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Abstract

Three different surface treatments, which are of interest to the oil and gas industry, and are commonly used for tribologi-
cal applications at elevated temperatures, namely chromium carbide (CrC) coating, Ni-P coating, and boronized nickel
alloy were investigated. In addition to different structural compositions, these surface treatments possess different surface
topographies, which is of practical importance. Pin-on-disk experiments were conducted to measure their friction and wear
performance against tungsten carbide. Experiments were carried out at room temperature and 450 °C using a specialized
tribometer. Nanomechanical properties of the coatings were obtained at room and elevated temperatures. To investigate the
physical and chemical changes that occurred during tribo-testing, scanning electron microscopy of the coatings’ cross sec-
tion, wear tracks, and wear debris were obtained. Energy-Dispersive X-ray Spectroscopy analysis revealed the changes in
elemental composition of the coatings wear track after the experiments, which could affect their tribological performance.
It was found that the intensity and composition of the generated oxides, changes in the mechanical properties of the surface
materials with temperature, and the surface topographical characteristics affected the tribo-mechanism. Among the tested
samples, boronized nickel alloy surface outperformed the coatings with lower friction coefficient and lower wear rate, espe-

cially at elevated temperature.
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1 Introduction

Applying a thin hard coating on a relatively less wear resist-
ant substrate has been proven beneficial to the tribological
properties of contacting surfaces. Development of such thin
layers started in the 1970s and were enhanced and evolved
into today’s commercial coatings [1]. Certain components
that are required to operate at high temperature applications
such as turbine components [2] and diesel engines [3] would
experience premature catastrophic failures if not protected
with specific hard coatings. Friction coefficient (COF), wear
mechanisms, and wear rates are critical tribological parame-
ters to measure, while investigating the coating performance
at elevated temperatures. Also, tribochemistry plays an
indispensable role at elevated temperatures [4]. Formation
of different oxides could enhance or deteriorate the contact
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dynamics [5, 6]. Certain applications such as components
used in artificial lifting systems, cavity pumps, and drill-
ing tubes are a few examples where parts must endure high
temperature sliding contacts in the oil and gas industry [7].
Other applications such as journal bearings in the impeller
of an electrical submersible pump (ESP) are among machine
components that are exposed to high temperature abrasive
conditions [8]. To reduce the wear and friction in such
components, applying hard coatings has the potential for
excellent results. Nickel-based, chromium-based, and boron-
based coatings are among the most common commercial
hard coatings used for elevated temperature applications.
This study investigates the tribological performance of one
coating in each of the three categories at room temperature
(RT) of 23 °C and elevated temperature of 450 °C.
Nickel-based coatings are suitable for elevated tempera-
ture applications such as jet engines and gas turbines [9].
High friction values observed with most hard coatings,
including nickel-based coatings at elevated temperatures has
been a challenge that was tackled by different strategies,
including adding solid lubricants [10—12]. Such lubricants
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deemed to be effective within a limited temperature range. Li
and Xiong [13] conducted elevated temperature experiments
(up to 600 °C) on nickel-based coatings with molybdenum
disulfide and graphite as solid lubricants. Lee et al. [9] stud-
ied the effect of load on sliding wear of electrodeposited
Zn—Ni coatings. Liu et al. reported a decreasing COF for
self-lubricating nickel-based coatings at temperatures up
to 600 °C. Other studies focused on nickel-based coatings
performed at different testing conditions, however, the wear
rates and COF generally remain within 1.0x 1070=5x107*
mm?/(N m) and 0.17-1.3, respectively, depending on lubri-
cant additives and testing conditions including temperature
[14-16].

Chromium nitride and titanium nitride tribological
properties at elevated temperatures also received attention
from researchers. In a study focused on CrCN, Polcar et al.
[17] tested two different compositions of the same coating.
Sudden increase of the COF from RT to 100 °C, followed
by a steady-state region up to 400 °C, and then a sudden
decrease in the COF was found to be the dominant behavior.
In another study [18] to understand the effect of grain refine-
ment on the tribological performance of coatings, vanadium
was used as an additive to iron hard facing alloys. Polychro-
nopoulou et al. [19] investigated the effect of adding Cu to
Cr—N structure on its tribological performance at elevated
temperatures up to 840 °C. Their analysis revealed that 3%
Cu content was an optimal amount to enhance the wear and
friction performance of Cr—N at 500 °C.

Boronizing and nitriding are surface treatments that
could also enhance the tribological performance. Hardell
and Prakash [20] tested plasma nitrided and surface coated
tool steels at RT and 400 °C. It was shown that CrN coat-
ing provides significant improvement to its tribological per-
formance at elevated temperatures. Taktak [21] studied the
effect of boriding on the tribological performance of AISI
440C and 52100 bearing steels. Experiments were carried
out from RT to 600 °C. It was concluded that at low tem-
peratures, the dominant wear mechanism is brittle fracture
and fine delamination, while at temperatures above 300 °C,
mild oxidative wear is dominant. Considering a different
application, Solzak and Polycarpou [22] tribotested WC/C
and WC/C+DLC coatings relevant to air-conditioning and
refrigeration compressors. Various extreme operating sce-
narios including elevated temperature conditions exhibited
improvement in wear, friction, and scuffing susceptibility of
the coated tribopairs.

From the aforementioned elevated temperature tribo-
testing, the importance of coating materials, testing condi-
tions, and tribochemistry is evident. The present research
aims at investigating three common coatings, most relevant
to elevated temperature applications under severe operating
conditions pertinent to oil and gas applications. Differences
in mechanical, chemical, and topographical properties of the
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selected coatings provide a platform for comparison of the
class of coatings each one represents.

2 Materials and Methods

2.1 High Temperature Tribometer (HTT) and Test
Configuration

Figure 1a shows the high temperature tribometer (HTT) that
was used to conduct the tribological experiments. The HTT
is a versatile pin-on-disk apparatus for measuring in-situ
friction and normal forces using a force transducer that is
equipped with a feedback circuit to apply and maintain the
pre-set normal force. The test chamber is comprised of a
pin holder, a disk holder, and a three-layer glass enclosure,
which is wired with heating elements. The inner surface of
the outermost glass cylinder is coated with a thin gold coat-
ing to reduce radiation heat transfer. The HTT is capable of
reaching chamber temperatures up to 1000 °C using heating
elements made of FeCrAl alloy.

The test chamber is enclosed by a bell jar, which is a glass
jar encased by a stainless-steel cylinder. The bell jar moves
vertically to provide accessibility to the test chamber. The
present experiments were conducted in open air/laboratory
environment with a temperature of 21-24 °C and humidity
of 35-50%. The HTT is capable of both unidirectional and
oscillatory motions; rotating speeds from 0 to 1000 rpm and
oscillation frequencies from 0 to 5 Hz. The force transducer
records in-situ normal and friction forces up to 45 N. The
ball-on-disk schematic configuration is shown in Fig. 1b,
and Fig. 1c, d show images of a typical disk and pin (ball)
used in this study. In all experiments, tungsten carbide-
cobalt (WC-Co) balls with a diameter of 6.35 mm were
used as pins. For brevity, it is referred to as tungsten carbide
ball hereafter. Disks were all Dura bar 201 type 1 Ni-resist
iron which has an average hardness of 160 HV and a ten-
sile strength of 1700 MPa. It is an iron alloy with chemical
composition of up to 3% carbon, 2.8% silicon, 1.5% manga-
nese, 17.5% nickel, 7.5% copper, 2.5% chromium, and 0.12%
sulfur. Disks have a 50.8 mm diameter and 5 mm thickness
and are coated with different coatings. WC ball is chosen
as a relatively harder and higher wear resistant counterface,
which maintains its mechanical properties up to 600 °C [23].
This choice is in line with the focus of this work, which is to
investigate the tribology of the selected hard coatings at ele-
vated temperatures. Otherwise, the wear of the counterface
would surpass the wear of the hard coatings and compromise
the objectives of the study. Substrate i.e., Ni-resist alloy is
a common material in electrical submersible pumps used in
oil and gas applications [8]. No external lubricant was used
at the contact, thus dry contact conditions were implemented
in all tests. The pin is stationary and attached directly to the
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Fig. 1 a High temperature tri-
bometer, b schematic of the test
chamber components, ¢ typical
used disk, and d spherical coun-
tersurface, 6.35 mm diameter

force transducer, while the disk is securely attached on a
turntable that is connected to the electrical motor. Using a
precise sliding mechanism, the diameter of the contact could
be adjusted to the desired value.

2.2 Description of Surface Treatments

Three different hard coatings were selected based on their
suitability for elevated temperature applications. Brief
description of each surface coating and treatment are pre-
sented below:

(1) Chromium carbide coating (Cr,Cy) is known to increase
the wear resistance in elevated temperature applica-
tions. While it has lower wear resistance than WC, it
is recommended as alternative for oxidative and corro-
sive environments. This coating is suitable for abrasion,
fretting, and particle erosion environments. CrC was
deposited on the substrate using thermal diffusion tech-
nique. The substrate is dipped into a molten salt bath at
a temperature close to 1000 °C. The chemical reaction
between the carbide forming elements and the substrate
creates a metallurgical bonding with very high adhe-
sion. The present coating treating time was 2 h which
generated a chromium carbide layer with a thickness of
15 um. This technique generates a relatively rough sur-
face finish. XRD analysis of the coatings was obtained
which demonstrates a prevalence of Cr;C, and Cr,C;
phases [24].
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Boriding or boronizing (iron boride Fe,B,) is a thermo-
chemical surface hardening process. This process could
be carried out on ferrous and non-ferrous materials.
The substrate is exposed to boron yielding material at
high temperatures between 700 and 1000 °C. During
this process the boron atoms diffuse into the substrate
and create remarkably hard borides. The process can
be done in solid, liquid, or gaseous mediums. The
thickness of the boriding layer is determined primarily
by the particle size of the powder used in boronizing,
treatment time, treatment temperature, and substrate
matrix. The dominant phases are FeB and Fe,B inter-
metallic ceramic borides in boronized stainless steel.
Hardness and surface roughness of a boronized surface
are affected by the treatment duration and temperature,
and powder particle size.

UltraKoat™ coating is a nickel-phosphorous (Ni-P)
coating that is co-deposited with diamond-like sub-
micron particles. Electroless nickel plating technique
is a chemical plating process of nickel alloy in a heated
solution. It is an autocatalytic chemical plating pro-
cess applied at temperatures ranging from RT to 93 °C.
UltraKoat has a melting temperature of 1030 °C and
can be heat hardened to reach a hardness of 900 VHN.
It is designed to provide corrosion and erosion resist-
ance, along with a permanently lubricious contact sur-
face. For consistency, this coating will be referred to as
Ni-P coating. XRD analysis depicts the intense peaks
of Ni, P, and NiP phases as dominant peaks in the coat-
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ings structure [24]. Additional information regarding
the deposition techniques of the coating is available in
the literature [25-30].

2.3 Experimental Procedure

Before each experiment, the coated disks and WC balls were
immersed in a bath of acetone and cleaned in an ultrasonic
cleaner for 10 min. Then, they were rinsed with isopropanol
and blown dry using a hot air blower. The WC ball was then
placed in a pin holder and fastened using a setscrew. The
disk was screwed onto the turntable that is connected to
the motor shaft. The disk holder and pin holder were posi-
tioned in the furnace using the HTT control panel and the
temperature was raised to the set temperature for each spe-
cific experiment, without making contact. Once the chamber
reached the set temperature and stabilized, the pin and disk
were brought into contact (at a pre-set normal load) and
rotation was initiated and continued for 7500 cycles (1 h).
In-situ normal and friction forces were measured using the
force transducer and recorded on a computer. In all tests a
normal force of 10 N was sustained at a sliding velocity of
0.2 m/s. All coatings were tested at 23 °C and 450 °C. To
ascertain the repeatability of the obtained data, each test was
conducted at least three times.

Once an experiment was completed, SEM and optical
microscopy were carried out across the wear tracks and in
an intact (or virgin) area. Wear track profiles were obtained
across the wear track at three different locations, using a
contact type profilometer. Assuming a uniform profile across
the wear track, the wear volume could be readily obtained.
Nanomecamical properties of the coatings were obtained
using a Bruker TI Premier nanoinstrument. In addition, the
Energy-Dispersive X-ray Spectroscopy (EDX) technique
was employed on the wear tracks to investigate the chemical
composition changes of the surfaces at the contact area due
to the high contact pressure and temperature, and also on an
intact location which was exposed to the elevated tempera-
ture during the test. Material transfer from one surface to the
other was also revealed using the EDX technique.

3 Results and Discussion
3.1 Coating Properties

To characterize the coatings’ mechanical and topographi-
cal properties, nanoindentation, 3D topography, and SEM
analyses were employed. Specifically, hardness and reduced
elastic modulus of the coatings were obtained using instru-
mented nanoindentation technique. 3D topography and rel-
evant descriptive roughness parameters were obtained to
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determine the differences between the coatings; and SEM
was implemented to measure the thickness of the coatings.

3.1.1 Mechanical Properties

Hardness (H) and reduced elastic modulus (Er) of the
boronized nickel alloy and Ni—P coatings at RT, 200 °C and
400 °C were obtained. Mechanical properties of the CrC
coating were obtained by Zikin et al. [31] and was reported
here. A diamond Berkovich indenter installed to a standard
transducer was used. During high temperature experiments a
flow of inert gas shielded the probe to prevent its degradation
due to oxidation. To ascertain that the obtained data were
not affected by substrate mechanical prosperities, the inden-
tation depth was kept to less than 5% of the coating thick-
ness. To take the effect of creep at high temperatures into
consideration, a trapezoidal load function, as also suggested
in the literature [32, 33], was used. In the present study a
trapezoidal load function with 5-s loading and unloading
segments and a two-second holding time was used. To obtain
the optimum maximum load, a parametric study of the effect
of load on the obtained nanomechanical properties was con-
ducted. Figure 2 depicts the load—displacement data for the
indentations conducted on the boronized nickel alloy sample
at 200 °C with maximum loads of 2000 uN, 6000, uN, 8000
uUN, and 10000 uN. To achieve a desired indentation depth
(if too shallow then we may see skin or surface effects, and
if too deep then we may experience substrate effects), the
maximum load of 8000 uN was selected for all tests con-
ducted on the boronized nickel alloy.

A similar procedure was conducted for the Ni—P coat-
ing. Due to lower hardness of the Ni—P coating, a maxi-
mum load of 4000 uN was selected as optimum load. For
all nanoindentation experiments at different temperatures,
several indentations were performed at different locations
and the mean and standard deviations of the calculated val-
ues are shown in Table 1. The obtained data demonstrate
the relatively small softening of the CrC coating at higher
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=Pmax=8000 xN

=Pmax=10000 uN

8000

6000

4000

load (uN)

2000
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depth (nm)

Fig.2 Load vs. displacement obtained for boronized nickel alloy
coating at 200 °C
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Table 1 Nanomechanical RT 200 °C 400 °C

properties of the coatings

measured at RT, 200 °C, and Er (GPa) H (GPa) Er (GPa) H (GPa) Er (GPa) H (GPa)

e CrC [31] 360.0+10.0 26.0+1.5 370.0+35 252+2.0 381.0+30 24.7+3.0
Boronized Ni alloy 377.3+17.7 28.6+1.8 385.0+122 257+1.0 480.7+19.1 24.8+2.0
Ni-P 1771122 7.83+14 200.4+9.2 6.4+0.2 250.1+15.0 2.33+0.8

temperatures, while boronized Ni alloy is affected moder-
ately, and Ni—P coating experiences the most notable deg-
radation of hardness at 400 °C.

Nanomechanical properties of the WC—Co are available
in the literature [34-37], even though a wide range of val-
ues are reported. An average hardness of 25+5.0 GPa and
reduced elastic modulus of 700 +50.0 GPA is assumed,
based on the literature available for RT. At high tempera-
tures, tungsten carbide is expected to sustain its mechanical
properties up to 600 °C [23].

Boronized nickel alloy Chroumium Carbide

Ni-P

3.1.2 Topographical Properties

Figure 3a, c, e show cross section scanning electron micros-
copy (SEM) images of the coatings, as deposited on the sub-
strate as well as their thickness. Figure 3b, d, f show the
corresponding three-dimensional topographies. The rough-
ness measurements were obtained using a KLLA Tencor P-6
contact profilometer. The Ni—P coating has the smoothest
surface while the CrC coating has the roughest surface. The
roughness measurement area was 3000 um X 3000 um, and

3000 4000

~ 2000
x(pum)

" 1000

Fig.3 Cross section SEM and 3D topographies of a, b CrC; ¢, d boronized nickel alloy; e, f Ni—P coatings
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the planar resolution is 1 um in the x-direction and 10 um
in the y-direction.

Table 2 shows the calculated descriptive parameters of
each coating topography as well as their measured thickness.
While Sq and Sa represent the RMS and arithmetic average
roughness of the topography, Sds indicates the density of
summits per unit area of the surface. Summits are a subclass
of the peaks of the topography. A peak is defined as a point
higher than its adjacent 8 points. If a peak height exceeds
5% of the ten-point height of the surface then it represents
summit. Additionally, summits must be separated by at least
1% of the minimum longitudinal or crosswise dimensions
forming the 3D measurement area.

3.2 Tribological Results

In-situ friction and normal forces recorded during the exper-
iments were used to obtain the COF as a function of time.
Figure 4a depicts the COF for CrC, boronized nickel alloy
and Ni—P coatings at 23 °C. For all cases, the COF tran-
sitions from an initial low value to a quasi-steady higher
value. At the beginning of the experiments, within a run-in
distance of 5—10 m, the COF values start at 0.1-0.3 and
then surge to significantly higher values of 0.4-0.6. Then
the COF values increase and do not reach a plateau until the
very end of the tests such as CrC or boronized coatings. In
addition, one could observe the increase in the oscillations
of the COF as the tests continue, especially for Ni—P and
CrC coatings. At the beginning of the tests, a point (Hertz-
ian) contact occurs between the ball and the disk, and the

mean Hertzian contact pressure for CrC, boronized and Ni—P
coatings at RT were calculated at 2.23, 2.27, and 1.58 GPa.
As the test proceeds, due to wear of the ball, and polishing
of the contacting asperities on the coated disk, the nomi-
nal contact area increases. Providing that further sliding of
the tribopairs results in their smoother surface finish, such
topography evolution could promote and facilitate high fre-
quency slip-stick behavior. This phenomenon is a possible
explanation for the escalating standard deviation of the COF
values as the test proceeds. In addition, debris generation
and their subsequent cracking and crushing could contribute
to the higher COF and its oscillation. Overall, Ni-P coating
has the highest COF value and CrC and boronized nickel
alloy exhibit lower COF values at RT.

Figure 4b depicts the changes in COF versus sliding dis-
tance for the substrate and tested coatings at 450 °C. Sub-
strate data were used as a baseline for evaluating the per-
formance of the coatings. An interesting observation in the
COF behavior is the shortening of the time required for the
quasi-steady state to emerge. The quasi-steady state term
refers to the stable COF after the transient run-in period, if
developed. At 450 °C the transition from run-in to quasi-
steady state almost vanished and it matured quickly within
20-25 m of sliding. This behavior suggests the development
of the contact dynamics which are discussed from a con-
tact mechanics and chemical point-of-views in following
sections.

A summary of the averaged COF values for the substrate
and the different coatings tested at the two temperatures is
shown in Fig. 5. Averaged values were obtained during the

Table 2 Mechanical and

g Coating Sq, RMS rough- S,, CLA rough- S s> Density of sum- Thickness/
roughness Propertles of the ness (um) ness (um) mits (1/mm?) depth (um)
M u pth (p
tested coatings and sphere
CrC 4.78 3.58 1104 12-18
Boronized nickel alloy 0.83 0.60 1258 16-18
Ni-P 0.22 0.17 2362 12-15
WC sphere 0.18 0.12 - -
2.0 T . .
*CrC
(a) 1.5 (b) °Boronized
1.5 —Ni-P
—Substrate
. 1.0
Q1.0 1
©)

*CrC

0.5 o Boronized
—Ni-P
0 ‘ ) —Substrate
0 100 200 300 400 500 600 700

sliding distance(m)

300 400 500
sliding distance(m)

0 100

200 600 700

Fig.4 COF versus sliding distance for the coatings and the substrate at a RT (23 °C), b 450 °C
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Boronized
1.2 B Ni-P
@ Substrate
S N

N\

0.4

Fig.5 Average COF values of the coatings and substrate tested at RT
(23 °C) and 450 °C. Error bars designate + one standard deviation

last final 5 min of each experiment. The error bars designate
the standard deviation of the COF values during this period.
CrC and boronized coatings exhibit lower COF compared
to the substrate at RT; However Ni—P shows similar COF to
that of the substrate. At 450 °C all coatings show lower COF
than the substrate. At RT, the boronized surface and CrC
coating exhibit comparable COF, while Ni—P depicts a nota-
bly higher COF. Revisiting Table 1, note that the boronized
surface and CrC coating have higher elastic modulus values
than the Ni-P coating, which implies lower elastic defor-
mation of asperities under identical loading. Moreover, the
topography of the CrC coating and boronized nickel alloy
(Fig. 3) shows rougher surfaces as well as fewer number of
summits per unit area (Table 2). Both factors contribute to
a smaller real contact area, which could explain the lower
COF of CrC and boronized coatings. One could conclude
the importance of the mechanical properties such as hard-
ness and surface topography on the friction and wear per-
formance of a hard coating at low temperature conditions.
The COF obtained for the substrate and all tested coatings
exhibited a decreasing trend with temperature. This behavior
and the obtained values of the tests presented in this study
are similar to the data published in the literature for Ni—P
coatings and boronized surfaces at elevated temperatures
[38, 39]. With increasing temperature, the role of chemical
composition of the surface treatments becomes more critical,
especially when compared to its role at RT. The physical and
chemical properties of the physio-chemical reaction products
could alter the contact dynamics. Increasing the temperature
to 450 °C leads to a drop in the COF values in all cases.
A similar observation, namely a transition temperature at
which a sharp reduction in COF occurs, was also reported
for other coatings [4, 40, 41]. CrC and Ni—P coating experi-
ence sharp reduction in COF values of approximately 52%
and 54% at 450 °C, while boronized coating sees a 19%

reduction in the COF. Magnified changes in COF values
reflect more intense changes of the contact conditions. That
is, the COF behavior is related to the active wear mecha-
nisms at the contact. Thus, understanding the wear mechan-
ics will help determine the cause of the frictional changes.

To obtain the wear volume and wear rates, one needs to
measure the wear track profiles, which are obtained from
multiple profile scans across the wear tracks on the disks. In
the present study, three scans of each wear track at three dif-
ferent locations were obtained. Figure 6 depicts typical wear
scans for the substrate and the tested coatings at different
temperatures. The length of the scans was set to 3 mm for all
measurements with 1 um longitudinal resolution and 10 nm
height resolution. Double arrows were used to indicate the
wear track width obtained on the disks at each temperature.

Substrate wear scans reveal a significant penetration
depth for RT and 450 °C. Specifically, at elevated tempera-
ture the substantial increase in the worn material is visible.
CrC coating’s rough topography has a wide wear track at
RT, which outweighs all other coatings at RT. However, the
depth of the wear track is limited to truncated and flattened
asperities, referred to as burnishing. The surface of the wear
track after tests also shows a mildly polished and shiny fin-
ish. This wide polished area is because of the extremely hard
CrC asperities which could grind the surface of the coun-
tersurface, the hard tungsten carbide ball, while enduring
insubstantial wear. Boronized nickel alloy and Ni—P coatings
however demonstrate a visible wear track for experiments
conducted at RT; however not as wide as in the case of the
CrC coating. For experiments conducted at elevated tem-
perature the depth of the wear track increases for all cases,
and in the case of Ni—P, the coating is almost penetrated.
For a quantitative comparison of the intensity of the wear,
details are provided in Table 3. These values were meas-
ured using SEM images of the wear tracks and were later
verified with profilometric scans. At RT the depth of the
wear track is related strongly to the hardness of the coating
and its topography. Similar observation is applicable for the
depth of the wear track at higher temperatures. However,
degradation of the mechanical properties of the coating as
a result of elevated temperature is a key factor in the more
intense material removal from the sliding surface. Although
CrC surface treatment provides the notably high hardness,
it suffers a deeper and wider wear when compared to the
boronized surface at 450 °C.

The Archard wear equation and related studies accentu-
ate the role of hardness in wear, however the effect of the
lubricous and/or protective oxide layers on the wear tracks,
as well as the potential material transfer to the counter sur-
face should also be considered. The last two mechanisms
are known to be beneficial contributors to reduce wear and
friction of coatings, especially at higher temperatures where
the mechanical properties may degrade. While the width of
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Fig.6 Wear profiles of a substrate, b CrC, ¢ boronized nickel alloy
and d Ni-P coatings at RT (23 °C) and 450 °C. Double arrows show
the width of the wear track at each respective temperature. Dotted cir-
cles show material build-up. Note that the wear track profile scales
(y-axes) are different

the wear track for the boronized nickel alloy increases with
increase in temperature, it decreases in the case of CrC coat-
ing and remains almost constant for Ni—P coating. The wear
track profile of the Ni—P coating depicts material build-up on
both sides of the wear track, which is a known characteristic
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Table 3 Width and depth of wear tracks of the tested coatings

RT (23 °C) 450 °C
width (um)  depth (um)  width (um) depth (um)
Substrate 627 13.4 1210 41.7
CrC 2592 0? 1713 11.8
Boronized 373 1.9 811 6.6
nickel
alloy
Ni-P 903 1.4 821 16.9

“Unmeasurable burnishing

of Ni—P coatings [42] and plays a role in reducing friction
at higher temperatures. In this case, oxide particles on the
build-up could provide a more lubricious contact condition
which helps reduce the friction.

Based on the profilometric wear scans, we can calculate
the volume of the coating and the substrate worn off as

r

Vworn = /277.7’.]’1.(17‘ = ZZﬂ.r.h.Ar (1)

n

where r| and r, are the inner and outer radii of the wear
track, 4 is the measured profilometric wear depth, and Ar is
the longitudinal resolution [43]. The mean value from three
separate wear measurement estimations was used as the net
wear volume, while the standard deviation was obtained as
the error of the wear volume calculations. The wear rate was
obtained using Eq. [2].

V.

worn

W=—
Fyxd 2)

where W is the calculated wear rate, V., is the volume loss
due to wear that is obtained by Eq. [1], Fy is the applied
normal load, and d is the sliding distance. The wear profiles
contribute to a better understanding of the wear mechanisms
and contact severity, as well as obtaining the wear volume.
Wear rates estimated using Eq. [2] for the substrate and
the tested coatings at different temperatures are shown in
Fig. 7. The inset depicts a zoom in scale of the wear rates
of the coatings at RT. Ni—P performance escalates as the
temperature increases, whereas boronized coating outper-
forms the other coatings and maintains a low wear rate even
at elevated temperatures. All coatings exhibited remarkable
improvement in wear performance when compared to the
unprotected substrate, both at RT and 450 °C.

At RT, the wear mainly depends on the material mechani-
cal properties and surface topography. Boronized coating
with an average hardness of 28 GPa at RT and surface RMS
roughness of 0.83 pm shows 1.5x and 2x lower wear rate
than CrC and Ni—P coatings, respectively. CrC has a slightly
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Fig.7 Average wear rates of the substrate and coatings tested at RT
(23 °C) and 450 °C (calculated using Eq. [2])

lower hardness and Ni—P has the lowest roughness among
the three tested coatings. Smoother surfaces imply a more
uniform distribution of the load on the asperities that could
bear the load without significant plastic deformation. How-
ever, with increasing operating temperature at the contact,
other factors play significant role in the tribological perfor-
mance of the interface too. These include the production
of a protective oxide layer and its capability to generate a
stable material transfer layer on the counter surface. These
two mechanisms are functions of the material composition,
surface roughness, contact load and sliding velocity among
other parameters. Increasing the temperature to 450 °C can
lead to softening of the coating materials [31, 44, 45]. The
most visible effect of such changes in mechanical proper-
ties could be seen in the wear depth of the coatings as well
as substrate. The wear rate of the substrate increases by a
6x factor. Those of Ni-P and CrC coatings increased by
15x while for the boronized coating the wear rate increased
by 10x. Intensified material accumulation, squeezed on the
sides of the wear track is visible for the Ni-P coating. The
microstructural changes that lead to softening of the Ni coat-
ing at temperatures equal or higher than 400 °C have been
widely studied [38, 46, 47]. Sudden increase of the wear
track depth for the Ni—P coating at 450 °C, compared to wear
tracks obtained for this coating at lower temperatures can
be attributed to the softening of the coating (see Table 1).

3.3 SEM Analysis

SEM images of the wear tracks on the three coatings tested
at RT are shown in Fig. 8a—c. Inset images show higher
magnification images of the wear tracks. Figure 8d—f show
SEM images of the tungsten carbide balls used against their
respective coated disks. CrC coating wear tracks are covered
with wear debris which initially may imply severe abrasive

wear of the coating. However, a more careful investigation
of the surfaces after cleaning the debris reveals mild pol-
ishing of the surface of the coatings as clearly shown in
Fig. 6a. However, the wear debris is generated from harsh
adhesive and possible abrasive wear of the tungsten car-
bide countersurface (Fig. 8d). Smooth surface finish of the
ball is indicative of a dominant adhesive wear mechanism.
The darker area of the inset image of Fig. 8a shows the pol-
ished asperities of the coating while the lower topography
remained intact.

Boronized coating experiences adhesive wear and delami-
nation that could be because of fatigue-induced cracking, as
shown in the inset of Fig. 8b. The dominant wear mechanism
of the countersurface ball seems to be adhesive wear, which
resulted in polishing and plastic deformation in the form
of material pull-out from the contact. The relatively higher
hardness and smoother topography of the boronized coating
seems to be responsible for a narrower wear scar on the ball,
which has almost half the diameter of the wear scar on the
ball slid against CrC coating (Fig. 8d).

Ni-P coating has the lowest hardness and RMS rough-
ness. Both factors could attribute to easier plastic deforma-
tion of the surface and stronger adhesive wear. Polished
asperities of the Ni—P coating shown in the inset of Fig. 8c
depict the slight polishing of the surface while the lower
topography remained intact. Mild adhesive wear is the
dominant wear mechanisms in the Ni—P coatings sliding
against stainless steel at RT, consequently the wear track
exhibits a smooth finish [48]. Ni-P coating wear rate is 1.5x
the wear rate of CrC coating, despite the fact that its hard-
ness is almost 3x lower than that of CrC coating. However,
the Ni—P coating has a remarkably lower surface roughness,
which is the key contributor which compensates the lower
hardness. This finding supports the importance of surface
roughness in determining the wear rate of hard coatings
at low temperatures. Consequently, the boronized coating
which benefits both from high hardness and smooth surface
experiences the lowest wear and imposes lower damage to
the countersurface.

Interface temperature plays an indispensable role in the
tribodynamics of contacting interfaces. Softening of the
coating materials translates to lower resistance of the asperi-
ties towards elastic or plastic deformation. Lower hardness
could facilitate the ploughing and removing of the materials
from the sliding contact. In addition, high operating temper-
atures could initiate or accelerate chemical reactions of the
coating materials with the environment which could directly
or indirectly affect the tribodynamics. Formation of boric
acids on the wear track as a result of the chemical reaction
between boron oxide and ambient humidity is recognized as
a self-lubricating mechanism that contributes to the reduc-
tion of the COF at higher temperatures for boronized sur-
faces [49-51]. Increasing the temperature to 450 °C results
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Fig.8 SEM images of the wear tracks on disks (a, b, ¢), and corresponding tungsten carbide balls (d, e, f) tested at RT. a, d CrC coating; b, e
boronized coating; ¢, f Ni-P coating. Scale bars show the same length in each row. Scale bar in the insets is 50 um

in the reaction of the coating’s elements with the oxygen
that is abundant in the ambient air and production of sev-
eral oxides. Oxidation could promote intensified material
removal of the surface due to changes in material properties
and the grain reconstruction of the surface [17]. Significant
changes in the microstructure of the coatings at elevated
temperatures, especially Ni—-P coatings, were reported in
the literature [38, 46, 47]. In addition, oxide particles could
interact as a third body abrasives and exacerbate wear. None-
theless, providing adequate adhesion between the oxide layer
and the sliding counterface, it facilitates a self-lubricating
mechanism. This layer could reduce the friction and wear
of the contact.

SEM images of the CrC, boronized nickel alloy, and
Ni—P coatings at 450 °C at two different magnifications
are shown in Fig. 9. Increasing the temperature to 450 °C
affects the wear tracks visibly. In case of the CrC coating,
there is significant increase in the wear depth as meas-
ured by surface profilometry. In addition, increasing the
temperature to 450 °C causes the emergence of a vivid
wear track with readily distinguishable darker interface
as shown in Fig. 9a. At higher temperature a tribofilm
called glaze layer is formed on the wear track which could
help reduce the wear and friction of the surface [42]. This
tribofilm consists of fractured and oxidized wear debris
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whose generation is normally accelerated and intensified
as the temperature increases (Fig. 9d). The wear mecha-
nisms at high temperatures are typically fatigue-induced
delamination due to cyclic loading and plastic deforma-
tion, such as ploughing. This fully developed uniform layer
could reduce the friction and help protect the exposed
material from excessive oxidation which could deterio-
rate the delamination of the coating. Figure 9d depicts the
delamination of the glaze layer under high contact pres-
sure. Revisiting Fig. 8a, the accentuated effect of surface
roughness at RT is alleviated at high temperature due to
rapid changes in the surface topography with packing and
molding of the wear debris.

The boronized coating shows a more uniform surface
as shown in Fig. 9b. The dominant wear mechanism of
the boronized coating at elevated temperature seems to
be adhesive wear. Delamination of the boronized surface
occurred due to adhesion or fatigue resulted from cyclic
loadings (Fig. 9¢). Boronized nickel alloy surface maintains
its mechanical integrity and experienced minimal wear as
demonstrated in Table 1, and Fig. 7 respectively.

In the case of Ni—P coating, severe material removal in
the form of material lumps pulled out of the wear track is
visible in Fig. 9c. Material build-up on the sides of the wear
track which was shown using profilometry is also denoted.
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Fig.9 SEM images of the wear tracks on the disks tested at 450 °C at different magnifications. a, d CrC coating; b, e boronized coating; c, f
Ni-P coating. Scale bars show the same length in each row. Small squares in a, b, and ¢ depict the locations of d, e, and f respectively

High adhesive force between nickel and other metallic sur-
faces could result in increase of adhesive wear (Fig. 9f).
SEM images of the contact surface of the balls used as
countersurface against CrC, boronized nickel alloy, and Ni-P
coatings at 450 °C are shown in Fig. 10. The first major dif-
ference is the absence of any measurable wear on the balls,
as compared to the balls used against the same coatings at
RT. WC balls maintains its hardness at 450 °C which is
approximately 1500 HK [52]. Figure 10d-f depict magni-
fied views of the contact surface of the balls. While Fig. 10a
shows an intact surface without much oxide transfer, mag-
nified view in Fig. 10d reveals small particles which could
be transferred from the CrC coating. Figure 10b depicts
patchy transfer of oxide layers and wear debris to the ball
slid against the boronized. A clear presentation of an oxide
flake is provided in Fig. 10e. Such material transfer from
the oxidized coating to the countersurface could render the
tribocontact to an oxide-on-oxide sliding, provided adequate
bonding between oxide and the substrates. This film transfer
could help reduce the COF due to lower shear force required
for sliding of such oxides as well as protecting the surface
and restraining the wear by providing protection to the sur-
face. Strips of oxide material are visible on ball used against
the Ni—P coating, as shown in Fig. 10c, however further
magnification reveals a loose attachment of the particles and
flakes on the surface of the WC ball, which would not be

effective especially regarding their scarcity on the surface.
One could see the influence of such material transfer on the
wear rate of the boronized nickel alloy.

In summary, the surfaces that could generate a uniform
and strongly adhered oxidized layer experience lower wear
and friction at higher temperatures. In contrast, at RT the
surface topography and the mechanical properties (espe-
cially hardness) govern the wear and friction mechanisms.

3.4 EDX Analysis

To perform EDX analysis, a Tescan (LYRA-3 Model) FIB-
SEM was used. The obtained spectra were analyzed with
the Oxford EDX software package, INCA. Before each test,
energy calibration was conducted using the standard copper
tape, where applicable. To achieve a reliable representation
of the chemical composition for each sample, energy spectra
were collected over at least four different areas. Mean and
the standard deviation of the obtained elemental composi-
tions were used as average and error bars in the following
figures. The acceleration voltage used for the CrC and Ni-P
coatings was 20 kV. Samples which have light element(s) in
their chemical composition, such as boron, present a special
challenge on the EDX technique. Normally higher accel-
erating voltages result in an overestimation of the boron
atomic composition, however this effect may be minimal
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. oxide
particles

Fig. 10 SEM images of the contact site on the balls tested at 450 °C at different magnifications: a, d CrC coating; b, e boronized coating; ¢, f
Ni-P coating. Scale bars show the same length in each row. Small squares in a, b, and ¢ depict the locations of d, e, and f respectively
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Fig. 11 Effect of EDX acceleration voltage on the obtained atomic
percentage of untested boronized nickel alloy coating

for high-boron content samples and could be minimized by
optimizing the acceleration voltage. Thus, for the boronized
nickel alloy coating a parametric study on the effect of the
accelerating voltage on the detected values was conducted.
Figure 11 depicts the obtained chemical compositions for
the untested boronized nickel alloy sample obtained at dif-
ferent acceleration voltages: boron atomic percentage did
not differ dramatically at an acceleration voltage of 5 kV
when compared to 10 and 20 kV, and one could observe that
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they are quite comparable within the margin of uncertainty.
Other elements such as iron and chromium may be affected
more meaningfully at lower acceleration voltages. To avoid
compromising the precise detection of atomic composition
of other relatively heavier elements such as iron, chromium,
tungsten, and cobalt as transferred materials, acceleration
voltage of 10 kV was selected for the boronized coating.
As a precautionary approach, the values of the detected ele-
ments reported only if the measured average value was more
than one percent and three times higher than the standard
deviation of the corresponding measurement.

Figures 12, 13, 14 present normalized elemental com-
position results obtained from EDX analyses conducted on
the untested as well as tested surface coatings at different
temperatures. The results help verify the previous discus-
sion regarding the intensity of oxidation, material transfer,
and changes in surface material compositions at different
temperatures. For reference, the atomic percentages of the
untested tungsten carbide balls, also obtained from EDX are:
Tungsten: 57 + 5%, Carbon 33 +3%, and Cobalt: 10 +2%.

Figure 12 shows the average atomic percentages of chro-
mium, carbon, iron, oxygen, cobalt, and tungsten elements
on the wear track of the disks used in the experiments con-
ducted with the CrC coatings. The obtained data at RT indi-
cate similar elemental composition of the coating before
and after the tests, which suggest an almost purely physical
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Fig. 12 EDX elemental atomic percentages measured inside the wear
tracks after tribo-testing at RT (23 °C) and 450 °C: CrC coating
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Fig. 13 EDX elemental atomic percentages measured inside the wear
tracks after tribo-testing at RT (23 °C) and 450 °C: boronized nickel
alloy coating
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Fig. 14 EDX elemental atomic percentages measured inside the wear
tracks after tribo-testing at RT (23 °C) and 450 °C: Ni—P coating

tribo-behavior for the tests conducted at RT. Thus, explain-
ing the changes in contacts at RT by referring to physical
phenomena, such as adhesion/abrasion is justified. However,
one can observe the diminishing of carbon and chromium at
the elevated tribo-testing temperature. Both elements are the
backbone of this coating structural skeleton. The transition
of CrC polishing wear rate at RT to a substantial wear rate at
450 °C is because of degradation of these two elements pos-
sibly through oxidation reactions. Chromium oxide (Cr,03)
is a protective oxide [53] when forms uniformly and can
adhere to the coating. In this case, it was fully developed and
formed a glaze layer at 450 °C. Sudden increase of oxygen
along with reduction of chromium could signify high pro-
duction of chromium oxide. As shown, untested chromium
carbide does not have any cobalt or tungsten constituents,
thus small percentage of cobalt and tungsten on the coating
surface represent the material transfer from the ball. Such
material transfer was observed in the SEM images as well,
and can change the dynamics of the contact. The oxidation
process of tungsten and tungsten carbide was thoroughly
investigated at RT to elevated temperatures [54], and weak-
ening of the bonding was reported in tungsten and tungsten
carbide with increasing temperature. This could justify the
emergence of tungsten content at 450 °C.

EDX results of the boronized nickel alloy experiments
are shown in Fig. 13. The boron content reduces slightly
at RT test wear track, however, it shows notable reduction
at 450 °C test wear track. It is known that the content of
the boron decreases as deeper layers of boronized surfaces
are penetrated [55]. Reduction in boron content correlates
with the penetration depth of the wear tracks. A higher oxy-
gen level on the RT sample is observed, compared to the
untested sample, which implies moderate oxidation of the
surface due to frictional heat generation and high contact
pressure. Elevating the temperature to 450 °C results in
higher oxidation of the surface which is clear from higher
oxygen content. Iron and boron as the main elements of the
boronizing coating follow similar trends, which was justified
by the penetration in the coating. Chromium and carbon con-
tent do not experience significant changes within the margin
of uncertainty.

Figure 14 shows the normalized atomic percentages of
the constituents of Ni—P coatings tribotested at different
temperatures. Increase in oxygen and iron percentages is
concurrent with, and could be justified by, a decrease in the
nickel content. A sharp increase in the oxidation is visible
at 450 °C, however, the coating oxidation starts at RT which
is due to very high frictional heat generation at the contact.
The EDX analysis shows considerable amount of phospho-
rous that diminishes as the temperature increases. Iron con-
tent also reveals penetration of the coating at 450 °C know-
ing that the substrate is rich in iron. One can correlate the
increase in the wear rate of Ni—P coating and the decrease in
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its nickel content. Several other studies have investigated the
critical role of nickel in increasing hardness and providing
corrosion protection for tribological applications especially
at elevated temperatures [48, 56].

4 Conclusion

The tribological properties and behavior of three coatings,
namely CrC, Ni-P, boronized nickel alloy and their sub-
strate, a Ni-resist alloy were investigated. Nanomechanical
properties of the boronized and Ni—P coatings were obtained
at RT, 200 °C, and 400 °C. Using a specialized tribometer,
in-situ friction was measured and the corresponding wear
rates were estimated at RT (23 °C) and 450 °C. Detailed
analyses of the resultant wear tracks using profilometry,
SEM and EDX techniques were carried out, resulting in the
following conclusions:

e Both boronized nickel alloy and CrC coatings exhibited
reasonably low wear rates at elevated temperature; the
boronized coating showed superior wear performance for
the tested temperature range. Ni—-P coating was almost
penetrated during high temperature test and deemed as
not suitable for high temperature applications under pre-
sent study conditions;

¢ Smooth Ni—P coating exhibited the highest COF, while
the rough surface of CrC yielded lower COF at RT tests;

e COF for all coatings followed a decreasing trend with
increasing temperature. This was due to the generation
of stable oxidation layers with lower shear resistance and
potentially material transfer between contacting surfaces.
In addition, topographical changes in the contact region
as well as changes in mechanical properties at elevated
temperatures contributed to the results;

e 3D Surface topography and mechanical properties of
the surfaces, particularly hardness were obtained using
instrumented nanoindentation technique. Both properties
play a critical role in low temperature wear and friction
behaviors, while at elevated temperatures their impor-
tance is balanced by the chemical composition of the
surface and the generated oxides;

e EDX analyses revealed the significance of oxides pres-
ence that is correlated to the tribological behavior of the
coatings such as reduction in COF. In addition, material
transfer from the sliding surface could alleviate the wear
rates which was shown by the results in this study;

e Based on this study, it is possible to use boronized nickel
alloy at elevated (up to 450 °C) tribological applications,
where the COF is sufficiently low (i.e., 0.6) and stable,
and the wear rate is low; and

e Friction and wear mechanisms of the coatings at elevated
temperatures depend strongly on the changes in the
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mechanical properties of the tribopairs, and the proper-
ties of the generated oxides.
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