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A B S T R A C T   

Though many models of wear have been proposed, the design of the lab-scale experimental procedures to 
reproduce and characterize a particular wear regime, scuffing, has been difficult to generalize and more limited 
in scope. In this study, we used a high-frequency reciprocating tribometer to determine a set of tribological 
experimental parameters that instigate material scuffing and yield reliable and repeatable results by varying 
grinding lay orientation, temperature, counter body material, substrate hardness, contact load, stroke length, and 
frequency. The onset of scuffing in through-hardened 52100 steel substrates lubricated with low viscosity fuels 
was most repeatable with a perpendicular grinding lay and alumina counterface, while no effect was observed 
with substrate temperature. The experimental method using a load progression from 1 N to 18 N was then used 
on several protective coatings to determine their effectiveness in inhibiting scuffing initiation.   

1. Introduction 

One of the most detrimental challenges facing mechanical compo-
nents is tribologically-induced damage and wear of contacting surfaces 
[1]. Among different wear mechanisms, specific research interest is 
attributed to the tribological phenomenon called scuffing [2] due to its 
catastrophic consequences leading to failure of mechanical systems, 
such as fuel systems in combustion engines. While the phenomenon of 
scuffing is not fully understood, its origin is usually attributed to 
insufficient lubrication under extreme load and speed conditions, lead-
ing to high friction, heat generation, adhesion, and oxidation between 
the sliding surfaces. 

Previously, several different models to explain scuffing were pro-
posed [2]. The major role in those models is usually attributed to the 
contact temperature increase. Specifically, Blok [3,4] suggested that 
scuffing is initiated when the contact temperature reaches some critical 
value associated with the instantaneous “flash temperature” rise in the 
sliding asperities. The contact temperature increase is largely affected by 
the sliding conditions, viscosity and chemistry of the liquid lubricant, 
and the roughness and thermal properties of the contacting surfaces. The 
number of those contacting asperities experiencing a flash temperature 

increase largely affected the degree of scuffing [5,6]. While in the 
standard flash temperature model the lubricant was mostly considered 
as a third body affecting friction and heat dissipation in the contact [7, 
8], later models suggested that scuffing originates upon the breakdown 
of the elastohydrodynamic lubrication (EHL) film when reaching a 
critical temperature leading to sudden lubricant viscosity change [9]. In 
case of the mixed and boundary lubrication regimes, the role of the 
lubricant viscosity was suppressed and more effect was attributed to the 
dominance of the lubricant desorption [10] or even decomposition [2] 
upon heating of the sliding surfaces resulting in the loss of lubrication 
and leading to the higher friction regime. In all the mentioned scuffing 
models, insufficient lubrication eventually led to the direct asperity in-
teractions and plastic flow of the materials in contact [11]. Large-scale, 
rapid wear of the material occurred as a result of the scuffing, and the 
process was affected by non-uniformity across the surface of a material, 
lubrication regime, surface finish, and material characteristics [12]. To 
further understanding of the effect of surface contact and sliding con-
ditions on scuffing, experimental efforts have been directed towards 
reaching the scuffing regimes in lab-scale settings. The key parameters 
that were considered in such studies are the effects of the environment, 
grinding lay orientation, surface roughness, and specimen materials 
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[12–16]. Their major requirement was to reach the scuffing regime over 
a short duration of the tests and modified conditions, such as the sliding 
velocity, displacement, fluid temperature, interface type, and load, and 
relate those results for the parameters for the applications where the 
scuffing was predicted. The design of such tests not only allows evalu-
ation of the application parameters but also rapid assessments of sug-
gested improvements in the materials and protective coatings. 

The components of fuel system assemblies that experience scuffing 
are commonly made of alloy steels, such as AISI 52100 steel. Under-
standing the failure of steel components in sliding contacts is, therefore, 
important for identifying potential solutions to the issue of scuffing in 
fuel systems. AISI 52100 steel components typically present low 

frictional values when operating under lubricated conditions and show a 
relatively low tendency of failure [17–19]. Such behavior in steel has 
been explained by the presence of iron carbide (cementite) formed 
within the steel matrix [20,21]. The cementite particles create an 
extremely hard and brittle substructure capable of withstanding friction 
and wear caused by steel on steel interactions. The drawback, however, 
is the fact that variations in the operating conditions may lead to failure 
of the fuel lubricity and result in the high friction between sliding steel 
surfaces. 

Here we use a high-frequency reciprocating tribometer to determine 
a set of tribological experimental parameters that instigate material 
scuffing and yield reliable and repeatable results. The ASTM D6079 
standard [22] utilizing the High-Frequency Reciprocating Rig was 
used as a basis for the development of new experimental parameters. 

Table 1 
Experimental parameters for investigations.  

Investigation Counter Body Surface Roughness Grinding Lay 
Orientation 

Load Frequency Stroke 
Length 

Duration Temp Lubricant 

GLO AISI 52100 
Steel 

0.176 μm (45◦ , 
parallel, 
perpendicular) 

45◦, parallel, 
perpendicular, 
isotropic 

1.96 N 50 Hz 1 mm 75 min 60 ◦C F-24 

0.028 μm (isotropic) 
TS AISI 52100 

Steel 
0.176 μm Perpendicular 1.96 N 50 Hz 1 mm 75 min 60 ◦C, 

40 ◦C, 
30 ◦C 

F-24 

CBM AISI 52100 
Steel, Al2O3, 
Si3N4 

0.028 μm Isotropic 1.96 N 50 Hz 1 mm 75 min 60 ◦C F-24 

LP1 Al2O3 0.176 μm (AISI 52100 
Steel) 

Perpendicular (AISI 
52100 Steel) 
Isotropic (PTI 76, PTI 
188, PTI 226) 

0.11–4.0 N 25 Hz 5 mm 60 min 40 ◦C F-24 

3.413 μm (PTI 76) 
4.776 μm (PTI 188) 
3.602 μm (PTI 226) 

LP2 Al2O3 0.176 μm (AISI 52100 
Steel) 

Perpendicular (AISI 
52100 Steel) 
Isotropic (PTI 76, PTI 
188, PTI 226) 

1.0 N (210 s) +
1.0–18.0 N (30 
min) 

25 Hz 5 mm 33.5 min 40 ◦C F-24, 
Ethanol 

3.413 μm (PTI 76) 
4.776 μm (PTI 188) 
3.602 μm (PTI 226)  

Fig. 1. Wear Scar Dimensions for GLO Investigation. Experiments were con-
ducted using AISI 52100 steel counter bodies and plates (Ra = 0.176 ± 0.003 
μm), a normal load of 1.96 N, the frequency of 50 Hz, the stroke length of 1 mm, 
the temperature of 60 ◦C, F-24 aviation fuel as a lubricant, and a duration of 
75 min. 

Fig. 2. Wear Scar Dimensions for TS Investigation. Experiments were con-
ducted using AISI 52100 steel counter bodies and plates (Ra = 0.176 ± 0.003 
μm), a perpendicular grinding lay orientation, a normal load of 1.96 N, fre-
quency of 50 Hz, the stroke length of 1 mm, F-24 aviation fuel as a lubricant, 
and a duration of 75 min. 
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Reciprocating contact is found in many fuel-lubricated interfaces in 
machinery like fuel pumps, as are localized areas of high contact stress 
even in otherwise conformal contacts. This standard is commonly used 
to determine fuel lubricity of heavy fuels, however we sought to eval-
uate the variations in contact material behavior with fuels. Therefore, 
the experimental parameters, such as grinding lay orientation, temper-
ature, counter body material, substrate, contact load, and stroke length 
were altered to determine the onset of scuffing in through-hardened 
52100 steel substrates and hard coatings. Our results suggest a 
detailed experimental approach for evaluating lubrication failure of 

several materials in F-24 and ethanol, and for assessing the tribological 
performance of protective coatings, as demonstrated with a cobalt-based 
alloy and tungsten carbide coatings. 

2. Experimental procedure 

2.1. Materials and fuels 

The experimental materials used in this study include AISI 52100 
steel, silicon nitride (Si3N4), alumina (Al2O3), thermal spray coatings of 
PTI 76 (Co-Cr-Mo alloy), PTI 188 (WC-17Co), and PTI 226 (WC-10Co- 
4Cr). The lubricants used were ethanol and F-24 jet aviation fuel. AISI 
52100 steel was chosen as a tribological flat specimen to represent the 
steels traditionally used in heavy fuel (diesel) engine fuel system com-
ponents. The AISI 52100 steel specimens were through-hardened to a 
hardness value of 782 HV0.5 (~62 HRC). The Co-Cr-Mo alloy, WC-17Co, 
and WC-10Co-4Cr were chosen as coating candidates because of their 
promising wear resistance characteristics reported previously in litera-
ture [23–25]. The hardness of the AISI 52100 steel and the coatings were 
measured with a Wilson VH1102 (Buehler) Vickers hardness tester. The 
microhardness values of the Co- Cr-Mo alloy, WC-17Co, and 
WC-10Co-4Cr were 649 ± 32 HV0.5, 1067 ± 108 HV0.5, and 1076 ± 97 
HV0.5, respectively. All three coatings were plasma thermally sprayed on 
the steel surfaces using the previously reported procedures of High Ve-
locity Oxygen Fuel (HVOF) process using Stellite Jet Kote gun [26]. The 
process used hydrogen & oxygen as fuel and the coatings were produced 
with powders of the alloys as feed stock. The particle velocity was over 
in the range of 400–500 m/s and their temperature ranged from 1900 up 
to 2200 ◦C. This projectile dynamics during HVOF process ensured 
excellent adhesion and dense coatings leading to their very high wear 
resistance. The adhesion of the coatings to the substrate were measured 
according to the ASTM standard C633 bond pull test and exceeded 10, 
000 psi for all three coating materials. The porosity of the coatings were 
measured by the photo standard and was found to be less than 1% for all 
three coatings. 

Two different surface finishes were used to investigate the effect of 
grinding lay orientation. For the perpendicular, parallel, and 45◦

grinding lay orientations, the surface roughness of the steel specimens 
was due to the final linear grinding procedure during specimen finish-
ing, with an average surface roughness (Ra) of 0.176 ± 0.003 μm. For the 
isotropic grinding lay orientation, the steel specimens were polished by 

Fig. 3. SEM backscattered electron images, iron EDS maps, oxygen EDS maps, and carbon EDS maps (from top to bottom) for experiments conducted at a) 60 ◦C, b) 
40 ◦C, and c) 30 ◦C, and d) atomic percentages of iron, oxygen, and carbon within wear scars averaged over the area inside the wear track. Experiments were 
conducted using AISI 52100 steel counter bodies and plates (Ra = 0.176 ± 0.003 μm), a perpendicular grinding lay orientation, a normal load of 1.96 N, frequency of 
50 Hz, the stroke length of 1 mm, F-24 aviation fuel as a lubricant, and a duration of 75 min. 

Fig. 4. Wear Scar Dimensions for CBM Investigation. Experiments were con-
ducted using AISI 52100 steel plates (Ra = 0.028 ± 0.003 μm) with isotropic 
grinding lay orientation, a normal load of 1.96 N, frequency of 50 Hz, the stroke 
length of 1 mm, the temperature of 60 ◦C, F-24 aviation fuel as a lubricant, and 
a duration of 75 min. 
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Fig. 5. COF vs. Time results for LP1 experiments in F-24 (left) and corresponding normal force vs. time plot (right). Insets are the optical images of the wear scars 
formed on flat steel surfaces. Experiments were conducted using AISI 52100 steel plates (Ra = 0.176 ± 0.003 μm), Al2O3 counter bodies, perpendicular grinding lay 
orientation, a normal load progression of 0.11 – 4.0 N, frequency of 25 Hz, the stroke length of 5 mm, the temperature of 40 ◦C, F-24 aviation fuel as a lubricant, and 
a duration of 60 min. 

Fig. 6. COF vs. Time results for LP2 experiments in F-24 (left) and corresponding normal force vs. time plot (right). Insets are the optical images of the wear scars 
formed on flat steel surfaces. Experiments were conducted using AISI 52100 steel plates (Ra = 0.176 ± 0.003 μm), Al2O3 counter bodies, perpendicular grinding lay 
orientation, a normal load progression of 1.0 – 18.0 N, frequency of 25 Hz, the stroke length of 5 mm, the temperature of 40 ◦C, F-24 aviation fuel as a lubricant, and 
a duration of 34 min. 

Fig. 7. COF vs. Time results for LP2 experiments in ethanol (left) and corresponding normal force vs. time plot (right). Insets are the optical images of the wear scars 
formed on flat steel surfaces. Experiments were conducted using AISI 52100 steel plates (Ra = 0.176 ± 0.003 μm), Al2O3 counter bodies, perpendicular grinding lay 
orientation, a normal load progression of 1.0 – 18.0 N, frequency of 25 Hz, the stroke length of 5 mm, the temperature of 40 ◦C, ethanol as a lubricant, and a duration 
of 34 min. 
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hand to an average surface roughness of 0.028 ± 0.003 μm. The Ra for 
the steel specimens was measured with a Zygo ZeGage Plus Optical 
Profilometer. 

Three different counter body materials were used to investigate the 
effect of counter body material: hardened AISI 52100 steel, Si3N4, and 
Al2O3. All three counter body balls had a diameter of 6 mm. The 

Fig. 8. SEM images of a.) WC-10Co-4Cr coating cross-section, b.) WC-10Co-4Cr coating/substrate interface, and c.) WC-10Co-4Cr composition. SEM images of d.) 
WC-17Co coating cross-section, e.) WC-17Co coating/substrate interface, and f.) WC-17Co composition. SEM images of g.) Co-Cr-Mo alloy coating cross-section, h.) 
Co-Cr-Mo alloy coating, and i.) Co-Cr-Mo alloy composition. 

Fig. 9. COF vs. Time results for LP2 experiments on AISI 52100 steel and various coatings in F-24 jet aviation fuel (left) and corresponding normal force vs. time plot 
(right). Insets are the optical images of the wear scars formed on flat surfaces. Experiments were conducted using several plate materials (AISI 52100 steel, Co-Cr-Mo 
alloy, WC-17Co, and WC-10Co-4Cr), Al2O3 counter bodies, a normal load progression of 1.0 – 18.0 N, frequency of 25 Hz, the stroke length of 5 mm, the temperature 
of 40 ◦C, F-24 aviation fuel as a lubricant, and a duration of 34 min. 
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grinding lay orientation investigation, temperature sensitivity investi-
gation, and counter body material investigation experiments were 
conducted with F-24 jet aviation fuel as lubricant. The load progression 
investigation experiments were conducted with both F-24 jet aviation 
fuel and ethanol. F-24 and Ethanol have a viscosity at 40 ◦C of 
approximately 1.36 cSt and 1.08 cSt [27], respectively, a viscosity 
substantially lower than for most lubricants and diesel fuel. 

2.2. Measurement method overview 

The tribometer used in this study is a CETR UMT-3 pin-on-plate 
tribometer. This tribological contact geometry was chosen due to its 
allowance of precise control of the contact conditions between the 
reciprocating flat and static counter body ball. The diameters of the ball 
counter bodies used were 6 mm with at least a 3 mm spacing interval 
between experiments on the flat surface. 

The output data used from the tribometer is the coefficient of friction 
(COF) between the counter body and plate throughout experiments. The 
COF is obtained from the applied load and the measured lateral forces of 
friction between the counter body and plate, as measured by strain- 
gauge load cells. A sample was considered to have scuffed if the COF 
data for an experiment exhibited a sudden and sustained increase in the 
COF during the experiment. 

The tribometer was used to conduct high-velocity experiments with 
static loads as well as load progressions, as outlined in Table 1. Notably, 
the sliding velocities tested in the proposed experiments are fairly low in 
comparison to the velocities observed in the heavy fuel engine fuel 
system applications. This low velocity in comparison to component 
speeds in fuel systems is not expected to be an issue, because scuffing 
was previously observed at the ends of the wear track where the ve-
locities reduce to zero at the turn-around points and result in a thinning 
and potential breakdown of the protective lubricant film [12]. Another 
condition difficult to mimic is the fluid temperature, as the temperature 
may vary drastically depending on the environment in which the me-
chanical system is operated. Here we chose the range of temperatures to 
test the reproducibility of the scuffing events. 

The ASTM D6079 standard for evaluating the lubricity of diesel fuels 
by the high-frequency reciprocating rig [22] was chosen as the basis for 
the experimental method developed in this study due to its inclusion of 

high-frequency reciprocating tribological contacts [28]. Of the existing 
parameters in the ASTM D6079 standard [22], the counter body mate-
rial, grinding lay orientation, load, frequency, stroke length, experi-
mental duration, temperature, and lubrication were changed to conduct 
the following investigations:  

• Grinding Lay Orientation Investigation (denoted at GLO): the 
orientation of the counter body movement relative to the grinding 
lay of the flat steel specimens was investigated in four values - 45◦, 
parallel, perpendicular, and isotropic as to determine which orien-
tation provided the most repeatable results. 

• Temperature Sensitivity Investigation (denoted as TS): the temper-
ature of experiments was investigated in three values - 60 ◦C, 40 ◦C, 
30 ◦C as to determine if lowering the temperature would drastically 
affect the results of experiments, preserve fuel in the tribometer 
reservoir due to evaporation, and make results more repeatable.  

• Counter Body Material Investigation (denoted as CBM): the counter 
body material was investigated for three different materials – AISI 
52100 steel, Al2O3, and Si3N4 as to determine which material pro-
vided the most repeatable results and which wore the least to be 
capable of imparting damage on hard ceramic coatings.  

• Load Progression Investigation, 0.11 N – 4.0 N (denoted as LP1): the 
load used during experiments was changed from static to a linear 
progression as to attempt to instigate scuffing. This load range was 
chosen based on the limitations of the 5 N load cell utilized for these 
experiments. In addition, the frequency of 25 Hz and stroke length of 
5 mm were implemented to increase the maximum linear sliding 
velocity to 0.25 m/s. This sliding velocity was increased to better 
represent the sliding velocities typically used in fuel injection sys-
tems while falling within the UMT-3 operating envelope.  

• Load Progression Investigation, 1.0 – 18.0 N (denoted as LP2): the 
load used during experiments was changed to an initial static load of 
1.0 N for a 210 s run-in period, followed by a linear progression. The 
load range used to investigate the effect on the instigation of scuffing 
events was limited by the load cell parameters. 

After experiments were completed, the counter bodies and flat 
specimens were removed and rinsed with acetone, followed by hexane, 
and then isopropyl alcohol. The wear tracks were imaged using a Zeiss 
LSM 700 Optical Microscope. The samples were also characterized using 
a Hitachi SV3500 Scanning Electron Microscope (SEM) equipped with 
Electron Dispersive Spectroscopy (EDS) to assess any changes in 
elemental concentration on the specimen surfaces during experiments. 
From the calibrated optical microscope images, the wear scar diameter 
of the worn counter bodies was calculated per the ASTM D6079 standard 
[22], as follows: 

WSD=
M + N

2  

Where WSD is the wear scar diameter in μm, M is the diameter in the x- 
axis (perpendicular to sliding) in μm, and N is the diameter in the y-axis 
(parallel to sliding) in μm [22]. Wear scar dimension on the flat surface 
was recorded perpendicular to the sliding direction in the center of the 
wear track. 

3. Results and discussion 

3.1. Grinding lay orientation investigation 

The wear scar dimensions for both the flat steel specimens and AISI 
52100 steel counter bodies for the experiments concerning the GLO 
investigation are presented in Fig. 1. Three experiments were conducted 
for each of the grinding lay orientations. The error bars shown in Fig. 1 
were calculated using a 90% confidence interval with two-sided t-dis-
tribution. Based on the error values, the perpendicular grinding lay 

Table 2 
Time of first COF increase and wear scar width of flat specimen for LP2 exper-
iments performed on AISI 52100 steel and coatings in F-24 and ethanol.  

Flat Material Lubricant Trial 
# 

Time of First COF 
Increase 

Flat Wear Scar 
Width 

AISI 52100 Steel F-24 1 – 186.6 μm 
2 – 218.4 μm 
3 – 226.0 μm 

Ethanol 1 626 s 340.5 μm 
2 537 s 333.7 μm 
3 1867 s 354.9 μm 

Co-Cr-Mo alloy 
(PTI 76) 

F-24 1 – 593.1 μm 
2 680 s 873.7 μm 
3 996 s 884.3 μm 

Ethanol 1 – 875.2 μm 
2 – 711.4 μm 
3 – 1014.7 μm 

WC-17Co (PTI 
188) 

F-24 1 – 993.5 μm 
2 – 973.8 μm 
3 – 1011.7 μm 

Ethanol 1 – 1214.9 μm 
2 1386 s 1218.0 μm 
3 – 1072.4 μm 

WC-10Co-4Cr 
(PTI 226) 

F-24 1 – 1601.7 μm 
2 – 1148.2 μm 
3 – 1022.3 μm 

Ethanol 1 – 1034.4. μm 
2 – 970.7 μm 
3 – 1067.8 μm  
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orientation provided the most repeatable results. Therefore, it was 
selected for the following experiments. 

3.2. Temperature sensitivity investigation 

The temperature fluctuations in the engine components may differ 
significantly but are estimated to fall within the range of − 20 ◦C to over 
100 ◦C [29]. As a precise operating temperature is not established, this 
study aimed to reduce the experimental temperature of the ASTM D6079 
standard [26] to preserve the fuels used during experiments, increase 
the repeatability of results, and aid data analysis for the experiments. 

The wear scar dimensions for both the flat steel specimens and AISI 

52100 steel counter bodies for the experiments concerning the tem-
perature sensitivity investigation are presented in Fig. 2. The experi-
ments at each temperature were repeated 2 to 3 times to determine the 
consistency of the results. The error bars shown in Fig. 2 were calculated 
using a 90% confidence interval with two-sided t-distribution. The error 
values indicate that when the temperature was lowered from 60 ◦C to 
40 ◦C the repeatability of results was improved. In addition to error 
calculations, ANOVA analysis was used to calculate the p-value for the 
wear scar dimensions for experiments performed at the three tempera-
tures. The p-value for the wear scar widths on flat specimens is 0.07, 
which is greater than the critical p-value 0.05, indicating that the dif-
ference between the flat wear scar width values at the varying 

Fig. 10. EDX images of wear scars created during experiments using the LP2 parameter set and F-24 jet aviation fuel. AISI 52100 steel flat substrate: a) SEM image, b) 
oxygen, c) iron, d) carbon. Co-Cr-Mo alloy flat substrate: e) SEM image, f) oxygen, g) cobalt, h) molybdenum, i) chromium, j) carbon, k) aluminum. WC-17Co flat 
substrate: l) SEM image, m) oxygen, n) cobalt, o) tungsten, p) carbon, q) aluminum. WC-10Co-4Cr flat substrate:r) SEM image, s) oxygen, t) cobalt, u) tungsten, v) 
chromium, w) carbon, x) aluminum. Experiments were conducted using several plate materials (AISI 52100 steel, Co-Cr-Mo alloy, WC-17Co, and WC-10Co-4Cr), 
Al2O3 counter bodies, a normal load progression of 1.0 – 18.0 N, frequency of 25 Hz, the stroke length of 5 mm, the temperature of 40 ◦C, F-24 aviation fuel as 
a lubricant, and a duration of 34 min. 
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temperatures is not statistically significant. 
EDS mapping of the wear scars formed on the steel plates during the 

TS investigation experiments are shown in Fig. 3. The EDS maps for 
experiments conducted indicates that lowering the temperature of ex-
periments did not significantly alter the distribution of oxygen within 
the wear scars. Fig. 3.d shows the atomic percentages of iron, oxygen, 
and carbon within the wear scars, as determined by selecting the wear 
scar area with EDS. As shown in Fig. 3.d, the amounts of oxygen within 
the wear scars for experiments conducted at 30 ◦C and 40 ◦C were 
similar, but in the experiment conducted at 60 ◦C the oxygen amount 
nearly doubled that suggests high importance of the temperature con-
ditions on the resulting performance of the materials. In addition, the 
viscosity of fuels and lubricants tends to be reported at 40 ◦C, thus 
introducing this temperature to the experimental method aids the 
analysis of results in future studies where the method is extended to 
different fuels. The enhanced repeatability of results and availability of 
fuel viscosity data resulted in the establishment of 40 ◦C as the tem-
perature used in further experiments. 

3.3. Counter body material investigation 

While the first experiments conducted in this study aimed to produce 
scuffing on AISI 52100 steel specimens, the experimental method was 
also extended to other materials, including hard ceramic coatings. Thus, 
altering the counter body material established in the ASTM D6079 
standard [22] was investigated to determine an accessible ceramic 
material that resists wear against other hard materials and improves the 
repeatability of results. This investigation was used to determine a 
material that will impart tribological damage to hard protective coat-
ings, thus allowing for evaluation of the materials resistance to scuffing. 

The wear scar dimensions for both the flat steel specimens and the 
AISI 52100 steel, Al2O3, and Si3N4 counter bodies for the experiments 
concerning the CBM investigation are presented in Fig. 4. Three exper-
iments were conducted for each of the counter body materials. The error 
bars shown in Fig. 4 were calculated using a 90% confidence interval 
with two-sided t-distribution. Based on the error values, the Al2O3 
counter bodies provided the most repeatable results. The Al2O3 counter 
body exhibited the smallest amount of wear compared to the AISI 52100 
steel and Si3N4 counter bodies, indicating Al2O3 is the best material 
choice in developing an experimental method that can impart tribo-
logical damage to AISI 52100 steel flats as well as hard ceramic pro-
tective coatings. 

3.4. Load progression investigation on AISI 52100 steel 

Load progressions, as opposed to static loads, have shown to aid in 
the instigation of the scuffing, such as in the studies of Suh et al. [14] and 
Riggs et al. [16]. The COF vs. time plots for the experiments conducted 
for the GLO, TS, and CBM investigations which utilized static loads 
(1.96 N) did not show a sudden and sustained increase in COF that is 
used here as one of the indications of scuffing. The first load progression 
chosen in this study was 0.11–4.0 N (LP1), with a linear increase in load 
over the span of the 60 min experiment. This small and low range of 
contact load, as well as 60 min experiment duration, were chosen to 
reflect the low loads that certain mechanical systems, such as engine fuel 
system components, experience during operation [30]. 

For the LP1 parameter set experiments using F-24 aviation fuel, the 
resulting COF vs. time data and optical images are shown in Fig. 5. Of 
the three experiments conducted, the third experiment (denoted as 
“Trial 3” in Fig. 5) exhibited a sudden increase in COF at approximately 
2750 s, correlating to a load of approximately 3 N. Also, the optical 
image of the flat steel wear scar corresponding to “Trial 3” is darker in 
comparison to the other two experiments, indicating this wear track 
experienced more oxidation [16]. Both the sudden increase in the COF 
and the greater extent of corrosion present for “Trial 3” indicate that 
scuffing occurred. 

After scuffing was successfully initiated using the LP1 parameter set, 
a run-in period with a 1.0 N load and 210 s duration was introduced to 
an increased load progression range (1.0–18.0 N). The load progression 
duration was decreased to 30 min for the parameter set LP2 (Fig. 6). 
These parameter changes were made to investigate whether making the 
load progression more aggressive would increase the likelihood to 
instigate scuffing. For the LP2 parameter set experiments using F-24 
aviation fuel, the resulting COF vs. time data and optical images are 
shown in Fig. 6. As seen in the COF vs. time data, none of the three 
experiments exhibited a sudden increase in the COF. Besides, all three of 
the flat steel wear scars show similar levels of corrosion visually due to 
the more aggressive loading. Thus, it is concluded that no scuffing 
occurred under the higher load progression in the presence of F-24 
aviation fuel. 

To assess the effect of lubrication with a less lubricious fuel using 
method LP2, three additional experiments were performed with ethanol 
instead of F-24 aviation fuel. Ethanol has a low viscosity [27] with no 
lubrication-aiding additives (unlike F-24). For the LP2 parameter set 
experiments using ethanol, the resulting COF vs. time data and optical 
images are shown in Fig. 7. The first experiment conducted (denoted as 
“Trial 1” in Fig. 7) exhibited an increase in COF at approximately 400 s, 

Fig. 11. COF vs. Time results for LP2 experiments on AISI 52100 steel and various coatings in ethanol (left) and corresponding normal force vs. time plot (right). 
Insets are the optical images of the wear scars formed on flat surfaces. Experiments were conducted using several plate materials (AISI 52100 steel, Co-Cr-Mo alloy, 
WC-17Co, and WC-10Co-4Cr), Al2O3 counter bodies, a normal load progression of 1.0 – 18.0 N, frequency of 25 Hz, stroke length of 5 mm, temperature of 40 ◦C, 
ethanol as lubricant, and a duration of 34 min. 
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correlating with a load of approximately 15 N, followed by a second 
increase in COF at approximately 1650 s. These two increases in COF 
correlate with approximate loads of 5 N and 15 N, respectively. The 
third experiment (denoted as “Trial 3” in Fig. 7) shows an increase in 
COF at approximately 1650 s, correlating with a load of 15 N. However, 
in contrast to the results of “Trial 3” in LP1, this increase in COF did not 
occur suddenly, but was achieved over about 200-s period. The optical 
images of the flat steel wear scars for all three experiments using LP2 in 
ethanol show corrosion, however with varying distributions. The peak in 
COF for “Trial 1” and “Trial 3” and the presence of corrosion indicates 
that a more severe wear regime was reached, however since it occurred 
over an extended amount of time it cannot be precisely stated to indicate 
a scuffing event occurred [12,31]. 

3.5. Load progression investigation on protective coatings 

To assess the effectiveness of the protective coatings in inhibiting the 
initiation of scuffing, LP2 parameter set experiments were performed on 
three protective coatings (Co-Cr-Mo alloy, WC-17Co, and WC-10Co- 
4Cr). SEM images and the composition of these coatings (determined 
with EDS) analysis are shown in Fig. 8. These coatings have a thickness 
ranging from approximately 200 μm–300 μm and were chosen for 
analysis due to their wear resistance [23–25]. 

Three to five trials were conducted for each coating in each fuel. For 
the LP2 parameter set experiments that used F-24 aviation fuel, the 
resulting COF vs. time data and the corresponding optical images of the 
formed wear tracks are shown in Fig. 9 for a representative trial. It was 

Fig. 12. EDX images of wear scars created during experiments using the LP2 parameter set and ethanol. AISI 52100 steel flat substrate: a) SEM image, b) oxygen, c) 
iron, d) carbon, e) aluminum. Co-Cr-Mo alloy flat substrate: f) SEM image, g) oxygen, h) cobalt, i) molybdenum, j) chromium, k) carbon, l) aluminum. WC-17Co flat 
substrate: m) SEM image, n) oxygen, o) tungsten, p) carbon, q) cobalt, r) aluminum. WC-10Co-4Cr flat substrate: s) SEM image, t) oxygen, u) tungsten, v) cobalt, w) 
chromium, x) carbon, y) aluminum. Experiments were conducted using several plate materials (AISI 52100 steel, Co-Cr-Mo alloy, WC-17Co, and WC-10Co-4Cr), 
Al2O3 counter bodies, a normal load progression of 1.0 – 18.0 N, frequency of 25 Hz, the stroke length of 5 mm, the temperature of 40 ◦C, ethanol as a lubri-
cant, and a duration of 34 min. 
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observed that the COF values during the load progression for Co-Cr-Mo 
alloy included sharp increases in two trials (see Table 2), whereas both 
WC-based coatings did not have any increases in COF and fell steadily. 
For Co-Cr-Mo alloy, the earliest increase in the COF occurred at 
approximately 470 s in one trial and 786 s in the other trial, corre-
sponding to approximate loads of 5 N and 8 N, respectively. The optical 
images in Fig. 9 show a darker track on the steel specimen and lighter 
patches in the wear tracks of the two WC-based coatings and the Cr-Co- 
Mo alloy coating. The lighter patches in these coatings corresponded to 
flatter areas that reflect more light, indicating a polishing of the topmost 
asperities of these comparatively (to steel) rough coatings. The optical 
images in Fig. 9 and wear scar width values in Table 2 show that the 
wear scars on the WC-based coatings are significantly wider than those 
produced on the AISI 52100 steel specimens. While the WC-based 
coating wear tracks have greater width values than that of the steel 
specimens, it is also noted that the wear marks on these specimens are in 
the form of patches (see Fig. 9), unlike the linear wear markings shown 
on the AISI 52100 steel specimens. The appearance of wear marks in 
isolated patches on the WC-based coatings indicates that only asperity 
wear occurred, and thus these materials experienced less wear relative 
to the less rough steel surfaces. 

EDS analysis of the wear scars produced on the flat specimens during 
these experiments is shown in Fig. 10. The wear track of the Co-Cr-Mo 
alloy specimen (shown in Fig. 10.e − 10.k) did not show signs of 
oxidation corrosion occurring during the experiment. Thus, if the in-
crease in the COF values of the Co-Cr-Mo alloy specimen during the 
experiment is indicative of scuffing, then the scuffing must have been 
non-oxidative. In case of the WC-17Co and WC-10Co-4Cr, the presence 
of aluminum in the wear track as indicated by the contrast on the 2D 
maps of the EDS analysis (Fig. 10.q and Fig. 10.x) suggest some material 
transferred from the Al2O3 ball, indicating that these materials were 
more wear-resistant as compared to AISI 52100 steel and Co-Cr-Mo 
alloy. Further, the increased presence of tungsten in the wear track of 
the WC-based coatings can be seen in patches corresponding to the 
brighter areas of the optical microscopy (Fig. 9). As the energy for the 
tungsten Mα spectral line in EDS analysis is approximately 1.8 keV [32] 
and tungsten has a high atomic number, these patches of high W con-
centration (Fig. 10.o and Fig. 10.u) are not likely to be the result of 
shadowing by other elements’ energies [32]. Thus, the greater concen-
tration of W present in the wear tracks for the WC-based coatings sug-
gests that tungsten may preferentially segregate in areas of wear. 

The LP2 load progression procedure was also performed on the 
coatings submerged in ethanol. These experiments were performed to 
investigate which coatings were more effective in inhibiting scuffing in 
the presence of a liquid of slightly lower viscosity than the F-24 jet fuel, 
but with drastically different chemistry. The resulting COF vs. time data 
and optical images of the wear tracks are shown in Fig. 11. All three 
trials performed on AISI 52100 steel included sharp increases in COF 
values, as shown in Table 2. For the AISI 52100 steel, the first increases 
in COF for the three trials occurred at approximately 416, 327, and 
1657 s. In addition, one trial for the WC-17Co coating included an in-
crease in COF value occurring at 1176 s, however, no increase was 
observed in the other two trials. For the WC-based coatings, it is possible 
that the conditions of the performed LP2 experiments could eventually 
lead to scuffing if the duration of the experiments was increased, and 
this increase in COF for one WC-17Co trial is indicative of this. From the 
data presented with the 34-min duration, however, it is evident that the 
WC-17Co coating is more resistant to scuffing than AISI 52100 steel. 
Specifically, the COF does not show any sudden increase in the value and 
optical images of the wear track suggest uniform flattening of the as-
perities similarly to the test in F-24. The WC-10Co-4Cr and Co-Cr-Mo 
alloy coatings did not show any increase in COF indicative of scuffing 
during any trials. 

EDS analysis of the wear tracks produced on the flat specimens 
during the LP2 investigation experiments in ethanol is presented in 
Fig. 12. As seen in Fig. 12.b, the AISI 52100 steel wear track showed that 

oxidation occurred during the experiment, as seen in the linear patches 
of oxygen concentration. The appearance of the oxidation in linear 
sections, separated by areas with less oxygen, indicates that oxide layers 
on the AISI 52100 steel surface were formed and subsequently broken 
and churned during the experiment, an indication that scuffing initiated 
in conjunction with the increase in COF (Fig. 11). Similarly to the ex-
periments performed in F-24 jet aviation fuel, the wear tracks have 
rough patchy appearance suggesting formation of broken and churned 
oxide layer during the experiments in ethanol performed using the Co- 
Cr-Mo alloy flat specimen (Fig. 12g). In addition, Fig. 12.r and Fig. 12. 
y show through the presence of aluminum in the wear track that ma-
terial transfer from the Al2O3 counter body to the WC-17Co and WC- 
10Co-4Cr substrates occurred. This shows that WC-17Co and WC- 
10Co-4Cr are wear-resistant not only in F-24 jet aviation fuel, but also 
in ethanol lubrication. EDS analysis of the wear tracks for tungsten 
carbide specimens indicates patchy nature of W, similarly to F-24 fuel. 

There are differences not only between the tribological performance 
of the steel and the coatings, but differences between the materials’ 
behaviors when worn in the two different fuels used. For example, the 
wear track widths are greater for experiments performed with ethanol 
lubrication for the AISI 52100 steel, Co-Cr-Mo alloy, and WC-17Co 
specimens (see Table 2). This can be attributed to the higher viscosity 
of F-24 fuel relative to ethanol, as the higher viscosity allows for thicker 
protective lubricant films to form and less direct contact between the 
specimens and counter bodies. However, the WC-10Co-4Cr wear tracks 
produced in ethanol have smaller widths than those produced in F-24 
(see Table 2). This may be attributed to the chromium content in the 
WC-10Co-4Cr coating, as in the electromotive series of metals chromium 
has a greater potential to oxidize than cobalt [33]. 

Another contrast between the experiments performed in F-24 and 
ethanol is the visual appearance of the wear scars produced on the flat 
specimens. As seen in Fig. 9, some of the perpendicular machining marks 
are left within the wear scar produced on the AISI 52100 steel flat in F- 
24 lubrication. In Fig. 11, the wear scar on the steel specimen produced 
within ethanol does not retain any machining marks, indicating that the 
steel specimen experienced more wear when submerged in ethanol. For 
the WC-based coatings, Figs. 9 and 11 show similar bright areas indic-
ative of asperity polishing when tested in two fuels. The Co-Cr-Mo alloy 
wear scar appearance differs in coloration depending on the fuel used 
during experiments. In Fig. 9, some discoloration of the wear track on 
the left-hand side is present for the wear track produced in F-24, while 
the wear track produced in ethanol (see Fig. 11) lacks this discoloration. 
This difference in the appearance of the wear scars may be attributed to 
the roughness variations of the wear scars and some residual contami-
nation from the fuel during optical microscopy imaging. The Co-Cr-Mo 
alloy specimen submerged in ethanol experienced more asperity wear 
than that produced in F-24 due to the thinner lubricant film provided by 
ethanol. This greater extent of asperity smoothening provides a wear 
scar that is less rough and more reflective. The Co-Cr-Mo alloy specimen 
wear scar produced in F-24 experienced less smoothening of asperities 
due to the thicker lubricant film produced by F-24, perhaps leading to 
more abrasive wear and producing the discoloration of the wear scar 
presented in Fig. 11. 

The results indicate that the Co-Cr-Mo alloy shows evidence of 
scuffing in F-24 fuel (see the increases in COF in Fig. 9) while there is no 
evidence of scuffing for the experiments performed in ethanol, which 
may be attributed to the chemistry of the fuels. It should be emphasized 
that the scuffing process largely depends on the synergy of several fac-
tors, including but not limited to abrasive wear, oxidation of the mate-
rial, material hardness, surface roughness, adhesion between material 
grains, and viscosity of the lubricant. Presence of the layered defects in 
Co-Cr-Mo, as observed in the SEM images of the coating cross-sections in 
Fig. 8 suggests that this coating candidate might be more vulnerable to 
the scuffing processes. 
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4. Conclusions 

In conclusion, we created a detailed study of scuffing initiation in 
sliding steel components lubricated by low-viscosity fuels such as 
ethanol. By varying the temperature of the experiments, grinding lay 
orientation, counter body material, and load we established the set of 
parameters leading to reproducible friction and wear of the steel sur-
faces. Specifically, we demonstrated that the perpendicular grinding lay 
orientation provides the most repeatable results. Variations in the 
temperature from 30 to 60 ◦C had almost no effect on the wear scar 
dimensions and repeatability of results. Variation in the counter body 
material suggested that use of alumina results in the most repeatable 
results which is attributed to the limited wear of the ball surfaces in 
comparison to steel. 

We further tested the method for scuffing analysis with three coating 
candidates, Co-Cr-Mo alloy, WC-17Co, and WC-10Co-4Cr. Load pro-
gression experiments that were performed in F-24 fuel and ethanol 
indicated that WC-based materials (WC-17Co and WC-10Co-4Cr) are 
resistant to scuffing initiation in comparison to uncoated steel surfaces. 
In contrast, the Co-Cr-Mo alloy indicated scuffing in lower viscosity 
ethanol. 

Our results suggest a detailed experimental approach for evaluating 
scuffing resistance of materials and lubrication reliability of fluids used 
in mechanical components. While reproducing the same operation set-
tings in the lab environment are challenging, the proposed method 
creates a more rapid evaluation of the surfaces and coatings suitability 
for the operation in fuel environments. Thus, the screening of the po-
tential material candidates can be performed more efficiently. 
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