
the FSB process: R = 3 mm, 10 mm, 20 mm, and 30 mm. Table 2 presents the processing conditions.
The FSB process was applied under the condition of tool thrust force P = 750 N, tool spindle speed
S = 10,000 min−1, helical pitch p = 2.5 mm, and tool feed rate F = 200 mm/min. The processing
conditions were determined based on our previous study [22] using the tool with R = 3 mm. In our
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previous study, it was shown that tool thrust force P and tool rotation speed S affected strain and heat
generation. Lager thrust force (P = 750 N) and higher tool rotation speed (S = 10,000 min−1) increased
the strain and the heat generation. As a result, phase transition was occurred on processed surface then
hardened layer of 600 HV could be obtained. On the other hand, under the condition of smaller thrust
force (P = 500 N) and lower tool rotation speed (S = 1000 min−1), heat generation was lower. Then,
the phase transformation did not occur and the work hardened layer was formed on the surface, but
its hardness was 300 HV and was lower than that mentioned above. However, the processed surface
was plastically deforms, as a result the compressive residual stress was induced. In addition, higher
tool feed rate F decreased the heat generation in per unit tool moving length. Then, the thickness of
the hardened layer decreased. When considering the above background, processing conditions in this
paper was selected based on the conditions where a hardened layer of 600 HV and 500 μm thickness
could be obtained when using the tool with R = 3 mm and the effect of the tool tip radius, which could
affect the surface deformation and the heat generation, was mainly studied.

R = 3 mm R = 10 mm R = 20 mm R = 30 mm
(a)

R = 3 mm R = 10 mm R = 20 mm R = 30 mm
(b)

Figure 4. Tip shape of tool: (a) Side view; (b) Over top view.

Table 1. Specification of burnishing tool.

Tool Tip Shape Tool Radius R (mm) Tool Material Tool Dimension (mm)

Sphere 3 10 20 30 Cemented carbide φ6 × 30

Table 2. Processing condition.

Tool Thrust
Force P (N)

Tool Spindle
Speed S (min−1)

Helical Pitch
p (mm)

Feed Rate
F (mm/min)

Tool Material
Workpiece
Material

750 10,000 2.5 200 Cemented carbide 0.45% C steel

3. Results and Discussion

Figure 5a is the photo of R = 3 mm tool taken from the side direction as the typical surface profile
of tool after the FSB and Figure 5b shows schematic of tool wear. Wear is evident on the tool tips.
It appears that the tool was worn at outer edges of the part where the tool tip is considered to have
contacted the work piece, and the center of the worn area is slightly sharp. Figure 6 contains photos
of tool tips top view after the FSB process was conducted. The diameter of this area was different
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depending on tool-tip radius; diameters were larger under the condition of a larger tool tip radius.
As shown in Figure 7, the depth of the indentation differed depending on the tool tip radius, and this
was thought to be the reason for the difference in the diameter of the contact area between the tool
and workpiece. Table 3 lists measurements of contact area diameter and the calculated results for
indentation depths. The depth of indentation increased with a smaller tool tip radius. Therefore, it is
considered that friction stir affects a deeper layer under the condition of smaller tool tip radius.

(a) (b)

Contact area

Tool wear

Figure 5. Tool tip shape after processing: (a) Side view of R = 3 mm tool; and (b) Schematic of tool wear.

R = 3 mm R = 10 mm R = 20 mm R = 30 mm

Figure 6. Over top view of tool tip after FSB processing.

Diameter of contact area

Depth of indentation Depth of indentation

Figure 7. Schematics of contact area.

Table 3. Diameter of contact area and depth of indentation.

Tool Radius R (mm) Diameter of Contact Area (mm) Depth of Indentation (mm)

3 2.4 0.24
10 2.9 0.10
20 3.4 0.07
30 3.8 0.06

Figure 8 shows the volume that stirred by the FSB tool. As shown in Figure 8a, the FSB tool
indentation part moves with tool feed, and the shape of the volume that the tool passes during one
rotation can be expressed, as shown in Figure 8b. This part is stirred by the burnishing tool. The volume
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of the stirred part is the same as the semi-cylindrical part shown in Figure 8c. The volume of the
stirred part can thus be calculated from the tool tip radius, depth of indentation, and tool moving
distance during one rotation. Figure 9 shows the results of the calculated stirred volume during one
tool rotation. The stirred volume was larger when a smaller tip radius tool was used.

(a) (b) (c)

Figure 8. Schematic of stirred volume by the FSB tool: (a) Tool indentation part and tool movement;
(b) The volume that is stirred by the tool passing during one rotation; and (c) Calculation of stirred
volume during one tool rotation.
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Figure 9. Stirred volume per revolution.

Figure 10 contains photos of the processed surface. It can be seen that the color of the surface
changed to bluish brown under all conditions. This indicates that an oxide film covered the surface.
Regular striations like circular arcs are also visible on the surface. The processed surface is not flat,
and a large height difference can be seen between each turn of the helical path, especially when a
smaller tip radius tool was used. Figure 11 shows the surface roughness that was measured in the
circumferential and axial directions of the workpiece. Surface roughness along the circumferential
direction ranged from Ra = 7–10 μm. Surface roughness along the axial direction was larger than in the
circumferential direction, and increased with a decreased tool tip radius. The largest surface roughness
was Ra = 20 μm when tool tip radius R was 3 mm; the smallest was Ra = 10 μm when the tool tip
radius R was 30 mm.

Figure 12 shows etched photomicrographs of a cross section of the processed layer vertical to
the tool feed direction. It also shows the surface profile vertical to the tool feed direction. It can be
seen that the processed surface profile is not flat; raised and depressed areas were generated on the
processed surface when a smaller tip radius tool was used. In the FSB process, the side where the tool
peripheral moving direction is the same as the tool feed direction is defined as the advancing side (AS),
and the side where the tool peripheral moving direction and the tool advance direction are opposite is
defined as the retreating side (RS). The raised area was on the retreating side, and the depressed area
on the advancing side.
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In the FSB process, it is considered that the material contacting the tool surface is forced to move
with the frictional stir action. The relative speed between tool surface and workpiece is higher at the
advancing side than the retreating side, because the tool peripheral speed relative to the test piece on
the advancing side is the sum of the tool rotation speed and feed speed. It is therefore considered that
the material moving from the advancing side piles up on the retreating side, while a smaller amount
of material moves from the retreating side to the advancing side. As a result, a raised area is generated
on the retreating side and a depressed area on the advancing side.
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Figure 10. Processed surfaces: (a) Overall view; and (b) Enlarged view.
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Figure 11. Surface roughness.

Stirred volume becomes large when a smaller tip radius tool is used. The large stirred volume
made the height difference on the tool path larger. Then, surface roughness increased with a smaller
tip radius tool. In addition, it can be seen in Figure 12 that the processed layer was not etched by the
nital. The appearance of the enhanced layer was significantly different from that of the base material,
which consisted of ferrite and pearlite.
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Figure 13 shows the hardness distribution of the cross section. The hardness value of this
layer reached 600 HV. The energy input by the FSB process is consumed as large plastic strain and
frictional work, then heat is generated. During the FSB process, the surface temperature increased
via the extremely high strain and frictional work, and then decreased rapidly. In these situations,
a fine-grain martensite is formed in the processed region [22]. The thickness of the hardened layer
varied, depending on the tool tip radius, increasing when a smaller tip radius tool was used. This is
because the stirred volume during one tool rotation is increased with the smaller tip radius tool,
inducing a larger amount of plastic strain to the processing region, and increasing the amount of the
heat generation by plastic strain.
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Figure 12. Cross sections of processed surfaces.

78



Coatings 2018, 8, 32

200

400

600

800

0 200 400 600 800 1000

V
ic

ke
rs

 m
ic

ro
ha

rd
ne

ss
H

V

Depth from surface m

=3mm
=10mm
=20mm
=30mm

R
R

R
R

Figure 13. Hardness distributions on cross section of processed surfaces.

Figure 14 shows the residual stress measured on the processed surface. The residual stress under
the condition R = 3 mm and 10 mm was about −100 MPa compressive stress; the residual stress
turned tensile as the tip radius tool size increased. A smaller tool tip radius is preferable for inducing
compressive residual stress. It is considered that larger plastic strain, which stirs and compresses
the surface layer with a smaller tip radius tool, leads to the compressive residual stress. On the
other hand, the residual stress becomes tensile as the tool tip radius increases. Under all of the
processing conditions, it is considered that the surface temperature was high enough for the austenite
transformation. The surface temperature then decreased to room temperature. At this point, thermal
contraction occurred due to temperature decrease, and tensile residual stress was induced. When a
larger tip radius tool was used, the effect of the thermal contraction was larger than the effect of the
plastic strain induced by frictional stirring; as a result, the residual stress became tensile.
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Figure 14. Residual stresses on processed surface.

4. Conclusions

We studied the FSB process using four levels of tip radius burnishing tools and investigated their
effect on surface roughness, hardness and residual stress for 0.45% C steel shaft. The conclusions in
this study can be summarized as follows.

• Surface roughness increased under the condition of a smaller tool tip radius. The largest surface
roughness was Ra = 20 μm under the condition of a tool tip radius of R = 3 mm, and the smallest
surface roughness was Ra = 10 μm under the condition of tool tip radius R = 30 mm.

• The thickness of the hardened layer increased as the tool tip radius decreased. The hardness value
of the processed layer reached 600 HV.
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• The residual stress on the processed surface was compressive when a smaller tip radius tool was
used, and the residual stress turned tensile when a larger tip radius tool was used.
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Abstract: This paper considers the influence of thickness of multilayered nano-structured coatings
Ti-TiN-(TiCrAl)N and Zr-ZrN-(ZrCrNbAl)N on tool life of metal cutting tools at various cutting
speeds (vc = 250, 300, 350 and 400 m·min−1). The paper investigates the basic mechanical parameters
of coatings and the mechanism of coating failure in scratch testing depending on thickness of coating.
Cutting tests were conducted in longitudinal turning of steel C45 with tools with the coatings under
study of various thicknesses (3, 5, and 7 μm), with an uncoated tool and with a tool with a “reference”
coating of TiAlN. The relationship of “cutting speed vc—tool life T” was built and investigated; and
the mechanisms were found to determine the selection of the optimum coating thickness at various
cutting speeds. Advantages of cutting tools with these coatings are especially obvious at high cutting
speeds (in particular, vc = 400 m·min−1). If at lower cutting speeds, the longest tool life is shown
by tools with thicker coatings (of about 7 μm), then with an increase in cutting speed (especially at
vc = 400 m·min−1) the longest tool life is shown by tools with thinner coating (of about 3 μm).

Keywords: multilayered nano-structured coatings; tool life; metal cutting tools; scratch testing

1. Introduction

Wear-resistant coatings are actively and successfully applied to modify the superficial layer
of tool materials and thus to increase performance properties of cutting tools. On the one hand,
the use of modifying coatings makes it possible to increase tool life, while on the other hand, that can
significantly increase cutting modes and the cutting speed [1–5]. Coating thickness is an important
indicator that significantly affects the performance properties of metal cutting tools. The choice to
select the optimum coating thickness for different machining conditions was studied by a number
of researchers. In particular, Klocke et al. [6] noted that carbide cutting tools with thicker PVD
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coatings are characterized by longer tool life and that contributes to reduction of production costs.
Meanwhile, Messier et al. [7] showed that when a monolayered coating is deposited, its grains grow
with increasing coating thickness. Accordingly, the superficial hardness of monolayered coating will
decrease with increase in its thickness [6]. It can also be assumed that the mechanical strength of thin
coatings will be higher than that of thicker coatings. It is shown that nominal superficial hardness,
superficial yield, and maximum superficial strength decrease with an increase in coating thickness [6].
Bouzakis et al. [8–11] studied the influence of thickness for coating (TiAl)N (coating with thickness of
2–10 μm was studied) on the tool life of a carbide tool when turning steel at various cutting modes.
It is found that tool life improves with increased coating thickness. Maruda et al. [12] studied finish
turning of steel for different cooling conditions: dry cutting, minimum quantity cooling and lubrication.
Krolczyk et al. studied tools which were coated with Al2O3 [13] and TiN-Al2O3-Ti(C,N) [14]. Recently,
the properties of multicomponent coatings, sometimes called “highly entropic” coatings, have been
extensively studied. In particular, the following coatings were investigated (Ti,V,Cr,Zr,Hf)N [15,16],
(Al,Cr,Ta,Ti,Zr)N [17], (Al,Cr,Nb,Si,Ti,V)N [18], and (Zr,Nb,Cr,Al)N [19]. In these studies, it was shown
that the addition of alloying elements (in particular, Nb, Cr, Nf, Ta) to the Zr-N, Al-N or Ti-N nitride
systems reduces the average cavitation velocity and abrasive wear of the coatings.

Proceeding from the above, it can be noted there is conflicted opinion on coating thickness. On the
one side, a number of authors argue that tool life improves with an increase in coating thickness
(up to 10 μm), while other authors note a marked decrease in the performance properties of a coating
as its thickness increases. Meanwhile, the influence of thickness of a multilayered nano-structured
coating on tool life was not in fact studied. The purpose of this study was to investigate the influence
of wear-resistant layer thickness and elemental composition of a coating on tool life at various cutting
speeds (vc = 250, 300, 350, and 400 m·min−1 were considered).

2. Materials and Methods

For the comparative tests, two types of multilayered nano-structured coatings were selected:
Ti-TiN-(TiCrAl)N and Zr-ZrN-(ZrCrNbAl)N, each with three different thickness (3, 5, and 7 μm).
These coatings were selected as the most effective ones in accordance with the results of previous
tests [20–25]. The monolayered non-nano-structured coating TiAlN with a thickness of 4 μm, as well
as carbide uncoated insert, were selected for comparison. These coatings were deposited on carbide
inserts SNUN (γ = –8◦, α = 8◦, K = 45◦, λ = 0, R = 0.8 mm). For coating deposition, the filtered cathodic
vacuum-arc deposition (FCVAD) VIT-2 unit (MSTU STANKIN, Moscow, Russia) [20,23] was used.
The cutting tests were carried out at the following cutting conditions: f = 0.2 mm/rev; ap = 1.0 mm;
vc = 250, 300, 350, and 400 m·min−1. Tool failure criterion was flank wear land VB = 0.4 mm. The tests
were conducted for three tips in each mode, and then arithmetic mean of tool life was determined.
For microstructural studies of samples, a SEM FEI Quanta 600 FEG (Materials & Structural Analysis
Division, Hillsboro, OR, USA) was used. The microhardness (HV) of coatings was measured by using
the method of Oliver and Pharr [26], at a fixed load of 300 mN. The adhesion characteristics were
studied on a Nanovea scratch tester (Micro Scratch, Nanovea, Irvine, CA, USA). The tests were carried
out with the load linearly increasing from 0.05 to 40 N. Two points were registered: Lc1—the point for
the formation of the first cracks in the coating, Lc2—the point of complete destruction of the coating.

3. Results and Discussion

The results of the main parameters of coatings are shown in Table 1.
In the course of the investigation of adhesion bond strength by scratch testing, not only

quantitative indicators, but also the very fracture pattern is important. Let us consider in more
detail the differences in coating fracture patterns depending on their thicknesses and structures.
Let us consider the differences in the fracture patterns for multilayered nano-structured coatings
Ti-TiN-(TiCrAl)N of various thicknesses and monolayered TiAlN coating. When TiAlN coating fails,
extensive areas of spallation from substrate are formed at the final stage (Figure 1a). Despite the fact
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that this coating is monolayered and that it has no layered nano-structure, longitudinal fractures are
also observed during the process of its destruction (Figure 1b). Cross cracks can also be seen (Figure 1b).
In this case, there is classic brittle fracture, and that corresponds to high hardness and, respectively,
low ductility of the coating. The fracture mechanisms for this coating can be classified as recovery
spallation and compressive spallation.

Table 1. Main parameters of the coatings under study.

Type of Coating Coating Thickness (μm) Microhardness (GPa)
Strength of Adhesion Bond to Substrate

Lc1 (N) Lc2 (N)

TiAlN 4 (±0.8) 30.3 23.2 30.1
Ti-TiN-(TiCrAl)N 3 (±0.7) 32.7 32.6 N 34.2
Ti-TiN-(TiCrAl)N 5 (±0.6) 32.2 31.2 35.0
Ti-TiN-(TiCrAl)N 7 (±0.6) 33.5 – 34.8

Zr-ZrN-(ZrCrNbAl)N 3 (±0.6) 29.4 30.2 32.6
Zr-ZrN-(ZrCrNbAl)N 5 (±0.5) 30.1 31.7 33.1
Zr-ZrN-(ZrCrNbAl)N 7 (±0.5) 30.2 – 33.2

(a) (b) 

Figure 1. Fracture pattern for monolayered coating TiAlN in scratch testing: (a) General view of
scribing groove in area of Lc1–Lc2; (b) Area of coating spallation from substrate.

Meanwhile, a different fracture mechanism is typical for multilayered nano-structured Ti-TiN-
(TiCrAl)N coating (thickness of about 3 μm). While this coating is characterized by a hardness even
slightly higher than the hardness of the TiAlN coating tested earlier, due to its layered nano-structure,
this coating is more ductile and its resistance to brittle fracture is higher. While for TiAlN coating,
points of spallation from substrate are mainly formed at edge sections of the groove (Figure 1a),
for Ti-TiN-(TiCrAl)N coating (thickness of about 3 μm), such spallation can be mainly observed in a
center of a scribing groove. The very fracture pattern for Ti-TiN-(TiCrAl)N coating (thickness of about
3 μm) is mainly determined by ductile mechanisms (Figure 2a), and that is especially noticeable for its
outer wear-resistant layer. At the same time, intermediate layer TiN is characterized by more brittle
fracture mechanisms (Figure 2b). The fracture mechanism typical for this coating can be classified as
gross spallation.

Another fracture mechanism is typical for coating Ti-TiN-(TiCrAl)N (thickness of about 5 μm):
there is wedge-shaped spalling and interlayer delamination (Figure 3a). The combination of both
ductile and brittle forms of fracture is typical. Spallation occurs not only along the borders of the
coating layers, but also along the borders of its nano-layers. Meanwhile, under delamination, there is
a slight decrease in internal stresses, and that results in an increase in the threshold of the coating
destruction. At higher magnification, it is possible to see the character of crack formation in the
coating structure, as well as the role of microdroplets embedded in the coating structure as stress
concentrators (Figure 3b).
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(a) (b) 

Figure 2. Fracture pattern for multilayered nano-structured coating Ti-TiN-(TiCrAl)N (thickness of
about 3 μm) in scratch testing: (a) General view of scribing groove in area of Lc1–Lc2; (b) Area of coating
spallation from substrate.

 

(a) (b) 

Figure 3. Fracture pattern for multilayered nano-structured coating Ti-TiN-(TiCrAl)N (thickness of
about 5 μm) in scratch testing: (a) General view of scribing groove in area of Lc1–Lc2; (b) Area of
coating fracture.

Finally, the fracture pattern for Ti-TiN-(TiCrAl)N (thickness of about 5 μm), the thickest
coating of those under study, is characterized by pronounced brittle fracture with active cracking.
It is important to note that for this coating, no Lc1 typical for appearance of the first cracks is registered,
the destruction occurs immediately and completely. Herewith, it can be seen that intermediate layer
TiN retains adhesion to the substrate, and only wear-resistant layer (TiCrAl)N is destroyed (Figure 4a).
With higher magnification, a typical ‘pattern’ can be observed associated with delaminations between
nano-sublayers of wear-resistant layer of coating (Figure 4b). These delaminations can inhibit the
formation of cross cracks, and that can slightly improve the performance properties of the coating [16].

The structures of coatings on cross-section are shown in Figures 5 and 6.
It can be seen that monolayered TiAlN coating has no nano-structure, while Zr-ZrN-(ZrCrNbAl)N

and Ti-TiN-(TiCrAl)N coatings show a clear nano-structure of a wear-resistant layer and a transition
layer without nano-structure. An adhesive layer cannot be determined in the figure due to its small
thickness (about 20 nm).

85



Coatings 2018, 8, 44

(a) (b) 

Figure 4. Fracture pattern for multilayered nano-structured coating Ti-TiN-(TiCrAl)N (thickness of
about 7 μm) in scratch testing: (a) General view of scribing groove in area of Lc1–Lc2; (b) Area of
coating fracture.

 

Figure 5. Structure on cross-section of coating TiAlN, with thickness 4 (±0.8) μm.

(a) (b) 

(c) (d) 

Figure 6. Structure on cross-section of Zr-ZrN-(ZrCrNbAl)N and Ti-TiN-(TiCrAl)N coatings with
a thickness of about 5 μm: (a) Zr-ZrN-(ZrCrNbAl)N, thickness 3 (±0.7) μm; (b) Ti-TiN-(TiCrAl)N,
thickness 5 (±0.5) μm; (c) Zr-ZrN-(ZrCrNbAl)N, thickness 5 (±0.6) μm; (d) Ti-TiN-(TiCrAl)N, thickness
7 (±0.5) μm.
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The results of cutting tests for coated and uncoated and tools under study are shown in Figure 7.
On the basis of the results obtained, it can be noted that:

• At a cutting speed of vc = 400 m·min−1, an uncoated insert shows excess flank wear after the very
first minute of cutting which indicates that uncoated tools cannot be used under these cutting
modes. If at cutting speed of vc = 250 m·min−1, a tool with monolayered TiAlN coating shows tool
life close to durability of multilayered coatings with thickness of about 3 μm, then with increasing
cutting speed, tool life of a tool with such coating decreases significantly faster than the tool
life of a tool with multilayered nano-structured coating. At cutting speed of vc = 400 m· min−1,
a tool with monolayered coating TiAlN operates significantly worse than tools with multilayered
nano-structured coatings Zr-ZrN-(ZrCrNbAl)N and Ti-TiN-(TiCrAl)N under study.

• If at cutting speed of vc = 250 m·min−1 the longest tool life is shown by tools with thicker
coatings, then as the cutting speed increases, the picture begins to change and tools with thinner
coatings show better results (especially for coating Zr-ZrN-(ZrCrNbAl)N at vc = 400 m·min−1).
This phenomenon can be explained by the growth of internal stresses in the structure of coating
with increasing cutting speed, this process is especially notable in thicker coatings. While there
are currently no methods for direct measurement of internal stresses in the structure of coatings
several μm thick, there are indirect methods to detect growth of those stresses, at least on a
qualitative level. Find more details on the issue in [19].

(a) (b)

(c) (d)

Figure 7. Tool life of tools with coatings under study and of uncoated tools at cutting speeds of
(a) vc = 250, (b) vc = 300, (c) vc = 350, and (d) vc = 400 m·min−1 (f = 0.2 mm/rev; ap = 1.0 mm,
longitudinal turning of steel C45).

Let us now consider the curve of “cutting speed vc—tool life T” (Figure 8). It can be seen that
when cutting speed increases, then tool life of a tool with monolayered nano-structured coating
TiAlN (Line 1) is most strongly reduced. Cutting tools with multilayered nano-structured coating
Ti-TiN-(TiCrAl)N (thickness 5 (±0.6) μm) (Line 3) and Zr-ZrN-(ZrCrNbAl)N (thickness 3 (±0.6) μm)
(Line 5) show the lowest reduction in tool life with an increase in cutting speed. Tools with “thicker”
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coatings Ti-TiN-(TiCrAl)N (thickness 7 (±0.6) μm) (Line 4) and Zr-ZrN-(ZrCrNbAl)N (thickness
7 (±0.5) μm) (Line 7) showed the most noticeable reduction in tool life with an increase in cutting
speed. This is especially noticeable for tools with Zr-ZrN-(ZrCrNbAl)N coating (thickness 7 (±0.5) μm)
(Line 7), which shows the longest tool life at cutting speed vc = 250 m·min−1, but at a cutting speed of
vc = 400 m· min−1 shows the worst result of all the tools with multilayered nano-structured coatings.

 

1 TiAlN 4 (±0.8) m 
2 Ti-TiN-(TiCrAl)N 3 (±0.7) m 
3 Ti-TiN-(TiCrAl)N 5 (±0.6) m 
4 Ti-TiN-(TiCrAl)N 7 (±0.6) m 
5 Zr-ZrN-(ZrCrNbAl)N 3 (±0.6) m 
6 Zr-ZrN-(ZrCrNbAl)N 5 (±0.5) m 
7 Zr-ZrN-(ZrCrNbAl)N 7 (±0.5) m 

 

Figure 8. Cutting speed vc—tool life T curve at cutting speeds of vc = 250, 300, 350, and 400 m·min−1

(f = 0.2 mm/rev; ap = 1.0 mm, longitudinal turning of steel C45).

4. Conclusions

The use of multilayered nano-structured coatings (in particular, Zr-ZrN-(ZrCrNbAl)N and
Ti-TiN-(TiCrAl)N coatings) makes it possible to increase the cutting speed in turning of structural
steels. Advantages of cutting tools with these coatings are especially obvious at high cutting speeds
(in particular, vc = 400 m·min−1). The longest tool life is shown by tools with thicker coatings (of about
7 μm) at lower cutting speeds, then with an increase in cutting speed (especially at vc = 400 m·min−1)
the longest tool life is shown by tools with thinner coatings (of about 3 μm). This phenomenon may be
explained by more significant growth of internal stresses in thick coatings with an increase in cutting
speeds. High internal stresses result in the formation of internal cracks and interlayer delamination that
ultimately leads to the destruction of the coating. Tools with complex multicomponent composition
Zr-ZrN-(ZrCrNbAl)N coating show the best results at a speed of vc = 250 m·min−1, however with
increasing cutting speed this coating works worse, at a cutting speed of vc = 400 m·min−1 the best
result was shown by tools with Ti-TiN-(TiCrAl)N coating. A further development of this research
can be the search for patterns that allow a reliable justification of the choice of the composition of
coatings and their micro- and nanostructures depending on the material being machined and the
cutting regimes (in particular, the cutting speed).
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Abstract: In this work, the dissipative properties of different coating solutions are compared and a
beam mechanical model, taking into account of dissipative actions at the interface between different
layers is proposed. The aim is to find optimal coatings to be employed in the production of composites
with high damping properties. The investigated coating layers are obtained from different materials
and production processes, and are applied on different metallic substrates. The composite specimens,
in the form of slender beams, are tested by means of forced excitation dynamic measurements.
Force and displacement experimental data, in a wide range of excitation frequencies, are used to
estimate the system damping properties. Homogeneous, uncoated specimens are also tested for
comparison. A specific identification procedure is used to identify the specimens stress-strain
relationship in the frequency domain. The ratio of the imaginary part and the modulus of the
specimen estimated complex frequency response function is considered as a measurement of the
damping behaviour. A modified third order multi layered beam model, based on the zig-zag beam
theory, is proposed. The model takes into account the contribution to the damping behaviour of the
frictional actions and slipping at the interface between layers. Frictional actions are modelled by
means of a complex, elasto-hysteretic contribution.

Keywords: hysteretic damping; coatings; dynamical measurement; multi-layer beam model; FGM

1. Introduction

Coating layer technologies are generally used to improve surface hardness, wear strength, thermal
resistance, contact friction, with applications in the cutting tool and gas turbine industry [1–6].
Since mainly impulsive, high surface contact forces are expected to be applied to cutting tool
components, coating toughness is a major requirement. Plasma Vapour Deposition (PVD) techniques
and Chemical Vapour Deposition (CVD) techniques are mainly used in this context [3], generating high
residual stresses at the interface between the coating layer and the substrate. In operating conditions,
the combination of residual and working load generated stresses can produce coating peeling and
surface cracks [2] that compromise the effectiveness of the coating treatment. Coating toughness and
maximization of the coating adhesion properties are also a major requirement in other mechanical
contexts such as Micro Electro-Mechanical Systems (MEMS) devices, where mainly large flexural
displacements and strains, and by consequence high surface stresses, are expected [7]. Residual
stress evaluation at the experimental and at the design stage is generally required in this context,
and experimental nano-indentation techniques [8,9] and model-based techniques [7] are known.

Coatings can also be employed to increase the global dissipative properties of an industrial
component with limited influence on the other mechanical properties [10–12]. Mechanical components
with high stiffness, resistance and vibration damping specifications are in great demand for most
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aerospace, automotive and automation industrial mechanical applications, and some composite
solutions are suitable to design components with these properties. In modern high-speed applications,
unwanted vibrations may result due to high inertial forces. A vibrational response associated to a
small displacement and deformation field but to a wide frequency range may cause an excessive noise
level, a decrease in the system efficiency and a shortening of the system service life. By increasing
the component dissipative properties, high vibration levels of the contact-free, external surface of
thin walled mechanical components such as a mechanical pump, motor or gearing casing may be
effectively damped.

Single or multiple layers of a coating material can be deposited or grown in order to produce a
finished composite component with specifically designed characteristics including vibrational damping
capability. Many different techniques are known [13,14] and in this work specimens obtained by means
of the screen printing technology, mainly residual stress free, are compared.

The coating material structure [15–17], the interface structure [18], the temperature dependence [19]
are all factors that must be taken into account when studying the influence of coatings on the coated
component damping behaviour. The coated component dissipative properties can be significantly
tailored by means of the application of coating layers showing high internal hysteresis or with high
frictional actions at the interface between the different layers [15,20,21]. Experimental research done
by these authors [22,23] and other researchers [13,24] outlined that the application of some coating
surface solutions on thin-walled components can increase the vibration damping behaviour, and
that this result is mainly due to dissipative actions originating at the interface between the substrate
and the coating layer. It is known from literature that dynamic mechanical measurements are an
effective experimental tool to study the damping behaviour of coated components and that both
forced and free vibrations tests were employed to estimate the dissipative properties of a wide range
of coating materials and component geometries by means of comparing the coated and uncoated
component dynamical response [25–27]. In this work, the damping behaviour of different coating
solutions applied on two different metal substrates, i.e., harmonic steel and Al alloy, are compared.
Coated and uncoated specimen dynamic mechanical measurement test results are processed by means
of a robust parameter identification and model condensation technique to investigate the effectiveness
of the different solutions.

A multi layered beam model, taking into account the frictional actions localized at the interface
between the layers, is proposed to help virtually test and find optimal coating solutions, to be applied
to a mechanical system casing and to thin-walled components to be used in the high speed automation
industry, in order to damp vibration and noise generated in working conditions. Dissipative actions are
modeled by relaxing the kinematical displacement continuity at the layer interface and by introducing
complex elasto-hysteretic dynamical interface coupling. The effects on the dissipative properties of
the distributed constraints modeling boundary conditions are also taken into account. The model is
based on zig-zag multi-layer beam theories [28–30], and on layer wise beam theories [31]. High order
layer wise beam theories are obtained by modifying the classic Bernoulli-Euler and Timoshenko beam
theories in order to deal with composite beams with numerous layers in which the mechanical and
geometrical characteristics significantly vary from layer to layer. The advantage of zig-zag theories
with respect to other layer wise theories is that the number of state space variables required by the
model is low and does not depend on the number of layers. Since large residual stress free, amorphous
based structure coatings, mainly deposited by screen printing technologies, are considered in this
work, no account is given here with respect to experimental measuring and modeling of residual
stresses generated at the interface between two different layers.

2. Damping-Oriented Coating Solutions

In this work three innovative, different coating solutions, applied to a slender beam, uniform
rectangular cross section test specimen, are compared. Both homogeneous and composite specimens
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are taken into account. Two different types of metallic substrates are considered, harmonic steel (C67)
and Al alloy (Al1000).

Three ceramic coating solutions are proposed, i.e., an alkali activated geopolymer (GP), an alkali
activated alumina powder mixture (APM), an alkali activated zirconia powder mixture (ZPM). Ceramic
materials, in comparison to metals and polymers, may present superior mechanical, chemical and
thermal resistance properties [32].

2.1. GP Solution

The geopolymer solution is made by mixing of a commercial metakaolin powder (base) with an
aqueous basis binder (activator) prepared from a potassium-hydroxide solution in H2O with pyrogenic
silica solution. The chemical composition of the resulting solution is reported in Table 1.

Potassium was preferred to sodium in the alkaline activator since a better degree of
polycondensation can be achieved and because of its ability to provide geopolymeric structures,
associated with high mechanical strength [33]. Geopolymers are inorganic polymers formed by linear
chains or tridimensional arrays of SiO4 and AlO4 tetrahedra [34]. The geopolymer is produced by
mechanical mixing (planetary centrifugal mixer “Thiky Mixer” ARE 500 by THINKY, Tokyo, Japan) of
a reactive powder base (Metakaolin Argical M 1200S, IMERYS, Cornwall, UK) with an aqueous basis
activator (H2O solution with potassium-hydroxide of 85% purity and an addition of a 99.8% purity
pyrogenic silica solution). The prepared geopolymer has a 2.83 Si/Al ratio composition [34] and is
applied to the upper and lower surfaces of the substrate beam by means of screen printing.

Table 1. GP composition.

Base (Metakaolin) Activator

Components Weight Fraction [%] Components Molar Fraction

SiO2 55 H2O 73.7Al2O3 39

K2O + Na2O 1
KOH 11.7Fe2O3 1.8

TiO2 1.5 SiO2 14.6CaO + MgO 0.6

2.2. APM and ZPM Solutions

The APM solution is made by mixing of alumina powder, particle size 0.5 μm, with the activator
defined in Table 1, mass ratio between alumina powder and activator being 1/1. The ZPM solution is
made by mixing of a zirconia powder, particle size 0.4 μm, with the activator defined in Table 1, mass
ratio between Zr powder and activator being 1/1.

The composite coatings result in a paste-like solution, and consolidation reactions then follow
because of dehydration of the APM and ZPM solutions. Mechanical strength results from the
chemical bonds between the basic potassium silicate in alkali solution chains and the acid alumina and
zirconia powders.

2.3. Specimens Preparation

Eight composite components are obtained by applying coating layers on the two opposite faces of
the beam substrate. The specimen geometry specifications are length (11.0 ± 0.01) × 10−3 m, thickness
(0.5 ± 0.01) × 10−3 m and width (3.0 ± 0.01) × 10−3 m.

Specimen data are reported in Table 2, including the specimen label, the substrate and the coating
layer material, the production technique, and the coating layer thickness. Table 1 label “raw” indicates
that the surface substrate is unfinished, texture Ra 0.8, while “sdb” label refers to a sandblasted surface
substrate, texture Ra 12. After applying the GP, APM and ZPM coatings to the metal substrates,
all samples were cured at T = 25 ◦C for 9 days, in order to increase the adhesion behaviour [35].
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Table 2. Specimen data.

Specimen Substrate Coating Layer

A1 Al1000 (raw) GP
A2 Al1000 (sdb) GP
A3 Al1000 (raw) APM
A4 Al1000 (raw) ZPM
S1 Steel C67 (raw) GP
S2 Steel C67 (sdb) GP
S3 Steel C67 (raw) APM
S4 Steel C67 (raw) ZPM

Note: the production technique is screen printing and the coating thickness is 125 μm.

According to known literature [35,36], a geopolymer cured at room temperature tends to slowly
change its structure and presents a low porosity and a high toughness while when cured at a higher
temperature it exhibits faster structure changes, higher porosity and lower toughness.

In previous works [22,23], TiO2 and Al2O3 based coatings were considered, but the results did
not show a meaningful improvement with respect to the uncoated beam specimen, concerning both
vibration damping behaviour and adhesion strength in cyclic loading condition. In this contribution,
new layer technologies based on a screen printing production process and inorganic polymer based
composite material solutions, are taken into account.

2.4. Optical and SEM Specimen Structural Characterization

The coating structure and the coating-substrate interface is analyzed by means of optical and
scanning electron microscopy (SEM). Samples were fracture cut in the transverse cross section, in order
to expose the whole cross section. Before optical investigation, the specimen cross sections were
embedded in epoxy resin and polished with abrasive SiC paper up to 2500 mesh and then by using a
diamond based, 0.5 μm particle size, lapping paste. Chemical etching (Ethanol added to 3% HNO3 at
150 ◦C) then follows.

Figure 1a–c report the SEM images related to the three coatings solutions proposed. All coatings
present a typical composite structure, showing: geopolymer and unreacted potassium silicate
(Figure 1a), the potassium silicate as matrix and fine alumina dispersed particles (Figure 1b),
the potassium silicate as matrix and zirconia dispersed particles (Figure 1c). In Figure 1b the 0.5 μm
particle size is observed and the almost total absence of shrinkage and solidification defects to form
rigid structures, possibly associated to big strength characteristics, is also outlined. In Figure 1c,
the size of zirconia powder is difficult to evaluate because of the resulting irregular morphology with
brittle fragments of consolidate and dehydrate potassium silicate.

 
(a) (b) (c) 

Figure 1. SEM images of the different coating solutions fracture structure: (a) GP; (b) APM; (c) ZPM.

Figure 1a, referring to the geopolymeric coating, shows a compacted interconnected microstructure
which can increase toughness and strength in comparison to the other coatings considered. The
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amorphous nature of these coatings may greatly influence the stress state of consolidate coatings, so
that there are no detectable cracks and microcracks that could compromise the performance of the
coatings when subjected to mechanical strain vibrations, because no differences induced by thermal
and mechanical stresses into the polycrystalline state are expected to appear in working conditions.

Figure 2a–f report the optical images related to the interface obtained by means of the three
coatings solutions and two metal substrates investigated. As shown, there is an evident adhesion
between ceramic coatings and the metal substrate.

(a) (b)

(c) (d)

(e) (f)

Figure 2. Optical micrograph images (200×) of the interface between coating (left) and metal substrate
(right): (a) GP/C67; (b) GP/Al1000; (c) APM/C67; (d) APM/Al1000; (e) ZPM/C67; (f) ZPM/Al1000.

Figure 3a–f report the SEM images related to the interface obtained by means of the three coatings
solutions and two metal substrates investigated. Defects by shrinkage phenomena at the metal coating
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interface are not shown. It can be outlined that the adhesion between the proposed coating solutions
and the Al1000 substrate appears to be more effective than with respect to the C67 substrate.

(a) (b)

(c) (d)

(e) (f)

Figure 3. SEM images of the of the interface between coating (left) and metal substrate (right):
(a) GP/C67; (b) GP/Al1000; (c) APM/C67; (d) APM/Al1000; (e) ZPM/C67; (f) ZPM/Al1000.

3. Identification Procedure

In this work, applied force and displacement data obtained by means of dynamic mechanical
measurements over a wide frequency range are used to estimate the complex modulus E(ω) of
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measured beam specimens. The values of E(jω) are estimated by means of a procedure fully defined
by the authors of this work in a previous paper [29] and are here briefly outlined.

E(jω) defines the specimen stress (σ̂)-strain (ε̂) equivalent material relationship in the frequency
domain (Equation (1)):

σ̂ = E(j × ω)× ε̂ (1)

Slender beams of uniform rectangular cross section with clamped sliding boundary conditions
are considered. The contribution of the inertial actions is also taken into account.

The complex, experimentally estimated values of Ei = E(ωi) at frequencies ωi are found by
finding the solutions of Equation (2) by means of the Newton Raphson method, starting from known
static modulus E0 = E(jω = 0):

Θ(Ei) =
nm

∑
s=1

[
2×sinhks×sin ks
cosh ks+cos ks

]2

E(j × ωi)× k4
s × I/L3 − M × ω2

i

− v̂(j × ωi)

q̂(j × ωi)
= 0 (2)

ν̂(jωi) and q̂(jωi) are respectively the measured transverse displacement and applied periodic force
(at frequency ωi) at the beam sliding end. M is the beam mass, I is the beam section moment, L is the
beam length and ks are the roots of f (ks) = tan(ks) + tanh(ks) = 0.

A specific robust identification and condensation procedure [37] is applied on the E(jω)
experimentally estimated values to identify the specimens stress-strain relationship in the frequency
domain. E(jω) (Equation (1)) is modeled by means of a high order generalized Kelvin model and
its parameters are identified. The global model order can be condensed to obtain a new model of
comparable accuracy but significantly lower order.

4. Experimental Set-Up, Measurement and Discussion

4.1. Experimental Set-Up

The dynamic mechanical tests are realized with a standard dynamic mechanical analyzer
apparatus (TA Instrument DMA Q800, New Castle, DE, USA) in a forced flexural excitation, harmonic
sine, experimental set up Figure 4, clamped sliding boundary conditions, 0.01% maximum strain,
0.01–200 Hz frequency range with minimal frequency resolution Δf = 0.01 Hz and air flow 35 ◦C
isothermal conditions. Transverse displacement and applied periodic force amplitude, at frequency ωi,
are measured at the beam sliding end.

 
(a) (b)

 

 

 

 

 

 

 

 

 

 

  

 

 
 

0 
 

L 

 

Figure 4. (a) DMA single-cantilever flexural experimental set up with specimen; (b) Schematic
representation of a slender beam in the single-cantilever experimental set-up.
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The experimentally E(jω) estimated values are obtained by means of the procedure reported in
Section 3. The specimen dissipative properties are estimated by z(jω) = Im(E)/|E|, a normalized real
coefficient belonging to the [0,1] range, so that being it different with respect to the standard approach
based on tan δ = Im(E)/Re(E) choice [38] and meaningful when used to compare different solutions.
The results obtained for the homogeneous and the composite specimens are compared and shown in
Figures 5–8.

4.2. Experimental Results and Discussion

The results obtained for specimens coated with GP (A1, A2, S1 and S2), reported in Figures 5
and 6, show a general increase of the damping properties with respect to the uncoated specimens. The
damping increase appears to depend on the type of the substrate and the surface texturing.
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0 50 100 150
0

0.05

0.1

0.15

0.2

z

Frequency [Hz]

 

 

Al1000 uniform beam
Al1000 GP (raw)

0 50 100 150
0

0.05

0.1

0.15

0.2

z

Frequency [Hz]

 

 

Al1000 uniform beam
Al1000 GP (sdb)

Figure 5. z(jω) estimates for A1 (a) and A2 (b) specimen and homogeneous Al1000 specimen.
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Figure 6. z(jω) estimates for S1 (a) and S2 (b) specimen and homogeneous C67 specimen.
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Figure 7. z(jω) estimates for A3 (a) and A4 (b) specimen and homogeneous Al1000 specimen.
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Figure 8. z(jω) estimates for S3 (a) and S4 (b) specimen and homogeneous C67 specimen.

The A1 specimen shows the largest z(jω) increase, A2 and S2 specimens show a similar increase
of z(ω), while S1 component shows to be the less effective solution of this set. The results obtained
from specimens A3, A4, S3 and S4 (APM, ZPM) are plotted in Figures 7 and 8, showing the greatest
improvement in damping behavior. As in the previous case, the effectiveness of the coating solution is
also dependent on the substrate material, since both the APM (A3, S3) and ZPM (A4, S4) composite
solutions appear to be more effective on Al1000 than on C67 substrate.

Coating solutions adopted in specimens A1–4 and S1–4 can be considered more effective than
other solutions previously investigated by the authors of this work [22,23] and other researchers in the
same field (in the authors’ knowledge).

Figure 9 shows the z(jω) ratio estimate with respect to homogeneous specimens made with the
GP, APM and ZPM coating materials. The three coating materials exhibit good damping capabilities,
with the GP specimen displaying the lower z(jω) ratio and the ZPM specimen being associated to
the most effective solution. Figures 5–8 indicate that the damping behaviour is strongly influenced
by the dissipative actions (friction) exhibited at the interface between composite substrate and the
coating layer, thus dominating the effect of the internal dissipative actions of the coating material. In
Figures 5 and 6, same substrate and coating layers but different substrate surface texture influences the
damping behaviour, while in Figures 7 and 8, while there is the same coating and surface texture, the
damping behaviour is influenced by the substrate material. It appears that A3 is the most effective
solution of the evaluated set, and the APM coating is less effective than ZPM from the inherent material
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standpoint (Figure 9), so that enforcing the assumption that dissipative actions mainly depend on
the interlaminar interface structure and do not depend on the distributed material coating properties.
Figure 10a shows a condensed global model of order n = 13 for the A3 specimen and Figure 10b shows
a condensed global model of order n = 14 for the S3 specimen. In both cases an identified global
model of significantly higher order (n = 43) is initially obtained and then processed by means of the
condensation procedure and of the evaluation and processing of pole stability diagrams.
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Figure 9. z(jω) estimates for homogeneous specimens of GP, APM and ZPM.

 
(a) (b)

0 50 100 150
0

1

2

3 x 1010

R
e(

E)
 [P

a]

 

 

0 50 100 150
0

2

4

6 x 109

Im
(E

) [
Pa

]

Frequency [Hz]

 

 

experimental estimate
n=13 model fitting estimate

experimental estimate
n=13 model fitting estimate

0 50 100 150
4

6

8

10 x 1010

R
e(

E)
 [P

a]

 

 

0 50 100 150
0

1

2

3 x 1010

Im
(E

) [
Pa

]

Frequency [Hz]

 

 

experimental estimate
n=14 model fitting estimate

experimental estimate
n=14 model fitting estimate

Figure 10. (a) A4 specimen E(ω) experimental estimate versus n = 13 condensed model fitting estimate;
(b) S4 specimen E(ω) experimental estimate versus n = 14 condensed model fitting estimate.

5. Modeling of Multi-Layer Coated Beam Composites

5.1. Motivations

The contribution of interface dissipative actions to the damping behaviour of coated components is
clearly outlined from the results presented in the previous sections. Nevertheless, while the procedure
used to obtain the condensed, generalized standard linear solid model E(jω) may be indeed effective
to estimate the damping properties of different specimens and to compare them, it cannot be used to
design and predict the damping behaviour of new, not previously tested, coating solutions. An effective
model must be able to take into account the coating solution architecture, i.e., the number of layers,
the thickness, the material and the coating technology adopted for the different layers as well.

In literature many models are known for multi-layered beams and plates [29,39–44] but no
attempts can be found with respect to modelling the interface dissipative actions. In this section,
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a multi-layered beam model based on zig-zag beam and plates theory addressing this issue is presented.
The model takes into account the layers of geometric and material properties and is able to deal with
interface slipping and local friction. The model uses an elasto-hysteretic contribution to define the
dissipative actions at the interface between the layers.

5.2. Multi-Layer Beam Flexural Model

A schematic representation of a multi-layered beam model is reported in Figure 11. A multi-layered
beam made up of N layers and with uniform rectangular section is considered. L, g, h, are respectively the
beam length, width and thickness, V = L × g × h, ρi is the i-th layer density. In each layer (i = 1, . . . , N),
the material constitutive equations are assumed to be:

σ(λ ∈ [λi−1, λi]) = Ei × ε, τ(λ ∈ [λi−1, λi]) = Gi × γ, i = 1, . . . , N (3)

where Ei and Gi are the i-th layer longitudinal and shear elastic moduli, σ = σxx and τ = τxy are the
flexural stress and shear stress components, ε = εxx and γ = γxy are the strain components. Since small
displacement and deformation fields are considered, transverse displacement w̃ is assumed as being
stationary with respect to y, λ. Transverse and longitudinal displacement w̃, ũ are assumed as follows:

w̃ = L × w(χ, t), ũ = h × u(χ, λ, t)
u(χ, λ, t) = a + b × λ + c × λ2 + d × λ3, 0 ≤ λ ≤ λ1

u(χ, λ, t) = a + b × λ + c × λ2 + d × λ3 + (ai + bi × λ), λi−1 ≤ λ ≤ λi, i = 2 . . . N
(4)

0

1 

N = 1
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N 1 
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Q 
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χ  
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2χ  

Figure 11. Multi-layer beam model schematic representation.

The following 2×N + 3 state variables result:{
w(χ, t) a(χ, t) b(χ, t) c(χ, t) d(χ, t) a2(χ, t) b2(χ, t) . . . aN(χ, t) bN(χ, t)

}T
(5)

The kinematical relationships between strain and displacement components is assumed to be:

ε(χ, λ, t) = h
L × u′

γ(χ, λ, t) = w′ + b + 2 × c × λ + 3 × d × λ2, λ ≤ λ1

γ(χ, λ, t) = ∂u
∂λ + w′ = w′ + b + bi + 2 × c × λ + 3 × d × λ2, λi−1 ≤ λ ≤ λi

(6)

where ( )′ = ∂( )/∂χ = L × ∂( )/∂x.
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N + 1 equilibrium conditions at the layer interfaces hold:

τ(0) = G1 × γ(0) = 0 , τ(1) = GN × γ(1) = 0 (7)

τ
(
(λi)

−) = Gi × γ
(
(λi)

−) = Gi+1 × γ
(
(λi)

+
)
= τ

(
(λi)

+
)

, i = 1, . . . , N − 1 (8)

where ( )− = lim
Δ→0

(( )− Δ), ( )+ = lim
Δ→0

(( ) + Δ)

From Equation (7):
b = −w′, bN = −2 × c − 3 × d (9)

From Equations (6), (8) and (9), a system of N − 1 equations can be obtained:⎧⎪⎨⎪⎩
G2 × b2 =

(
3 × d × λ2

1 + 2 × c × λ1
)× (G1 − G2)

. . .
GN × bN − Gk × bN−1 =

(
3 × d × λ2

N−1 + 2 × c × λN
)× (GN−1 − GN)

(10)

By equating the Equation (10) right side sum to Equation (10) left side sum, and taking into
account of Equation (9):

c = c × d, c = −3
2
× λ, λ =

{
N−1
∑

i=1

[
λ2

i × (Gi − Gi+1)
]
+ GN

}
{

N−1
∑

i=1
[λi × (Gi − Gi+1)] + GN

} (11)

c is a stationary value defined by the shear moduli and thickness values of the beam layers.
By defining the following variable change:

bi = bi × d, i = 2 . . . N (12)

Putting Equations (10)–(12), the following iterative formula results:

b2 = 3 × λ1 × G1−G2
G2

× (λ1 − λ
)

bi+1 = Gi
Gi+1

× bi + 3 × λi × Gi−Gi+1
Gi+1

× (λi − λ
)

i = 2 . . . N − 1
(13)

Now by relaxing the continuity of the kinematical u component at λ = λi interface, the longitudinal
sliding ν(λ) = u

(
(λ)+

)
− u

(
(λ)−

)
at the interface is:

ν(λ1, χ, t) = ν1(χ, t) =
(

b2 × λ1 × d + a2

)
ν(λi, χ, t) = νi(χ, t) =

((
bi+1 − bi

)
× λi × d + ai+1 − ai

)
, i = 2, . . . , N − 1

(14)

At λ = λi interface, an elasto-hysteretic constitutive relationship is assumed by means of complex
impedance Φi:

τ(λi) = Φi × h × νi(χ, t), Φi = ϕi + j × ηi, Ωi = Φ−1
i =

ϕi − j × ηi

|Φi|2
; i = 1, . . . , N − 1 (15)

where j =
√−1. Defining the following variable change:

ai = ai × d, i = 2 . . . N (16)
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the values of ai from the following iterative formula, obtained by combining Equations (3), (14) and (15):

a2 = −3 × (λ1 − λ
)× λ1 ×

(
Ω1×G1

h + G1−G2
G2

)
ai+1 = ai −

(
bi+1 − bi

)
× λi +

Ωi×Gi
h ×

(
3 × (λi − λ

)× λi + bi

)
, i = 2, . . . , N − 1

(17)

From Equations (11), (13) and (17), stationary ai, bi, c, values result. Only three independent state
variables, collected in vector X, result:

X = X(χ, t) =
{

w(χ, t) a(χ, t) d(χ, t)
}T

(18)

The following expression of the kinematical components result:

w =
[

0 1 0
]
× X, u =

[
1 −λ θ(λ)

]
×

⎡⎢⎣ 1 0 0
0 ()′ 0
0 0 1

⎤⎥⎦× X

ε = h
L ×

[
1 −λ θ(λ)

]
×

⎡⎢⎣ ()′ 0 0
0 ()′′ 0
0 0 ()′

⎤⎥⎦× X, γ = ∂θ(λ)
∂λ ×

⎡⎢⎢⎣
0 0 0
0 0 0
0 0 1

⎤⎥⎥⎦× X

θ(λ ≤ λ1) =
(
λ − 3

2 × λ
)× λ2

θ(λk−1 ≤ λ ≤ λk) =
(
λ − 3

2 × λ
)× λ2 + bi × λ + ai

(19)

5.3. Equation of Motion

To obtain the equation of motion, the system total potential energy (Π) is considered:

Π = U + WI + WE + ΔΠ (20)

U is the contribution of the internal elasto-hysteretic actions:

U =
V
2
×
⎛⎝ 1∫

0

1∫
0

σ × ε × dλ × dχ +

1∫
0

1∫
0

τ × γ × dλ × dχ

⎞⎠ (21)

WI is the contribution of the inertial actions:

WI = V ×
⎛⎝h2 ×

1∫
0

1∫
0

ρ × u × ..
u × dλ × dχ + L2 ×

1∫
0

1∫
0

ρ × w × ..
w × dλ × dχ

⎞⎠ (22)

where
· ·
( ) = ∂2( )/∂t2. WE is the contribution of the external forces:

WE = −Q × L × w(χ)− L2 × g ×
χ2∫

χ1

q(χ)× w × dχ (23)

where Q is a lumped force applied at χ and q is a distributed pressure applied at χ1 ≤ χ ≤ χ2.
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ΔΠ is the contribution of the distributed, viscous elastic, constraints modeling boundary
conditions:

ΔΠ = ΔΠe + ΔΠv

ΔΠe =
V
2 ×

(
L2 ×

1∫
0

Kw(χ)× w × w × dχ + h2 ×
1∫

0

1∫
0

Ku(χ, λ)× u × u × dλ × dχ

)

ΔΠv = V ×
(

L2 ×
1∫

0
Cw(χ)× w × .

w × dχ + h2 ×
1∫

0

1∫
0

Cu(χ, λ)× u × .
u × dλ × dχ

) (24)

where
·
( ) = ∂( )/∂t and Kw, Ku, Cw, Cu, are the constraint elastic and viscous parameters respectively.

It is assumed that the state unknown solution variables of Equation (18) satisfy:

Xr(χ, t) = αr(χ)× δr(t), r = 1, 2, 3 (25)

and generally unknown functions αr are restricted to a set of known harmonic functions:

X(χ, t) =
{

a w d
}T

= Ψ(χ)× δ(t) =

⎡⎢⎣ Ψa 0 0
0 Ψw 0
0 0 Ψd

⎤⎥⎦× δ (26)

Ψa =
√

2 ×
[

1√
2

sin(π × χ) cos(π × χ) . . . sin(na × π × χ) cos(na × π × χ)
]

Ψw =
√

2 ×
[

1√
2

√
12 × (χ − 0.5) sin(π × χ) cos(π × χ) . . . sin(nw × π × χ) cos(nw × π × χ)

]
Ψd =

√
2 ×

[
sin(π × χ) cos(π × χ) . . . sin(nd × π × χ) cos(nd × π × χ)

]
δ =

[
δ1 . . . δn

]T
, n = 2 × (na + nw + nd) + 3

(27)

And using Equations (23) and (27):

w =
[

0 Ψw 0
]
× δ, u = BT(λ)× Ψ1 × δ ,

ε = h
L × BT(λ)× Ψ2 × δ, γ = ∂θ(λ)

∂λ ×

⎡⎢⎣ 0 0 0

0 0 0

0 0 Ψd

⎤⎥⎦× δ
(28)

where:

B(λ) =

⎡⎢⎣ 1
−λ

θ(λ)

⎤⎥⎦ , Ψ1 =

⎡⎢⎣ Ψa 0 0
0 Ψ′

w 0
0 0 Ψd

⎤⎥⎦, Ψ2 =

⎡⎢⎣ Ψ′
a 0 0

0 Ψ
′′
w 0

0 0 Ψ′
d

⎤⎥⎦ (29)

Using Equations (26)–(29), from Equations (21)–(24) results:

U = 1
2 × δT × (Kε+Kγ)× δ,

Kε =
V×h2

L2 ×
1∫

0
Ψ2

T × BE × Ψ2 × dχ, Kγ = V × N
∑

i=1
Gi ×

λi∫
λi−1

(
∂θ(λ)

∂λ

)2 × dλ ×

⎡⎢⎣ 0 0 0

0 0 0

0 0 Ψ̃d

⎤⎥⎦,

BE =
N
∑

i=1
Ei ×

λi∫
λi−1

B(λ)× BT(λ)× dλ, Ψ̃d =
∫ 1

0 ΨT
d (χ)× Ψd(χ)× dχ

(30)

WI = δT × (Mu + Mw)×
..
δ,

Mu = V × h2 ×
1∫

0
Ψ1

T × Bρ × Ψ1 × dχ, Mw = V × L2 ×
(

N
∑

i=1
ρi × (λi − λi−1)

)
×

⎡⎢⎣ 0 0 0

0 Ψ̃w 0

0 0 0

⎤⎥⎦
Bρ =

N
∑

i=1
ρi ×

λi∫
λi−1

B(λ)× BT(λ)× dλ , Ψ̃w =
∫ 1

0 Ψw
T(χ)× Ψw(χ)× dχ

(31)
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WE = −δT × Q, Q = L ×

⎛⎜⎝Q ×

⎧⎪⎨⎪⎩
0

ΨT
w(χ)

0

⎫⎪⎬⎪⎭+ L × g ×
χ2∫

χ1

q(χ)×

⎧⎪⎨⎪⎩
0

ΨT
w(χ)

0

⎫⎪⎬⎪⎭× dχ

⎞⎟⎠ (32)

ΔΠe =
1
2 × δT × (ΔKW + ΔKu)× δ

ΔKW =

⎡⎢⎣ 0 0 0

0 V × L2 × Ψ̃e 0

0 0 0

⎤⎥⎦, ΔKu = V × h2 ×
1∫

0
Ψ1

T(χ)× Be × Ψ1(χ)× dχ

Be =
N
∑

i=1
Ku(χ)×

λi∫
λi−1

B(λ)× BT(λ)× dλ, Ψ̃e =
∫ 1

0 Kw(χ)× ΨT
w(χ)× Ψw(χ)× dχ

(33)

ΔΠv = δT × (ΔCw + ΔCu)×
.
δ

ΔCw =

⎡⎢⎣ 0 0 0

0 V × L2 × Ψ̃v 0

0 0 0

⎤⎥⎦, ΔKu = V × h2 ×
1∫

0
Ψ1

T(χ)× Bv × Ψ1(χ)× dχ

Bv =
N
∑

i=1
Cu(χ)×

λi∫
λi−1

B(λ)× BT(λ)× dλ, Ψ̃v =
∫ 1

0 Cw(χ)× ΨT
w(χ)× Ψw(χ)× dχ

(34)

and the resulting equation of motion is:

(Mu + Mw)×
..
δ+ (ΔCw + ΔCu)×

.
δ+ [(Kε+Kγ) + (ΔKw + ΔKu)]× δ = Q. (35)

Because of the elasto-hysteretic assumption (Equation (15)), complex Mu, ΔCu, Kε, ΔKu matrices
result. To find the beam frequency response function F̃

(
χw, χq, jω

)
, i.e., the complex transverse

response w̃(χw, jω) related to unitary, lumped, harmonic excitation at frequency ω applied at abscissa
χq, the following procedure is applied. Both sides of Equation (35) are Fourier transformed  () = ˆ( ))[

−ω2 × (Mu + Mw) + j × ω × (ΔCw + ΔCu) + (Kε+Kγ) + (ΔKw + ΔKu)
]
× δ̂ = Q̂. (36)

The frequency response function matrix F(jω) is:

F(j × ω) =
[
−ω2 × (Mu + Mw) + j × ω × (ΔCw + ΔCu) + (Kε+Kγ) + (ΔKw + ΔKu)

]−1
. (37)

Equation (37) can be expressed as:

F(j × ω) = [O(j × ω) + ΔO(j × ω)]−1

O(j × ω) = −ω2 × Re(Mu + Mw) + j × ω × Re(ΔCw + ΔCu) + Re((Kε + Kτ) + (ΔKw + ΔKu))

ΔO(j × ω) = −ω2 × j × Im(Mu + Mw)− ω × Im(ΔCw + ΔCu) + j × Im((Kε+Kγ) + (ΔKw + ΔKu))

(38)

And from Equation (38):
(O + ΔO)× F = I. (39)

Pre-multiplying both sides of Equation (39) by F0 = O−1:

F0 × (O + ΔO)× F = F0. (40)

With further manipulation of Equation (40):

F = (I + F0 × ΔO)−1 × F0. (41)
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In Equation (41) F0 can be expressed in closed form by means of modal decomposition [45].
The beam frequency response function is:

F̃
(
χw, χq, jω

)
=
[

0 Ψw(χw) 0
]
× F(j · ω)×

[
0 Ψw

(
χq
)

0
]T

(42)

Evaluation of F̃
(
χw, χq, jω

)
makes it possible to virtually estimate the damping behaviour of the

beam under study, i.e., by using the previously defined function z(jω) or by defining a new damping
estimator r

(
χw, χq, jω

)
=
∣∣∣Im(F̃

(
χw, χq, jω

))∣∣∣/∣∣∣F̃(χw, χq, jω
)∣∣∣ , where r ∈ 	, r ∈ [0, 1].

5.4. Model Application Examples

Two different beam architectures are presented as examples, B1 and B2. Their data are reported in
Table 3 where hi is the thickness of the i-th beam layer. For both the examples L = 1.1 m and g = 0.08 m.
The number of layers are N = 3 (B1) and N = 7 (B2). The constant parameters K′

u, K′
w, C′

u, C′
w take

into account the beam distributed viscoelastic boundary conditions (clamped-free) and are applied at
0 ≤ χ ≤ 0.09. Constant parameters C′′

u and C′′
w are used to define uniformly distributed viscous actions

(0 ≤ χ ≤ 1) that model the system inherent damping.

Table 3. Beam model data.

Beam Layer Data

Beam hi (mm) Ei (GPa) Gi (GPa) ρi (103 kg/m3)

B1 {25, 50, 25} {9, 210, 9} {3.5, 80, 3.5} {1.9, 7.85, 1.9}
B2 {10, 5, 10, 50, 10, 5, 10} {9, 210, 9, 210, 9, 210, 9} {3.5, 80, 3.5, 80, 3.5, 80, 3.5} {1.9, 7.85, 1.9, 7.85, 1.9, 7.85, 1.9}

Constrain Parameters

Beam K′
w (1015 N/m4) K′

u (1015 N/m4)
C′

w
(105 N·s/m4)

C′
u

(105 N·s/m4)
C′′

w
(105 N·s/m4)

C′′
u

(105 N·s/m4)

B1 1 10 8 2 1.2 0.01
B2 1 10 8 2 1.4 0.2

Interface Parameters

Beam ϕi (108 N/m3) ηi (1010 N/m3)

B1 {6, 6} {3, 3}
B2 {8, 8, 8, 8, 8,8} {5, 5, 5, 5, 5,5}

The effect of introducing hysteretic dissipative actions at the layer interfaces can be observed by
comparing the results reported in Figures 12 and 13. The real, the imaginary part of the inertance(

In
(
χw, χq, jω

)
= −ω2 × F̃

(
χw, χq, jω

))
frequency response function (FRF), calculated at χw = 1 and

χq = 1, and the damping estimator r(jw) are plotted.
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Figure 12. Inertance (In(1, 1, jω)) real and imaginary part, and r(jω) for beam B10 (a) and B1 (b).
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Figure 13. Inertance (In(1, 1, jω)) real and imaginary part, and r(jω) for beam B20 (a) and B2 (b).

Figures 12a and 13a show the results for beams B10 and B20 respectively, when no slipping occurs
(ϕi = 1016 N/m3, ηi = 0, ∀i), Figures 12b and 13b show the results for beams B1 and B2 respectively,
taking into account of interface slipping and hysteretic dissipation. Table 4 reports B1, B10, B2, B20

natural frequencies and damping ratios. B1 and B2 damping ratios are estimated by means of the
Single Degree of Freedom (SDOF) circle fit method [45], while B10 and B20 damping ratios are normally
obtained from within the solutions of a generalized eigenvalue problem [45].

Table 4. Natural frequencies and damping ratios.

Beam
Natural Frequency (Hz) Damping Ratio (%)

1 2 3 1 2 3

B10 52.41 326.74 1269.16 2.32 0.43 0.109
B1 54.04 352.48 1303.83 4.48 10.3 0.931
B20 65.84 406.45 1291.1 1.95 0.36 0.0178
B2 44.64 214.77 971.34 8.88 3.6 2.77

6. Conclusions

Eight different innovative composite solutions were experimentally investigated, and the results
were compared; these findings were never before published. A significant increase of the damping
behaviour is observed for all of these solutions with respect to the uncoated components, and
also with respect to already known solutions, previously investigated by these authors and other
researchers. The coating solution employing Al2O3 powder + matrix, made by screen printing and
curing technology on Al alloy substrate, proved to be the most effective technology with respect to the
aim of this work.

It can be outlined that the interface between substrate and coating heavily affects the effectiveness
of the composite solution. Moreover, test results and comparison also outlined the influence of the
substrate surface texture interface on the damped response. These results confirm the role of interface
frictional actions in determining the composite damping behaviour. It should be outlined that the
experimental estimate of the adhesion strength between coating and substrate can be evaluated by
means of an adhesion test apparatus, and will be performed in future work.

An extended multi layered beam model was developed in order to design and optimize new,
more effective coating solutions, engineered to maximize the damping contribution of frictional actions
at the coating layer interfaces, or at the coating substrate interface. This model is based on high
order multi-layer beam theories and takes into account of the contribution of interface frictional
actions. The aim is to use the model as an experimental tool to identify the model parameters of the
local dissipative actions acting at some interfaces between two different layers and as a design tool
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in order to explore new optimized coating solutions according to fixed engineering specifications.
Some application examples of the model were presented. Nevertheless, experimental-numerical tools
able to identify the complex elasto-hysteretic interface impedance must be developed in order to make
this model suitable for engineering applications and will be presented in a future paper. Moreover,
the application of this coating technology in real engineering applications, such as thin-walled
components used in the automotive or automatic machine industry, should also be taken into account.
Residual stresses at the interface between the coating layers and substrate may be taken into account
in the multilayer beam model proposed in this work, since this contribution can be high and may be
expected to play a major role in the adhesion behaviour of coated solutions when dealing with PVD
based coating deposition technologies. It also appears that such extended beam models could also
be used to experimentally identify this unknown residual stress field from measuring the deformed
profile of a cantilever beam resulting from the application of a coated layer. Some analytical, numerical
and experimental work is currently under development by our research team.
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Abstract: The damping behaviour of multi-layer composite mechanical components, shown by
recent research and application papers, is analyzed. A local dissipation mechanism, acting at the
interface between any two different layers of the composite component, is taken into account, and
a beam model, to be used for validating the known experimental results, is proposed. Multi-layer
prismatic beams, consisting of a metal substrate and of some thin coated layers exhibiting variable
stiffness and adherence properties, are considered in order to make it possible to study and validate
this assumption. A dynamical model, based on a simple beam geometry but taking into account
the previously introduced local dissipation mechanism and distributed visco-elastic constraints, is
proposed. Some different application examples of specific multi-layer beams are considered, and
some numerical examples concerning the beam free and forced response are described. The influence
of the multilayer system parameters on the damping behaviour of the free and forced response
of the composite beam is investigated by means of the definition of some damping estimators.
Some effective multi-coating configurations, giving a relevant increase of the damping estimators
of the coated structure with respect to the same uncoated structure, are obtained from the model
simulation, and the results are critically discussed.

Keywords: damping; multi-layer beam; FGM; locally distributed viscosity

1. Introduction

Multi-coated thin-walled composite mechanical components, such as beams, plates, and shells,
can be considered as an application of the Functionally Graded Material (FGM) technology, making
it possible to obtain specific mechanical properties, such as high strength and stiffness, light inertia,
and high damping. In most modern industrial applications, damping behaviour can be critical and
may greatly affect design activities. In the aerospace field, high stiffness and high strength slender
shell components, such as turbine blades, are required to show a limited free vibrational behaviour
in standard operating conditions in order to increase the system life, to reduce the generated noise,
and to maximize the machine efficiency. In this specific field, recent applications were explored,
mainly based on experimental approaches. The influence of thin ceramic, polymeric, and metallic
coatings, in some cases reinforced by carbon nanotubes, deposed on thin-walled components, on the
damping behaviour of the obtained multi-layer composite systems was experimentally studied by
some researchers [1–5]. In all of these works, it was found that the deposition of thin coatings can
improve the damping behaviour of the composite system. Moreover, it was experimentally found
in [6–10] that the dissipative actions in multi-layer architectures can be assumed as localized at the
interfaces of the layers.
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Coatings 2018, 8, 73

A global modelling approach of FGM composite components is given in [11], in which an
experimental identification procedure of the mechanical properties of nonstandard composite materials
by means of frequency domain measurements is reported. However, the global constitutive model of
a specific composite material experimentally obtained cannot be used to obtain the model related to
a different composite material solution, so that virtual prototyping of new solutions is de facto not
allowed in principle. On the other hand, several works on multi-layer composite structure modelling
can be found in the literature, but no attempt was made to investigate the dissipative mechanism
acting at the interface between any two layers. In [12–17], multi-layer beam models, assuming
polynomial first and higher order longitudinal displacement component, were proposed and validated
by numerical comparisons with exact analytical solutions. Nevertheless, dissipation effects were not
taken into account. A dynamical model that was able to deal with the dissipative actions influencing
the damping properties of the system response and with the specific multilayer coating architecture
was not proposed, to the authors’ knowledge.

The damping behaviour of multi-layer composite beams is taken into account in this work and
introduced in a beam model. The local dissipations, acting at the interface between any two layers of
the composite beam, are investigated. The dissipation mechanism in a multi-layer structure is described
by means of distributed viscous linear shear actions acting at the interface between two layers. The
shear-strain local constitutive behaviour is described by defining continuous dissipation functions
depending on the thickness and the viscosity at the interface. These parameters can be assumed
to model the layer interface coupling actions, which mainly originated by chemical or mechanical
coupling phenomena, and are associated with the different technologies employed to depose the layer
coatings [18].

Although distributed viscous modelling of the internal shear dissipative actions was already
published in known scientific literature, it must be taken into account that such an assumption can
lead to misleading results, since while polymer-based materials may follow this behaviour, most
metal and ceramic materials do not exhibit internal dissipative actions depending on strain velocity.
Moreover, since a proportional damping model follows from this assumption, the theoretical modal
damping ratio of a homogeneous component made of a viscoelastic material following the Kelvin-Voigt
model linearly increases with respect to frequency, and this result is not supported by experimental
findings [11,19]. Since it can be experimentally found that the free vibration modal damping ratio ξk
tends to slowly vary with respect to the mode natural frequency ωk and order k for homogeneous,
uniform beam specimens made of viscoelastic material, high order material viscoelastic constitutive
relationships [11] or fractional derivative order model-based viscoelastic relationships [20–23] were
proposed in the past to overcome the limits of a simple Kelvin viscoelastic model.

In the approach proposed in this paper, viscous shear actions are mainly localized at the interface
between any two different layers; they are defined by a C1 function only depending on two parameters,
and they are not distributed on the whole layer domain, making it possible to properly model and
experimentally validate the modal damping ratio with respect to the modal natural frequency value.
Multi-layer prismatic beams with distributed visco-elastic constraints that are subjected to distributed,
dynamic load are considered, and a discrete dynamical beam model is introduced. The contribution
of aerodynamic drag dissipative actions can be taken into account by means of modelling viscous
constraint actions distributed along the whole beam length.

Some examples, consisting of multi-layer composite beams composed by a thick metal-based
substrate with high strength and stiffness, and thin coatings, are considered. By varying the coating
parameters, such as the number, thickness, and material properties of the layers, the interlaminar
dissipation layer thickness, and the viscosity, the effect on the system damping estimate in the frequency
range under interest is analysed by means of numerical simulations from within the proposed model.
The sensitivity of the layer parameters on the damping behaviour of the structure is outlined. Some
effective multilayer configurations associated with a relevant increase of the damping ratio with respect
to the single layer solution are illustrated, and a critical discussion follows.
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2. Multi-Layer Beam Modelling

In Figure 1, a scheme of a uniform, rectangular section, multi-layer composite beam is shown.
Geometrical parameters are the beam length L, depth b, and thickness h; N is the number of layers, hk
is the k-th layer thickness, x is the longitudinal, and z is the transversal coordinate; zk is the k-th layer
coordinate with respect to the bottom surface, ξ and ζ are the dimensionless coordinates, defined by
the relationships:

ξ =
x
L

, ζ =
z
h

, ζk =
zk
h

, k = 0, . . . , N (1)

Figure 1. Multi-layer composite beam.

Kinematical parameters are the axial ũ and transversal beam w̃ displacement components, kx,z

is the stiffness of the longitudinal and transversal distributed elastic constraints, cx,z is the viscosity
of the longitudinal and transversal distributed viscous constraints, q and Fw are the distributed and
concentrated external transversal loads, ρk, Ek, and Gk are the material, k-th layer, mass density, axial
and shear moduli, and t is the time coordinate.

The displacement field is defined in dimensionless form, i.e., w = w̃/L, u = ũ/h; by assuming w
to be independent of coordinate ζ, this assumption is mainly valid in the low to medium excitation
frequency range [24] taken into account in this work, and by assuming that u varies with respect to
ζ following a cubic polynomial function, whose linear parameter components vary in each layer in
the form:

w(ξ, ζ, t) = w(ξ, t), ∂w
∂ζ = 0

u(ξ, ζ, t) = α(ξ, t) + β(ξ, t) · ζ + χ(ξ, t) · ζ2 + δ(ξ, t) · ζ3 + âk(ξ, t) + b̂k(ξ, t) · ζ,
ζk−1 ≤ ζ ≤ ζk

(2)

the following (α, β, χ, δ, âk, b̂k, w) unknown, (2·N + 3) state variables result, where ζ0 = â1 = b̂1 =
.
b̂1 = 0 .

Starting from Equation (2), in the hypothesis of small deformations, the axial normal strain for the
k-th layer, k = 1 . . . N, is:

ε(ζ) =
h
L
·
(

α′ + β′ · ζ + χ′ · ζ2 + δ′ · ζ3 + â′k + b̂′k · ζ
)

, ζk−1 ≤ ζ ≤ ζk (3)
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with:
∂( )

∂ξ
= ( )′,

∂( )

∂t
=

·
( ) (4)

and the transverse shear strain for the k-th layer is:

γ(ζ) = β + 2 · χ · ζ + 3 · δ · ζ2 + b̂k + w′, ζk−1 ≤ ζ ≤ ζk (5)

The transverse normal stress is neglected (σzz = 0), assuming the plane stress hypothesis.
The constitutive equation for the k-th layer of the beam, in the case of isotropic material, is:

{
σxx

τxz

}
=

{
σ

τ

}
=

[
Ek 0
0 Gk

]{
ε

γ

}
+

[
0 0
0 Gk · ηk(ζ)

]{ .
ε
.
γ

}
⇒
{

σ = Ek · ε

τ = Gk ·
(
γ + ηk(ζ) · .

γ
) , ζk−1 ≤ ζ ≤ ζk (6)

From Equations (3), (5) and (6):⎛⎜⎜⎜⎜⎜⎜⎝
σ(ζ) = Ek · h

L ·
(

α′ + β′ · ζ + χ′ · ζ2 + δ′ · ζ3 + â′k + b̂′k · ζ
)

τ(ζ) = Gk ·
(
γ + ηk(ζ) · .

γ
)
= τe + τa

τe = Gk · γ = Gk ·
(

β + 2 · χ · ζ + 3 · δ · ζ2 + b̂k + w′
)

τa = Gk · ηk(ζ) · .
γ = Gk · ηk(ζ) ·

(
.
β + 2 · .

χ · ζ + 3 ·
.
δ · ζ2 +

.
b̂k +

.
w′
) , ζk−1 ≤ ζ ≤ ζk (7)

in which ηk(ζ) ∈ C1, plotted in Figure 2, is assumed to model the viscous behaviour localized at the
k-th interface:

η(ζ) =

{
ηk,u(ζ), ζk − sk/h ≤ ζ ≤ ζk

ηk+1,l(ζ), ζk ≤ ζ ≤ ζk + sk/h
(8)

in which sk is the interlaminar dissipation layer thickness at the k-th interface.

Figure 2. Dissipation function η(ζ) at the k-th interface.

The upper ηk,u(ζ) and lower ηk+1,l(ζ) contributions are given by means of interpolating polynomials:

ηk,u(ζ) = η̃k · 2·ζ3−3·(2·ζk−sk/h)·ζ2+6·ζk ·(ζk−sk/h)·ζ−(ζk−sk/h)2·(sk/h+2·ζk)

(ζk−sk/h)3−ζ3
k+3·ζk ·(ζk−sk/h)·(sk/h)

ηk+1,l(ζ) = η̃k · 2·ζ3−3·(2·ζk+sk/h)·ζ2+6·ζk ·(ζk+sk/h)·ζ+(ζk+sk/h)2·(sk/h−2·ζk)

(ζk+sk/h)3−ζ3
k−3·ζk ·(ζk+sk/h)·(sk/h)

(9)
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satisfying the following conditions, k = 1, . . . ,N − 1:

dηk,u
dζ (ζk) =

dηk,u
dζ (ζk − sk/h) = dηk+1,l

dζ (ζk) =
dηk+1,l

dζ (ζk + sk/h) = 0
ηk+1,l(ζk + sk/h) = ηk,u(ζk − sk/h) = 0, ηk(ζk) = ηk,u(ζk) = ηk+1,l(ζk) = η̃k

(10)

By imposing the continuity of the shear stress at the bottom surface (ζ = ζ0 = 0):

τ(ζ = 0) = G1 ·
(

β + w′ + η1(0) ·
( .

β +
.

w′
))

= G1 ·
(

β + w′) = 0 (11)

giving:
β = −w′ (12)

Substituting Equation (12) into Equation (7):

τ(ζ) = Gk ·
(

2 · χ · ζ + 3 · δ · ζ2 + b̂k + ηk(ζ) ·
(

2 · .
χ · ζ + 3 ·

.
δ · ζ2 +

.
b̂k

))
, ζk−1 ≤ ζ ≤ ζk (13)

By imposing the continuity of the shear stress at the top surface (ζ = ζN = 1):

τ(ζ = 1) = GN ·
(

2 · χ + 3 · δ + b̂N + ηN(1) ·
(

2 · .
χ + 3 ·

.
δ +

.
b̂N

))
= GN ·

(
2 · χ + 3 · δ + b̂N

)
= 0 (14)

giving:
b̂N = −2 · χ− 3 · δ (15)

By imposing the continuity of the shear stress at the k-th interface, τ(ζk) = τ
(
(ζk)

−) = τ
(
(ζk)

+
)

,

where ( )− = lim
Δ→0

( )− Δ, ( )+ = lim
Δ→0

( ) + Δ:

τ(ζk) = τ
(
(ζk)

−) = Gk ·
(

2 · χ · ζk + 3 · δ · ζk
2 + b̂k + η̃k ·

(
2 · .

χ · ζk + 3 ·
.
δ · ζk

2 +
.
b̂k

))
=

= Gk+1 ·
(

2 · χ · ζk + 3 · δ · ζk
2 + b̂k+1 + η̃k ·

(
2 · .

χ · ζk + 3 ·
.
δ · ζk

2 +
.
b̂k+1

))
= τ

(
(ζk)

+
) (16)

In the static case (
.
χ =

.
δ =

.
b̂k = 0), Equation (16) can be arranged as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

G2 · b̂2 = (G1 − G2) ·
(
2 · χ · ζ1 + 3 · δ · ζ1

2)
G3 · b̂3 − G2 · b̂2 = (G2 − G3) ·

(
2 · χ · ζ2 + 3 · δ · ζ2

2)
...
Gk+1 · b̂k+1 − Gk · b̂k = (Gk − Gk+1) ·

(
2 · χ · ζk + 3 · δ · ζk

2)
...
GN · b̂N − GN−1 · b̂N−1 = (GN−1 − GN) ·

(
2 · χ · ζN−1 + 3 · δ · ζN−1

2)
(17)

By equating the sum of Equation (17) left side to the sum of the right side:

χ(ξ, ζ) = χ · δ(ξ, ζ), χ = −3
2
·

(
N−1
∑

k=1

Gk−Gk+1
GN

· ζk
2 + 1

)
(

N−1
∑

k=1

Gk−Gk+1
GN

· ζk + 1
) (18)

and the following iterative formula is obtained as well:

b̂k = bk · δ,

〈
b1 = 0

bk =
Gk−1

Gk
· bk−1 +

Gk−1−Gk
Gk

· (2 · χ + 3 · ζk−1) · ζk−1, k = 2, . . . , N
(19)
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It can be easily found that this result, collected in Equations (18) and (19), is also valid in the
general dynamic case, since evaluating τ

(
(ζk)

+
)

, Equation (16) is still validated:

τ(ζk) = τ
(
(ζk)

−) = Gk ·
(
2 · χ · ζk + 3 · ζk

2 + bk
) · (δ + η̃k ·

.
δ
)

,

τ(ζk) = τ
(
(ζk)

+
)
= Gk+1 ·

(
2 · χ · ζk + 3 · ζk

2 + bk+1
) · (δ + η̃k ·

.
δ
)

=
(

δ + η̃k ·
.
δ
)
· (Gk+1 ·

(
2 · χ · ζk + 3 · ζk

2)+ Gk · bk + (Gk − Gk+1) ·
(
2 · χ · ζk + 3 · ζk

2))
= Gk ·

(
δ + η̃k ·

.
δ
)
· (2 · χ · ζk + 3 · ζk

2 + bk
)
= τ

(
(ζk)

−)
(20)

By imposing the continuity of the axial displacement at the k-th interface:

bk · ζk · δ + âk = bk+1 · ζk · δ + âk+1 (21)

the following iterative formula is obtained:

âk = ak · δ,

〈
a1 = 0
ak = ak−1 + (bk−1 − bk) · ζk−1

, k = 2, . . . , N. (22)

From Equations (12), (15), (18), (19) and (22):

u(ζ) = α − w′ · ζ +
(

ζ3 + χ · ζ2 + bk · ζ + ak

)
· δ, ζk−1 ≤ ζ ≤ ζk (23)

The strain components are:

ε(ζ) = h
L · (α′ − ζ · w′′ +

(
ζ3 + χ · ζ2 + bk · ζ + ak

) · δ′
)

γ(ζ) =
(
3 · ζ2 + 2 · χ · ζ + bk

) · δ
, ζk−1 ≤ ζ ≤ ζk (24)

and the stress components are:

σ(ζ) = Ek · h
L · (α′ − ζ · w′′ +

(
ζ3 + χ · ζ2 + bk · ζ + ak

) · δ′
)

τ(ζ) = Gk ·
(
3 · ζ2 + 2 · χ · ζ + bk

) · (δ + ηk(ζ) ·
.
δ
) , ζk−1 ≤ ζ ≤ ζk. (25)

Three independent model state scalar variables result and are collected: φ(ξ,t) = [α w δ]T.
The axial displacement, and the normal and shear strains, can be expressed as a function of φ(ξ,t):

u(ζ) = Ak · L1(φ), ζk−1 ≤ ζ ≤ ζk

Ak(ζ) =
[

1 −ζ
(
ζ3 + χ · ζ2 + bk · ζ + ak

) ]
, L1( ) = diag

([
( ) ( )′ ( )

]T
)

ε(ζ) = h
L · Ak · L2(φ), L2( ) = (L1)

′ = diag
([

( )′ ( )′′ ( )′
]T
)

γ(ζ) =
[

0 0 Bk

]
·φ, Bk(ζ) = 3 · ζ2 + 2 · χ · ζ + bk

(26)

The equations of motion can be obtained by minimizing the total potential Π, given by the sum of
the elastic deformation energy Uel, the interlaminar dissipation energy Udiss, the inertial force work
Win, the external force work Wext, and the potential associated with the visco-elastic constraints ΔΠ:

Π(φ) = Uel + Udiss + Win + Wext + ΔΠ → min ⇒ ∂Π
∂φ

= 0 (27)

Uel =
1
2 · b · h ·

1∫
0

N
∑

k=1

ζk∫
ζk−1

(
h
L

2 · Ek · (L2 ·φ)T · Âk · L2 ·φ+ L · Gk · B2
k ·φT · diag

([
0 0 1

]T
)
·φ
)
· dζ · dξ

Âk(ζ) = AT
k · Ak =

⎡⎢⎣ 1 −ζ
(
ζ3 + χ · ζ2 + bk · ζ + ak

)
· · · ζ2 (−ζ4 − χ · ζ3 − bk · ζ2 − ak · ζ

)
sym · · · (

ζ3 + χ · ζ2 + bk · ζ + ak
)2

⎤⎥⎦ (28)
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Udiss = b · h · L ·
1∫

0

N

∑
k=1

Gk ·
ζk∫

ζk−1

ηk ·φT · diag
([

0 0 B2
k

]T
)
· .
φ · dζ · dξ (29)

Win = b · h · L ·
1∫

0

N
∑

k=1
ρk ·

ζk∫
ζk−1

(
h2 · (L1 ·φ)T · Âk · L1 ·

..
φ+ L2 ·φT · diag

([
0 1 0

]T
)
· ..
φ

)
· dζ · dξ (30)

Wext = −L2 ·
ξ4∫

ξ3

q ·φT(ξ) ·
[

0 1 0
]T · dξ − L · Fw ·φT(ξ) · [ 0 1 0

]T
(31)

ΔΠ = 1
2 · b · L ·

ξ2∫
ξ1

(
h3 · kx · (L1 ·φ)T · S · L1 ·φ+ L2 · kz ·φT · diag

([
0 1 0

]T
)
·φ
)
· dξ

+ b · L ·
ξ2∫

ξ1

(
h3 · cx · (L1 ·φ)T · S · L1 ·

.
φ+ L2 · cz ·φT · diag

([
0 1 0

]T
)
· .
φ

)
· dξ , S =

N
∑

k=1

ζk∫
ζk−1

Âk · dζ

(32)

3. Numerical Discretization

Since the system Equation (27) is expressed by means of integro-differential equations that
cannot be generally solved in closed form, then a model discretization is proposed, by means of the
following hypothesis:

φ(ξ, t) =

⎡⎢⎣ α(ξ, t)
w(ξ, t)
δ(ξ, t)

⎤⎥⎦ ≈ N(ξ) · Y(t) (33)

in which Y(t) is unknown and N(ξ) is assumed to be known, and expressed by means of harmonic
shape functions in the variable ξ having argument i · π, i ∈ N:

N(ξ)
3×n

=

⎡⎢⎣ Nα(ξ) 0 0

0 Nw(ξ) 0

0 0 Nδ(ξ)

⎤⎥⎦
Nα(ξ) =

√
2 ·
[

1√
2

sin(π · ξ) cos(π · ξ) · · · sin(nα · π · ξ) cos(nα · π · ξ)
]

Nw(ξ) =
√

2 ·
[

1√
2

√
6 ·
(

ξ − 1
2

)
sin(π · ξ) cos(π · ξ) · · · sin(nw · π · ξ) cos(nw · π · ξ)

]
Nδ(ξ) =

√
2 · [sin(π · ξ) cos(π · ξ) · · · sin(nδ · π · ξ) cos(nδ · π · ξ)]

(34)

Equation (34) makes it possible to model three plane beam rigid body motions, so that the total
number ntot of system discrete degrees of freedom is:

ntot = 2 · (nα + nw + nδ) + 3 (35)

From Equations (26), (32), and (33):

u(ζ) = Ak ·

⎡⎢⎣ Nα 0 0

0 N′
w 0

0 0 Nδ

⎤⎥⎦ · Y, ε(ζ) = h
L · Ak ·

⎡⎢⎣ N′
α 0 0

0 N
′′
w 0

0 0 N′
δ

⎤⎥⎦ · Y

γ(ζ) = Bk ·
[

0 0 Nδ

]
· Y, σ(ζ) = Ek · h

L · Ak ·

⎡⎢⎣ N′
α 0 0

0 N
′′
w 0

0 0 N′
δ

⎤⎥⎦ · Y

τ(ζ) = Gk · Bk ·
([

0 0 Nδ

]
· Y + η(ζ) ·

[
0 0 Nδ

]
· .
Y
)

, ζk−1 ≤ ζ ≤ ζk (36)
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The elastic deformation energy is:

Uel = 1
2 · YT · (Kσ + Kτ) · Y

Kσ = b·h3

L ·

⎡⎢⎣ SE11 ·
∫ 1

0 N′
α

T · N′
α · dξ SE12 ·

∫ 1
0 N′

α
T · N

′′
w · dξ SE13 ·

∫ 1
0 N′

α
T · N′

δ · dξ

SE21 ·
∫ 1

0 N
′′
W

T · N′
α · dξ SE22 ·

∫ 1
0 N

′′
W

T · N
′′
W · dξ SE23 ·

∫ 1
0 N

′′
W

T · N′
δ · dξ

SE31 ·
∫ 1

0 N′
δ

T · N′
α · dξ SE32 ·

∫ 1
0 N′

δ
T · N

′′
w · dξ SE33 ·

∫ 1
0 N′

δ
T · N′

δ · dξ

⎤⎥⎦
Kτ = b · h · L · N

∑
k=1

Gk ·
ζk∫

ζk−1

B2
k · dζ ·

⎡⎢⎣ 0 0 0

0 0 0

0 0
∫ 1

0 NT
δ · Nδ · dξ

⎤⎥⎦, SE =
N
∑

k=1
Ek ·

∫ ζk
ζk−1

Âk · dζ

(37)

The dissipation energy contribution is:

Udiss = YT · C · .
Y, C = b · h · L ·

N−1

∑
k=1

Gk ·
ζk+sk∫

ζk−sk

η(ζ) · B2
k · dζ ·

1∫
0

⎡⎢⎣ 0 0 0

0 0 0

0 0 NT
δ · Nδ

⎤⎥⎦ · dξ (38)

The contribution of the inertial forces is:

Win = YT · (Mu+Mw) ·
..
Y

Mu = b · h3 · L ·

⎡⎢⎣ Sρ11 ·
∫ 1

0 Nα
T · Nα · dξ Sρ12 ·

∫ 1
0 Nα

T · N′
w · dξ Sρ13 ·

∫ 1
0 Nα

T · Nδ · dξ

Sρ21 ·
∫ 1

0 N′
w

T · Nα · dξ Sρ22 ·
∫ 1

0 N′
w

T · N′
w · dξ Sρ23 ·

∫ 1
0 N′

w
T · Nδ · dξ

Sρ31 ·
∫ 1

0 Nδ
T · Nα · dξ Sρ32 ·

∫ 1
0 Nδ

T · N′
w · dξ Sρ33 ·

∫ 1
0 Nδ

T · Nδ · dξ

⎤⎥⎦

Mw = b · h · L3 · N
∑

k=1
ρk · (ζk − ζk−1) ·

⎡⎢⎢⎢⎣
0 0 0

0
1∫

0

NT
w · Nw · dξ 0

0 0 0

⎤⎥⎥⎥⎦ , Sρ =
N
∑

k=1
ρk ·
∫ ζk

ζk−1
Âk · dζ

(39)

The contribution of the external forces is:

Wext = −YT · L ·

⎛⎜⎝Fw ·

⎡⎢⎣ 0

NT
w(ξ)

0

⎤⎥⎦+ L ·
ξ4∫

ξ3

NT
w(ξ) · q · dξ

⎞⎟⎠ = −YT · F (40)

The potential energy associated with the visco-elastic constraints is:

ΔΠ = 1
2 · YT · (ΔKu+ΔKw) · Y + YT · (ΔCu+ΔCw) ·

.
Y

ΔKu = b · h3 · L ·

⎡⎢⎢⎣
S11 ·

∫ ξ2
ξ1

kx · Nα
T · Nα · dξ S12 ·

∫ ξ2
ξ1

kx · Nα
T · N′

w · dξ S13 ·
∫ ξ2

ξ1
kx · Nα

T · Nδ · dξ

S21 ·
∫ ξ2

ξ1
kx · N′

w
T · Nα · dξ S22 ·

∫ ξ2
ξ1

kx · N′
w

T · N′
w · dξ S23 ·

∫ ξ2
ξ1

kx · N′
w

T · Nδ · dξ

S31 ·
∫ ξ2

ξ1
kx · Nδ

T · Nα · dξ S32 ·
∫ ξ2

ξ1
kx · Nδ

T · N′
w · dξ S33 ·

∫ ξ2
ξ1

kx · Nδ
T · Nδ · dξ

⎤⎥⎥⎦
ΔKw = b · L3 ·

⎡⎢⎣ 0 0 0

0
∫ ξ2

ξ1
kz · NT

w · Nw · dξ 0

0 0 0

⎤⎥⎦, ΔCw = b · L3 ·

⎡⎢⎣ 0 0 0

0
∫ ξ2

ξ1
cz · NT

w · Nw · dξ 0

0 0 0

⎤⎥⎦
ΔCu = b · h3 · L ·

⎡⎢⎢⎣
S11 ·

∫ ξ2
ξ1

cx · Nα
T · Nα · dξ S12 ·

∫ ξ2
ξ1

cx · Nα
T · N′

w · dξ S13 ·
∫ ξ2

ξ1
cx · Nα

T · Nδ · dξ

S21 ·
∫ ξ2

ξ1
cx · N′

w
T · Nα · dξ S22 ·

∫ ξ2
ξ1

cx · N′
w

T · N′
w · dξ S23 ·

∫ ξ2
ξ1

cx · N′
w

T · Nδ · dξ

S31 ·
∫ ξ2

ξ1
cx · Nδ

T · Nα · dξ S32 ·
∫ ξ2

ξ1
cx · Nδ

T · N′
w · dξ S33 ·

∫ ξ2
ξ1

cx · Nδ
T · Nδ · dξ

⎤⎥⎥⎦

(41)

From Equations (27) and (37)–(41):

(Mu + Mw) ·
..
Y + (C + ΔCu+ΔCw) ·

.
Y + (Kσ+Kτ+ΔKu+ΔKw) · Y = F (42)

4. Damping Behaviour Estimate

From Equation (42), the following eigenproblem can be obtained:(
λr

2 · (Mu+Mw) + λr · (C + ΔCu+ΔCw) + Kσ+Kτ+ΔKu+ΔKw

)
· Δr = 0 (43)

in which 2 · ntot complex conjugate λr eigenvalues and Δr eigenvectors are expected to result.

118



Coatings 2018, 8, 73

From λr r-th eigenvalue, natural circular frequency fr and damping ratio ζr can be evaluated
as follows:

fr =
|λr|
2π

, ζr = −	(λr)

|λr| (44)

The ζr values may be considered as a useful system damping estimate in a local frequency range
close to r-th natural frequency fr.

A better damping estimate, depending on the input-output coordinate choice and on a frequency
range [f min, f max], may be obtained from within the evaluation of the system frequency response
function H(j·2πf ) related to input in xforce and output in xresponse.

From Equation (40), by defining a discrete vector of equivalent force F related to unitary excitation
1 · ej2π f at xforce coordinate:

F = L ·
[

0T Nw(ξ f orce) 0T
]T

(45)

Ys s-th response component of vector Y may be easily evaluated by means of the modal
approach [25]:

Ys =

2·ntot
∑

r=1
Δs,r ·

ntot
∑

i=1
Δi,r · Fi

j · 2π f − λr
(46)

and the complex frequency response function related to xforce and xresponse is:

H
(

j · 2π f ; x f orce, xresponse

)
=
[

0 1 0
]
· N
(
ξresp

) · Y (47)

Since the imaginary part of H is mainly responsible of the damping behaviour, a normalized
scalar function may be defined as:

d(j · 2π f ) =
|(H(j · 2π f ))|
|H(j · 2π f )| (48)

in which d ∈ [0, 1] is defined for every frequency value and can be plotted in a limited frequency range
related to a specific engineering field of interest.

It can be easily found that d → 0 except at resonance, if dissipation actions are null, and d is also
expected to increase the higher the dissipative contribution is.

5. Application Examples

The damping behaviour of some multi-layer composite beam architectures with distributed
visco-elastic constraints is simulated by means of the previously introduced model. Since the effect
of aerohydrodynamic damping is not negligible in free and forced vibrations of large specimens [26],
drag dissipative actions are linearized and modeled by means of viscous constraint actions that are
distributed along the whole beam length.

Some multi-layer architectures are taken into account by considering different substrate and layer
parameters (substrate geometry and material, N, hk, Gk, Ek, ρk, sk, η̃k).

Tables 1 and 12 refer to two different beam substrate choices, while Tables 3, 4, 6, 7, 9, 10, 14, 15,
17, 18, 20, and 21 refer to different beam multi-layer solutions.

Damping estimates are evaluated with respect to the different configurations and results are
shown in Tables 2, 5, 8, 11, 13, 16, 19, and 22, and Figures 3–10.

5.1. Configuration 1

Configuration 1 is given by a homogeneous, uniform, rectangular section single-layer beam
subjected to distributed visco-elastic constraints. The mechanical parameters are given in Table 1, the
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first natural frequencies and damping ratios in Table 2, d parameter with xforce = xresponse = L is plotted
in Figure 3.

Table 1. Mechanical parameters of the configuration 1 beam.

Mechanical Parameters Value

L 0.4 m
b 0.08 m
h 0.03 m
ρ 7.85 × 103 kg/m3

E 2.1 × 1011 Pa
G 8 × 1010 Pa

kx (0 < x < 0.02 m) 2 × 1017 N/m4

kz (0 < x < 0.02 m) 1 × 1016 N/m3

cx (0 < x < 0.02 m) 400 N·s/m4

cz (0 < x < 0.02 m) 8 × 104 N·s/m3

cz (0.02 m < x < 0.4 m) 4 × 103 N·s/m3

Table 2. First natural frequencies and damping ratios, example 5.1.

f [Hz] ζ (%)

178.7 0.77
1089 0.08
2928 0.07
3459 0.00
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Figure 3. d damping estimator, example 5.1.

5.1.1. Configuration 1, Four Coating Layers, First Case

A multi-layer architecture is studied, N = 5, i.e., substrate + 4 coating layers. Beam length L,
width b, viscoelatic stiffness constraints are reported in Table 1, and in Tables 3 and 4 the remaining
mechanical parameters are listed. In Table 5, the first natural frequencies and damping ratios are given.
The d value with xforce = xresponse = L is plotted in Figure 4.

Table 3. Layer material parameters, example 5.1.1.

Layer h [m] ρ [kg/m3] E [Pa] G [Pa]

k = 1 1 × 10−3 8.5 × 103 2.1 × 107 9.1 × 106

k = 2 1 × 10−3 1 × 103 2 × 106 9 × 105

k = 3 substrate: configuration 1
k = 4 1 × 10−3 1 × 103 2 × 106 9 × 105

k = 5 1 × 10−3 8.5 × 103 2.1 × 107 9.1 × 106
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Table 4. Viscous parameters at the k-th interface, example 5.1.1.

Interface k [s] sk [m]

k = 1 2 × 10−3 1 × 10−4

k = 2 4 × 10−3 2.5 × 10−4

k = 3 4 × 10−3 2.5 × 10−4

k = 4 2 × 10−3 1 × 10−4

Table 5. Natural frequencies and damping ratios, example 5.1.1.

f [Hz] ζ (%)

172.7 0.74
1052 0.08
2823 0.07
3330 0.00
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Figure 4. d estimate, example 5.1.1.

5.1.2. Configuration 1, Four Coating Layers, Second Case

A multi-layer architecture is analysed, N = 5, i.e., substrate + 4 coating layers. Beam length L,
width b, viscoelatic stiffness constraints are reported in Table 1, and in Tables 6 and 7 the remaining
mechanical parameters are listed. The first natural frequencies and damping ratios are reported in
Table 8. The d damping estimator with xforce = xresponse = L is plotted in Figure 5.

Table 6. Layer material parameters, example 5.1.2.

Layer h [m] ρ [kg/m3] E [Pa] G [Pa]

k = 1 1 × 10−3 9 × 103 6 × 1011 2.5 × 1011

k = 2 1 × 10−3 1 × 103 2 × 106 9 × 105

k = 3 substrate: configuration 1
k = 4 1 × 10−3 1 × 103 2 × 106 9 × 105

k = 5 1 × 10−3 9 × 103 6 × 1011 2.5 × 1011

Table 7. Viscous parameters at the k-th interface, example 5.1.2.

Interface k [s] sk [m]

k = 1 2 × 10−3 1 × 10−4

k = 2 4 × 10−3 2.5 × 10−4

k = 3 4 × 10−3 2.5 × 10−4

k = 4 2 × 10−3 1 × 10−4
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Table 8. Natural frequencies, damping ratios, example 5.1.2.

f [Hz] ζ (%)

177.0 2.15
1083 1.81
2990 1.60
3622 0.00
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Figure 5. d damping estimator, example 5.1.2.

5.1.3. Configuration 1, Eight Coating Layers

A multi-layer architecture is considered, N = 9, i.e., substrate + 8 coating layers. Beam length
L, width b, and viscoelatic stiffness constraints are reported in Table 1, and in Tables 9 and 10 the
remaining mechanical parameters are listed. In Table 11, the first natural frequencies and damping
ratios are reported. The d estimate with xforce = xresponse = L is plotted in Figure 6.

Table 9. Layer material parameters, example 5.1.3.

Layer h [m] ρ [kg/m3] E [Pa] G [Pa]

k = 1 5 × 10−4 9 × 103 6 × 1011 2.5 × 1011

k = 2 5 × 10−4 1 × 103 2 × 106 9 × 105

k = 3 5 × 10−4 9 × 103 6 × 1011 2.5 × 1011

k = 4 5 × 10−4 1 × 103 2 × 106 9 × 105

k = 5 substrate: configuration 1
k = 6 5 × 10−4 1 × 103 2 × 106 9 × 105

k = 7 5 × 10−4 9 × 103 6 × 1011 2.5 × 1011

k = 8 5 × 10−4 1 × 103 2 × 106 9 × 105

k = 9 5 × 10−4 9 × 103 6 × 1011 2.5 × 1011

Table 10. Viscous parameters at the k-th interface of the multi-layer beam in example 5.1.3.

Interface k [s] sk [m]

k = 1 2 × 10−3 1 × 10−4

k = 2 2 × 10−3 1 × 10−4

k = 3 2 × 10−3 1 × 10−4

k = 4 4 × 10−3 2.5 × 10−4

k = 5 4 × 10−3 2.5 × 10−4

k = 6 2 × 10−3 1 × 10−4

k = 7 2 × 10−3 1 × 10−4

k = 8 2 × 10−3 1 × 10−4
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Table 11. Natural frequencies and damping ratios of the multi-layer beam in example 5.1.3.

f [Hz] ζ (%)

180.7 3.91
1104 3.62
3034 3.67
3622 0.00
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Figure 6. d estimate, example 5.1.3.

5.2. Configuration 2

Configuration 2 is associated with a homogeneous, uniform, rectangular section beam subjected
to distributed visco-elastic constraints. The mechanical parameters are reported in Table 12, natural
frequencies and damping ratios in Table 13; d damping estimator for xforce = xresponse = 0.3 m is plotted
in Figure 7.

Table 12. Mechanical parameters of the Configuration 2 beam.

Mechanical Parameters Value

L 0.8 m
b 0.05 m
h 0.035 m
ρ 2.7 × 10 kg/m3

E 7 × 1010 Pa
G 2.6 × 1010 Pa

kx (0.04 m < x < 0.07 m) 1 × 1015 N/m4

kz (0.04 m < x < 0.07 m) 1 × 1013 N/m3

cx (0.04 m < x < 0.07 m) 10 N·s/m4

cz (0.04 m < x < 0.07 m) 1 × 104 N·s/m3

kx (0.6 m < x < 0.65 m) 1 × 1015 N/m4

kz (0.6 m < x < 0.65 m) 2 × 1013 N/m3

cx (0.6 m < x < 0.65 m) 10 N·s/m4

cz (0.6 m < x < 0.65 m) 1 × 104 N·s/m3

cz (0.07 m < x < 0.6 m, 0.65 m < x < 0.8 m) 6 × 103 N·s/m3

Table 13. First natural frequencies and damping ratios, example 5.2.

f [Hz] ζ (%)

632.5 0.79
1291 0.38
1717 0.29
3191 0.15
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Figure 7. d estimate, example 5.2.

5.2.1. Configuration 2, Eight Coating Layers, First Case

A multi-layer architecture is considered, N = 9, i.e., substrate + 8 coating layers. Beam length
L, width b, and viscoelatic stiffness constraints are reported in Table 12, and in Tables 14 and 15 the
remaining mechanical parameters are listed. In Table 16, the first natural frequencies and damping
ratios are given. The d estimate, xforce = xresponse = 0.3 m, is plotted in Figure 8.

Table 14. Layer material parameters, example 5.2.1.

Layer h [m] ρ [kg/m3] E [Pa] G [Pa]

k = 1 2 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 2 2 × 10−3 9.5 × 102 1 × 107 3.45 × 106

k = 3 substrate: configuration 2
k = 4 2 × 10−3 9.5 × 102 1 × 107 3.45 × 106

k = 5 2 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 6 2 × 10−3 9.5 × 102 1 × 107 3.45 × 106

k = 7 2 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 8 2 × 10−3 9.5 × 102 1 × 107 3.45 × 106

k = 9 2 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

Table 15. Viscous parameters at the k-th interface, example 5.2.1.

Inteface k [s] sk [m]

k = 1 4 × 10−3 1 × 10−4

k = 2 3 × 10−3 2 × 10−4

k = 3 3 × 10−3 2 × 10−4

k = 4 4 × 10−3 1 × 10−4

k = 5 4 × 10−3 1 × 10−4

k = 6 4 × 10−3 1 × 10−4

k = 7 4 × 10−3 1 × 10−4

k = 8 4 × 10−3 1 × 10−4

Table 16. First natural frequencies and damping ratios, example 5.2.1.

f [Hz] ζ (%)

676.3 1.31
1368 2.13
1854 1.30
3647 1.19
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Figure 8. d damping estimator, example 5.2.1.

5.2.2. Configuration 2, Eight Coating Layers, Second Case

Tables 17 and 18 report the mechanical parameters of a N = 9, i.e., substrate + 8 coating layers,
composite beam example, beam length L, width b, viscoelatic stiffness constraints being reported
in Table 12. Table 19 lists the first natural frequencies and damping ratios. d damping estimator,
xforce = xresponse = 0.3 m, is plotted in Figure 9.

Table 17. Layer material parameters, example 5.2.2.

Layer h [m] ρ [kg/m3] E [Pa] G [Pa]

k = 1 2 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 2 2 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 3 substrate: configuration 2
k = 4 2 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 5 2 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 6 2 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 7 2 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 8 2 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 9 2 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

Table 18. Viscous parameters at the k-th interface, example 5.2.2.

Interface k [s] sk [m]

k = 1 4 × 10−3 1 × 10−4

k = 2 3 × 10−3 2 × 10−4

k = 3 3 × 10−3 2 × 10−4

k = 4 4 × 10−3 1 × 10−4

k = 5 4 × 10−3 1 × 10−4

k = 6 4 × 10−3 1 × 10−4

k = 7 4 × 10−3 1 × 10−4

k = 8 4 × 10−3 1 × 10−4

Table 19. First natural frequencies and damping ratios, example 5.2.2.

f [Hz] ζ (%)

682.2 2.70
1386 5.38
1858 3.31
3642 3.22
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Figure 9. d estimate, example 5.2.2.

5.2.3. Configuration 2, Sixteen Coating Layers

Tables 20 and 21 report the mechanical parameters of a N = 17, i.e., substrate + 16 coating
layers, composite beam example, and Table 22 the first natural frequencies and damping ratios. Beam
length L, width b, viscoelatic stiffness constraints are reported in Table 12. The d estimate with
xforce = xresponse = 0.3 m is plotted in Figure 10.
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Figure 10. d plot, example 5.2.3.

Table 20. Layer material parameters, example 5.2.3.

Layer h [m] ρ [kg/m3] E [Pa] G [Pa]

k = 1 1 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 2 1 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 3 1 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 4 1 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 5 substrate: configuration 2
k = 6 1 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 7 1 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 8 1 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 9 1 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 10 1 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 11 1 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 12 1 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 13 1 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 14 1 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 15 1 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011

k = 16 1 × 10−3 1.1 × 103 2.9 × 107 1 × 107

k = 17 1 × 10−3 3.95 × 103 3.6 × 1011 1.4 × 1011
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Table 21. Viscous parameters at the k-th interface, example 5.2.3.

Interface k [s] sk [m]

k = 1 4 × 10−3 1 × 10−4

k = 2 4 × 10−3 1 × 10−4

k = 3 4 × 10−3 1 × 10−4

k = 4 3 × 10−3 2 × 10−4

k = 5 3 × 10−3 2 × 10−4

k = 6 4 × 10−3 1 × 10−4

k = 7 4 × 10−3 1 × 10−4

k = 8 4 × 10−3 1 × 10−4

k = 9 4 × 10−3 1 × 10−4

k = 10 4 × 10−3 1 × 10−4

k = 11 4 × 10−3 1 × 10−4

k = 12 4 × 10−3 1 × 10−4

k = 13 4 × 10−3 1 × 10−4

k = 14 4 × 10−3 1 × 10−4

k = 15 4 × 10−3 1 × 10−4

k = 16 4 × 10−3 1 × 10−4

Table 22. Natural frequencies and damping ratios, example 5.2.3.

f [Hz] ζ (%)

730.7 4.46
1484 9.52
2000 5.82
3899 5.83

6. Discussion

The application examples presented in the previous section showed that the damping behaviour
of a uniform, rectangular section beam, vibrating in flexural-axial plane conditions, may be influenced
by a multi-layer coating surface treatment that is local enough to not modify the structure main
geometry, strength, and stiffness.

Example 5.1.1 consists of a four coating layer surface treatment, with 2 mm upper and lower
total thickness. It is shown that the damping behaviour exhibits little change with respect to the one
obtained from the uncoated specimen (Example 5.1), making this specific solution not effective. As a
matter of fact, the constrained layer damping (CLD) contribution [1,9], exhibited when the material
shear modulus of two close layer coatings is highly different, is low in this example case. To increase
the CLD contribution, in Example 5.1.2 a different, stiffer material was adopted in layers k = 2, 4,
letting all of the remaining parameters unchanged with respect to previous Example 5.1.1. Both the
first evaluated damping ratios and the damping estimator d(j·ω) showed an increase, making the
solution related to Example 5.1.2 effective. Example 5.1.3 shows the effect of increasing the number of
coating layers, by using the same layer material parameters and architecture, by doubling the number
of upper and lower coating layers, and by maintaining the same coating resulting thickness. This
solution is even more effective from the damping standpoint than the previously discussed architecture
(Example 5.1.2).

Example 5.2 refers to a new beam substrate solution, 4 mm upper total thickness and 12 mm lower
total thickness, differing from the one reported in example 5.1 by means of the material, geometry,
and boundary conditions. Example 5.2.1 refers to an eight-coating layers unsymmetrical architecture,
trying to maximize the CLD contribution: results are poor with respect to damping behaviour, and
this solution has not been shown to be effective. Example 5.2.2 refers to the same architecture reported
in Example 5.2.1, but a different, softer material was adopted in layers k = 2, 4, 6, and 8, leaving
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all of the remaining parameters unchanged with respect to previous Example 5.2.1. An effective
architecture results from the damping behaviour standpoint, since the first damping ratios and the
damping functional d(j·ω) increase, although the material shear modulus difference between any two
alternating coating layers is lower than in Example 5.2.1. Example 5.2.3 shows that, by doubling the
number of coating layers while maintaining the same architecture, same upper and lower coating
thickness, the specimen damping behaviour is increased since, as expected, the contribution of the
frictional actions at the layer interfaces is increased as well, so that confirming the same result obtained
in Example 5.1.3.

The aim of the model-oriented approach presented in this paper is to obtain, at the design stage,
an effective multi-layer coating architecture able to increase the damping behaviour of a mechanical
component operating in flexural conditions without altering too much the starting geometrical, inertial,
strength, and stiffness properties. Since finding a general, analytical model able to deal with any
geometrical and mechanical configuration is a complex task, which requires a high number of degrees
of freedom in order to be ineffective at the design stage for iteratively solving the problem at hand, a
simple multi-layer beam model is proposed here.

Starting from a given uniform beam configuration, any boundary conditions and new, sub-optimal
multi-layer solutions with respect to the damping behaviour may be iteratively and effectively
investigated in order to be later applied to real mechanical components. Moreover, starting from the
results of the present work, identification tools based on experimental dynamical measurements of
simple specimens must also be developed to estimate most of the unknown layer parameters associated
with the manufacturing technology, i.e., the ones related to inter-layer coupling, making it possible to
extend the design optimization research stage. An experimental dynamical measurement test activity
made on bi-layer specimens, mainly differing by means of the PVD, CVD, or hot melting deposition
technology adopted, the substrate material, the surface finish texture, and the coating thickness, can be
performed by properly designing an experimental test apparatus, following the indications reported
in [27–31]. Test data can be used to evaluate the unknown interlaminar dissipation viscosity and
thickness values by means of a robust, numerical identification technique, since only two unknown
parameters have to be identified, following the approach developed by our research group in [11]. The
multi-layer beam model may then be validated by means of new measurements related to multi-layer
beam specimens and by adopting the interlaminar dissipation parameters experimentally identied in
the bi-layer configuration.

Interlaminar local dissipative actions were modelled by means of a symmetrical, C1 formulation
reported in Equation (8), which only depended on two parameters: namely, sk and η̃k. Since the
formulation η(ζ) is polynomial, the evaluation of the integral in Equation (38) along ζ variable is de
facto performed in closed form, because the integrand function Bk·η(ζ) that appears in Equation (38)
is still a polynomial function, thus making this evaluation easy and effective from a computational
standpoint. It should be outlined that a non-symmetrical η(ζ) formulation could be easily taken into
account by assuming a different upper and lower interlaminar dissipation thickness, but that an
ill-defined numerical problem is expected to result when dealing with the experimental identification
of the interlaminar dissipation parameters, since the number of optimization variables increases and
multiple equivalent minima are also expected to result.

Results obtained by means of the multilayer beam model, consisting of the number of coating
layers to be applied, coating thickness, deposition technology, and coating materials, are expected to
be also effective with respect to the application to thin-walled mechanical components such as turbine
blades, engine rods, and mechanism shafts among all.

7. Conclusions

Experimental works recently made by one of these authors and by other researchers outlined
that coating layer surface treatments may increase the damping behaviour of thin-walled mechanical
components vibrating in flexural conditions. Nevertheless, it was also experimentally found that
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most of these coating surface treatments gave a negligible or null effect with respect to the vibrational
damped response in testing or operating conditions.

In order to investigate how different solutions in a free and forced flexural vibration response
perform, a simple model, based on a multi-layer, zig-zag, beam assumption, which also locally models
the dissipative actions at the interface between the layers, is proposed, and some virtual prototyping
application examples are reported.

Numerical examples show that the beam damping behaviour can be increased by both maximizing
the CLD behaviour, i.e., the relative difference of the material coating stiffness at any interface and
by properly choosing the local interface dissipation parameters. A negligible effect on the damping
behaviour is expected to result even if a high value of the viscous dissipation parameters at any
interface between the layers is chosen, but coating material stiffness does not vary to a great extent.
While the CLD behaviour is already known in principle from previous works, it appears from the
reported numerical simulations that the system damping behaviour does not always generally increase
by making the difference of the shear modulus of two contiguous coating layers as large as possible,
but that an optimal material coating choice has to be found, so that justifying the adoption of this
specific model approach. The contribution of the interaction of the layer material stiffness and the
interface dissipative actions on the component damping is generally unknown at the design stage, but
it can be found by means of the proposed modeling tool.

New multi-layer coating architectures may be investigated in principle by applying this modelling
tool, and optimal solutions may then be applied on thin-walled mechanical components at the design
stage, to reduce unwanted vibrational behaviour in high speed operating conditions.

Future research will be dedicated towards the experimental identification of the interface
dissipative action parameters related to any layer deposition technology under study by testing
and modelling simple dual layer beam specimen. Numerical identification techniques, based on the
approach reported in [11], are currently under development by these authors. The implementation
of some techniques for automatic, optimal generation of a multi-layer coating solution will also be
considered and developed in future work.
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Nomenclature

L, b, h beam length, depth, thickness
x, z longitudinal, transversal coordinate
ξ, ζ dimensionless longitudinal, transversal coordinate
u, w dimensionless axial, transversal displacement
kx, kz longitudinal, transversal distributed elastic constraint stiffness
cx, cz longitudinal, transversal distributed viscous constraint viscosity
q, Fw distributed, concentrated external transversal load
ρ, E, G material mass density, axial modulus, shear modulus
α, β, χ, δ, ak, bk kinematical variables
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ε, γ axial, shear strain components
σ, τ axial, shear stress components
ηk k-th interface interlaminar dissipation function
sk k-th interface interlaminar dissipation thickness
φ state variable vector
Π, U, W total potential, deformation energy, external actions work
N shape function matrix
Y degrees of freedom vector
K stiffness matrix
C viscosity matrix
M mass matrix
F force vector
ΔK elastic constraint matrix
ΔC viscous constraint matrix
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