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Incoloy 825 is a Ni-Fe-Co superalloy which is used at temperatures in a wide range of temperatures from
room temperatures to 650 �C. To overcome difficulty of testing of wear properties of the material in this
wide range, Response Surface Methodology is used to assess the wear behaviors such as coefficient of
friction (CoF), wear track area and specific wear rate under varying dry sliding test variables such as
sliding speed, load and especially temperature. Central composite design was performed to determine
experimental sets of independent parameters. Dry sliding wear tests with these parameter sets were carried
out on the Incoloy 825. The response surfaces constructed by using these test results revealed that the
temperature, load, and speed affect response variables in a complex way. The CoF is negatively influenced
by increase in load and speed, but the CoF behaves in adverse manner in high temperatures, as shown by
the established response model. Wear track area tends to decrease as the temperature rises up to 650 �C. In
high temperatures, the wear rate reduces as the load increases, but it rises when the sliding speed increases.
SEM and EDS analyses showed that the wear behavior changed from plastic deformation to oxidation type
wear mechanism with the increase in temperature, load and speed.

Keywords failure mechanisms, friction, response surface
methodology, superalloy, wear

1. Introduction

Superalloys are critical high-temperature engineering mate-
rials. The superalloys originated from the development of
austenitic stainless steels between 1950 and 1970. The
difference of superalloys from stainless steels is that they
contain elements such as Ni, Cr, Ni, Mo, Ti at a higher rate (Ref
1-3). Although the prices of these elements are higher than Fe,

they give unique properties to superalloys. That is, while Ni
addition provides resistance to chloride-iron stress-corrosion
cracking, when Ni and Mo are doped together, they ensure
resistance against reducing environments and pitting corrosion.
Existence of Cr provides resistance to various oxidizing agents
such as nitric acid, nitrate, and oxidizing salts, while Ti
stabilizes the susceptibility to intergranular corrosion (Ref 3-5).

Superalloys are generally classified as Ni-based superalloys,
Co-based superalloys and Iron-based superalloys depending on
the base element that makes up their content. However, in
alloys such as Incoloy 825, where the elements in the alloy are
close to each other, they can also be named by giving the names
of the three elements with the highest ratio forming the
chemical composition (Ref 6).

For high temperature applications (> 700 �C), nickel- and
cobalt-based superalloys are favored,while iron-based superalloys
are extensively employed in intermediate temperature applications
(650 �C). Incoloy 825 alloy is one of the superalloys called Ni-Cr-
Fe alloy, which is in the chemical composition ranges of Ni- and
Fe-based superalloys (Ref 3, 7). The Incoloy 825 alloy, which is
based onNi-Fe-Cr, is a solid-solution-strengthened superalloy that
is extensively used in critical applications due to its superior
resistance to uniform local corrosion in diverse atmospheres and
the ability to maintain a high mechanical stability over a wide
temperature range (Ref 8, 9).

Considering the wide usage area of Incoloy 825 alloy such
as chemical processing, oil and gas recovery, pickling opera-
tions, acid production, handling of radioactive wastes and
nuclear fuel reprocessing (Ref 10), it has been determined that
this alloy is widely used at temperatures from room temperature
to 650 �C. During literature surveys, it has been determined
that although there are many studies on weldability, machin-
ability, and corrosion resistance (Ref 11-13) but studies on wear
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behavior are limited. Therefore, it is of great importance to
understand the wear behavior of this alloy in the specified
temperature ranges. Because, it is stated that the cost of energy
and material loss due to abrasion in the world is over 2500
Billion Euros per year.

Although Incoloy 825 is used in tribocorrosive environ-
ments with wide range compelling factors such as temperature,
load and sliding speed (s), there is a lack of systematic studies
found in the literature to determine wear behavior of this
material. To determine wear behavior in a wide range of
varying conditions, wear tests require multiple iterations to
cover all application areas. This problem can be solved by
using appropriate experimental designs with determination of
cost-effective parameter ranges and developing proper regres-
sion models. So that wear behavior of the material can be
predicted in concerned conditions without making trials. RSM
is one of the tools used in developing a regression model, and it
is a method that has proven its effectiveness and has a wide
range of uses. For this reason, considering abrasive working
environments, wear behavior i.e., coefficient of friction (CoF),
wear track area (A), and specific wear rate (SWR), of Incoloy
825 under varying conditions i.e., temperatures between 25 and
650 �C, sliding speed between 150 and 250 mm/s and load
between 5 and 20 N was investigated in this study.

2. Materials and Method

2.1 Experiment Design for Response Surfaces

First stage of the response surface methodology is determi-
nation of independent parameters that influences the responses
(Ref 14, 15). Load, sliding speed and temperature are the
independent parameters and CoF, A and SWR are the
dependent parameters (responses) in this study. Since Incoloy
825 is exposed to temperatures between room temperature and
650 C in industrial usage areas, the same temperature range was
taken as basis in this study (Ref 10, 11, 13). In addition, the
parameters required for the formation of visible traces were
determined with the pioneer tests and used in the experimental
design. A brief information is given about the independent
parameters as presented in Table 1.

Set values of the factors for experiments were determined by
utilizing Central Composite Design (CCD). Experimental set
values and corresponding response values are presented in
Table 2. Statistical operations have been conducted by means of
Design Expert� commercial statistical software. Applied
methodology and steps followed in this study is stated in Fig. 1.

2.2 Experimental

In this study Incoloy 825, theoretical chemical composition
of which listed in Table 3, specimens were prepared in
rectangular prism with dimensions 25 9 25 9 2,5 mm by

using high-speed precision cutting device. Before the wear test
the specimens were grinded to get surface quality Ra < 0.20
lm. The optical microscope image of Incoloy 825 alloy is
shown in Fig. 2.

As seen in Fig. 2, the microstructure of Incoloy 825 alloy
consists of equiaxed grains, parallel lines indicating twinning
mechanisms within grains (Ref 16), and well-defined grain
boundaries. In addition, some secondary phases are occasionally
seen in the matrix. Kangazian et al. (2017) determined that these
phases are TiN or TiCN, and even if high soaking temperatures
are used, these phases do not dissolve easily during the annealing
process and persist in the structure (Ref 17).

Load, sliding speed and temperature values for each
experiment were determined by CCD. Then, the wear tests
were performed by using a ball-on-disk type wear machine
(Turkyus POD&HT&WT, Turkey) equipped with temperature-
controlled cell. Wear track diameter and sliding distance were
kept constant at 10 mm and 200 m, respectively, for all
experiments. Al2O3 abrasive ball with 1428 HV10 hardness and
6.0 mm diameter were used as abrasive ball in the experiments
because of its high temperature stability (Ref 7, 19).

Profile of the wear track was inspected at four sections on
each specimen by means of 3D Hommelwerke T8000 GmbH
Germany optical profilometer. Worn area during the experiment
was determined by using profilometer images. Volume losses
and special wear rate of the samples were calculated by using
worn area. The specific wear rate (k) was estimated with
Archard�s wear law (Eq. 1), where V is the volume loss, L is the
applied load and D is the total relative sliding distance as stated
in the previous study (Ref 20, 21).

SWR ¼ V

L � D ðEq 1Þ

3. Results and Discussion

Set values of the sliding speed, load and temperature were
obtained by CCD for each experiment and are listed in Table 2.
Corresponding maximum contact pressure, maximum shear
stress, and contact radius values are calculated by means of
HertzWin software, which utilizes Hertzian stress equations to
calculate contact parameters, according to these parameters and
added in Table 2.

It is seen from Table 2 that maximum contact pressure,
maximum shear stress, and contact radius values increase as the
load increases. On the other hand, these values decrease with
increase in the temperature. Reason for increase in the
maximum contact pressure, maximum shear stress and contact
radius is action of bigger force values with increasing load. On
the other hand, resistance of the base material against the ball
decreases in higher temperatures because Young modulus and
Poisson ratio values of substrate decrease (Ref 22).

Table 1 Information summary about independent variables

Factor Name Units Minimum Maximum Coded low Coded high Mean Std. dev

A (s) Speed mm/s 150 250 -1 (170.27) + 1 (229.73) 200.00 25.21
B (L) Load N 5 20 -1 (8.04) + 1 (16.96) 12.50 3.78
C (T) Temperature Celsius 25 650 -1 (151.69) + 1 (523.31) 337.50 157.53
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Results of experiments conducted with independent param-
eter sets listed in Table 3 and regression model predictions
corresponding to these parameters are presented in Table 4.

3.1 Statistical Results

Analyses of variances (ANOVA) were conducted to find
the impact of factors on each response i.e., CoF, A, and
SWR by using set values of the factors and results of the
experiments.

3.1.1 CoF Model. Results of ANOVA studies for CoF are
presented in Table 5. Degrees of freedoms (DF) in an ANOVA
table indicate the measure of information involved in the data
on the subject. The F value in the ANOVA table determines the
ratio of explained variance to unexplained variance. If the
model and term F values are greater than the critical F value in
the 95% confidence interval then the model is significant.
Significance of the model or considered term is also tested by p
value. In hypothesis testing, p value is used to support or reject

Table 2 Set values of independent variables used in the experiments

Exp.
No

Sliding speed,
mm/s

Load,
N

Temperature,
�C

Max. contact
pressure, GPa

Max. shear stress,
MPa

Depth of max. shear
stress, lm

Contact
radius, lm

E1 229.73 16.96 523.31 1.145 360.2 40.06 84.10
E2 229.73 16.96 151.69 1.211 382.3 38.82 81.78
E3 250.00 12.50 337.50 1.063 336.2 35.51 74.93
E4 170.27 8.04 151.69 1.094 345.3 35.06 73.87
E5 200.00 5.00 337.50 0.783 247.7 26.17 55.21
E6 200.00 12.50 337.50 1.063 336.2 35.51 74.93
E7 170.27 16.96 523.31 1.145 360.2 40.06 84.10
E8 200.00 12.50 337.50 1.063 336.2 35.51 74.93
E9 200.00 12.50 650.00 1.022 317.0 36.93 76.40
E10 170.27 16.96 151.69 1.211 382.3 38.82 81.78
E11 200.00 20.00 337.50 1.243 393.2 41.53 87.64
E12 170.27 8.04 523.31 0.892 280.9 31.24 65.58
E13 200.00 12.50 337.50 1.063 336.2 35.51 74.93
E14 200.00 12.50 337.50 1.063 336.2 35.51 74.93
E15 200.00 12.50 337.50 1.063 336.2 35.51 74.93
E16 229.73 8.04 523.31 0.892 280.9 31.24 65.58
E17 200.00 12.50 25.00 1.110 350.5 34.80 73.34
E18 200.00 12.50 337.50 1.063 336.2 35.51 74.93
E19 229.73 8.04 151.69 0.944 298.1 30.27 63.77
E20 150.00 12.50 337.50 1.063 336.2 35.51 74.93

Fig. 1 Methodology and steps used in the study

Table 3 Theoretical chemical composition of Incoloy 825 (Ref 18)

Ni Fe min Cr Mn Mo Ti C Nb Si Al Impurities

40.18 30.32 22.6 0.67 2.88 0.94 0.008 0.025 0.26 0.1 Rest
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Fig. 2 OM microstructure view of Incoloy 825 Ni-CriFe superalloy

Table 4 Experiment results and predicted values of CoF, A and SWR obtained by regression models

Exp. No

Coefficient of friction (CoF) Wear track area (A), lm2 Specific wear rate (SWR), mm3/Nm 3 10–6

Actual value Predicted value Actual value Predicted value Actual value Predicted value

E1 0.4890 0.485 11,750 11,132 108.77 81.18
E2 0.3055 0.234 11,946 11,328 110.59 83.00
E3 0.3283 0.345 11,308 12,182 142.02 181.04
E4 0.9010 0.793 3331 2713 65.04 37.45
E5 0.4352 0.496 3516 4390 110.4 149.42
E6 0.3812 0.318 9646 12,952 121.15 168.48
E7 0.4907 0.452 11,025 10,408 102.06 74.47
E8 0.3272 0.318 13,620 12,952 171.07 168.48
E9 0.3403 0.377 4365 7334 54.82 97.93
E10 0.4990 0.516 7695 7077 71.23 43.64
E11 0.3430 0.371 17,452 18,326 137.00 176.02
E12 0.3647 0.324 19,300 18,682 376.86 349.27
E13 0.2891 0.318 12,270 12,952 154.11 168.48
E14 0.3382 0.318 14,300 12,952 179.61 168.48
E15 0.3008 0.318 17,770 12,952 223.19 168.48
E16 0.3860 0.356 39,500 38,882 771.29 743.70
E17 0.5102 0.561 15,600 18,569 195.94 239.04
E18 0.2866 0.318 14,595 12,952 183.31 168.48
E19 0.4851 0.511 2235 1617 43.64 16.05
E20 0.4845 0.555 14,780 15,654 185.64 224.65

Table 5 ANOVA Results for CoF

Source Sum of squares DF Mean square F-value p value

Model 0.3254 8 0.0407 10.65 0.0003 Significant
s-Speed 0.0532 1 0.0532 13.93 0.0033 …
L-Load 0.0189 1 0.0189 4.94 0.0482 …
T-Temperature 0.0407 1 0.0407 10.67 0.0075 …
sT 0.0495 1 0.0495 12.95 0.0042 …
LT 0.0821 1 0.0821 21.51 0.0007 …
s2 0.0316 1 0.0316 8.27 0.0151 …
L2 0.0239 1 0.0239 6.25 0.0295 …
T2 0.0412 1 0.0412 10.8 0.0073 …
Residual 0.042 11 0.0038 … … …
Lack of fit 0.0355 6 0.0059 4.5 0.0599 Not significant
Pure error 0.0066 5 0.0013 … … …
Cor total 0.3674 19 … … … …

4164—Volume 32(9) May 2023 Journal of Materials Engineering and Performance



the null hypothesis. This value is a proof that the null
hypothesis is false. In general it is assumed that if the p value is
smaller enough (less than 0.05 for the model and 0.1 for a term)
then the model or term is supposed to have a significant effect
on the response (Ref 23).

Reduced quadratic model in which the terms with p value of
bigger than 0.1 are eliminated is developed for CoF. ANOVA
results of CoF are listed in Table 5. Degree of freedom in the
table is 8 which means the model constructed by using 8 terms.
The Model F-value of 10.65 indicates that the model is
significant, and the model p value of 0.0003 indicates that there
is only a 0.03% chance that the F-value could occur due to
noise. The model and terms s (speed), L (load), T (Tempera-
ture), sT, LT, s2, L2 and T2 are significant because they have p
values less than 0.1.

In Table 5, the ANOVA table created for CoF, it is seen that
the speed is the most effective and the load is the least effective
among the single parameters. In addition, considering the
interactions of the parameters, it is seen that the L*T interaction
is the most effective term on the COF. In a study conducted on
AISI 316L at constant temperature, it is seen that CoF is
significantly affected by the interactions of load, sliding speed
and sliding distance, on the other hand, floor*speed and
distance*speed (Ref 21). Considering that the distance is
constant and the temperature is variable in the current study, the
differences are considered normal.

R-squared (R2) is a statistical measure that quantifies the
proportion of variation explained by an independent variable or
variables in a regression model for a dependent variable. On the
other hand, a high R2 value does not always mean that the
regression model is good. Because regardless of whether the
variable is statistically significant, adding a new variable to the
model always increases the R2 value. So, in most statistical
applications adjusted R2 (R2

adj) is used with or instead of R2. To
increase the accuracy of the model, the R2

adj value increases
when a necessary term is added, and when an unnecessary term
is added this term decreases. In a good model, R2 and R2adj

values are expected to be close to each other (Ref 24, 25).
CoF depends on various properties of the materials in

contact, such as applied load, sliding speed, temperature, wear
debris, etc. (Ref 26). CoF model has R2 and R2

adj values of 0.89
and 0.80, respectively. Since the R2

adj is %80 of R2 and R2 is at
an acceptable level the model is assumed to be adequate (Ref
27, 28).

Regression coefficients for CoF model in terms of coded and
actual factors are listed in Table 5. The magnitude of the
coefficients in terms of coded factors reflects the relative weight
of that term in the regression model. It is seen from the
table that the terms, s, L and T have negative effect on the CoF.
On the other hand, the terms sT, LT, s2, L and T2 influence
positively the response. Rational impact of the terms on the
CoF is also presented on Table 6.

Developed regression model for CoF stated by using coeffi-
cients in terms of actual factors is formulated by Eq. 2. The
predicted-against-actual-values graphs of the response variables
in Fig. 3 depict the regressionmodel’s fit to the real experimental
data. It can be seen in Fig. 3(a) that the graph’s points are
distributed uniformly and are close to the 45� line (Ref 18). This
implies that the model aptly describes the real case.

CoF ¼ 5:03266� 0:2809s� 0:10076L� 0:00572T

þ 0:000014sTþ 0:000122LTþ 0:000053s2

þ 0:002046L2 þ 0:00000155T2 ðEq 2Þ

3.1.2 Average Wear Track Area. For the average wear
track area, a reduced cubic regression model was created, and
the ANOVA results are shown in Table 7. The model developed
by using 12 terms. F-value and p value of the model are 10.67
and 0.0022, respectively. This indicates that the model is
significant, with a 0.22 percent possibility of being this F value
due to noise. The terms L (load), T (temperature), LT, sLT, s2L,
s2T and sL2 are significant in the model with p values of less
than 0.1. The other terms i.e., s (speed), AB, AC, A2, B2 are
insignificant and included in the model due to hierarchy.

In Table 7, it is seen that the parameter with the highest
direct effect on the wear track area is the load, and L*T and s2T
are quite effective in multiple interactions.

The R2 and R2
adj values for the area model are 0.95 and

0.85, respectively. The model is judged to be adequate because
the R2

adj is in the region of 80 percent of R2 and R2 is at an
acceptable level (Ref 27, 28).

Table 8 shows the regression coefficients for the average
track area model in terms of coded and real components. It is
seen from the table that s, T, sL, LT, s2, s2T and sL2 effect
positively the area and the other terms (L, sT, L2, sLT, s2L) have
negative effect on the response. The terms s2T, s2L, LT and L
have biggest rational impact on the model with values of 23.56,
15.62, 14.20 and 9.40%, respectively.

Equation 3 is a developed regression model for area that is
expressed using coefficients in terms of actual factors in
Table 8. The graph’s points are distributed uniformly and are
close to the 45� line, as seen in Fig. 3(b). This means that the
model accurately describes the real-world situation.

A ¼ �100156þ 179:514s� 37354:875Lþ 2210:782T

þ 557:164sL� 23:319sTþ 17:632LTþ 0:884s2

� 1395:705L2 � 0:126sLT� 1:747s2Lþ 0:063s2T

þ 6:837sL2

ðEq 3Þ

3.1.3 Specific Wear Rate. For specific wear rate, a
reduced cubic model was established. Table 9 shows the
results of the ANOVA. Degree of freedom of the model is 12
and it is constructed by 12 terms. The model has an F-value of
12.27 and a p value of 0.0014, indicating that it is significant.
The terms sT, LT, sLT, s2L and s2T, in the model show

Table 6 Regression coefficients of CoF model in terms of
coded and actual factor and rational impact of the terms
on the response

Factor

Coefficient in
terms of coded

factors

Coefficient in
terms of actual

factors

% Effect on
the

response

Constant 0.318 5.03266 …
s (Speed) � 0.0624 � 0.02809 13.13
L (Load) � 0.0372 � 0.10076 7.83
T (Tempera-

ture)
� 0.0546 � 0.00572 11.49

sT 0.0786 0.000014 16.54
LT 0.1013 0.000122 21.32
s2 0.0468 0.000053 9.85
L2 0.0407 0.002046 8.57
T2 0.0535 1.55E-06 11.26
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significant p values less than 0.1. The terms s (speed), L (load),
T (temperature), sL, s2, L2 and sL2 are contained in the model
because of hierarchy.

That S, L and T neither have a direct significant effect on
SWR. However, it is seen that L*T, s2L and s2T have an effect
on SWR, most notably in the form of interaction of factors. On
the other hand, in the study on AISI 316L, it was reported that
the load, speed and sliding distance and their cross-interactions
were evident on SWR (Ref 21).

R2 and R2
adj for the SWR model are 0.95 and 0.88,

respectively. The difference between R2 and R2
adj is less than

20% of the net amount, indicating that the model is accept-
able (Ref 27, 28).

Regression coefficients of coded and actual factors are listed
in Table 10. The terms effecting the SWR model in negative
way are s, L, sT, L2, sLT, s2L and sL2. On the other hand T, sL,
LT, s2, s2T and sL2 have positive effect on the response. The
terms s2T, LT and s2L have biggest impact and the other terms
have minor impact on the response.

For the development of the regression equation of width,
which is specified in Eq. 4, coefficients in terms of actual
components are utilized. Actual versus predicted SWR values
are shown in Fig. 3(c). In the vicinity of the 45� line, the points
in the graph exhibit a relatively good distribution. This
demonstrates that the regression model is a good fit for reality.

SWR ¼ �1240:29� 0:1241s� 659:94Lþ 37T þ 9:461sL

� 0:39sT þ 0:303LTþ 0:021s2 � 22:209L2

� 0:0023sLT� 0:029s2Lþ 0:0011s2Tþ 0:111sL2

ðEq 4Þ

3.2 Discussions

Computer simulations are important in the wear event.
Because it can provide an overview of the relationship between
laboratory testing and computer simulations performed, and
how the use of both, with all their limitations, can help explain
the complex issue of microstructural changes in the wear
phenomenon (Ref 29).

Fig. 3 Predicted vs. actual distribution for responses
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Table 7 ANOVA Results for track area

Source Sum of squares df Mean square F-value p value

Model 1.16E + 09 12 9.65E + 07 10.67 0.0022 Significant
s-Speed 6.03E + 06 1 6.03E + 06 0.6665 0.4412 …
L-Load 9.71E + 07 1 9.71E + 07 10.74 0.0135 …
T-Temperature 6.31E + 07 1 6.31E + 07 6.98 0.0333 …
sL 2.50E + 07 1 2.50E + 07 2.76 0.1407 …
sT 3.95E + 07 1 3.95E + 07 4.36 0.0751 …
LT 3.14E + 08 1 3.14E + 08 34.69 0.0006 …
s2 1.70E + 06 1 1.70E + 06 0.1877 0.6779 …
L2 4.62E + 06 1 4.62E + 06 0.5109 0.4979 …
sLT 7.70E + 07 1 7.70E + 07 8.51 0.0224 …
s2L 1.57E + 08 1 1.57E + 08 17.38 0.0042 …
s2T 3.58E + 08 1 3.58E + 08 39.52 0.0004 …
sL2 5.42E + 07 1 5.42E + 07 5.99 0.0443 …
Residual 6.33E + 07 7 9.05E + 06 … … …
Lack of fit 2.71E + 07 2 1.36E + 07 1.87 0.2474 Not significant
Pure error 3.62E + 07 5 7.24E + 06 … … …
Cor total 1.22E + 09 19 – … … …

Table 8 Regression coefficients of wear track area model in terms of coded and actual factor and rational impact of the
terms on the response

Factor Coefficient in terms of coded factors Coefficient in terms of actual factors % Effect on the response

Constant 12,951.73 � 100,156 …
s (Speed) � 1032.33 179.514 2.34
L (Load) 4143.3 � 37,354.875 9.40
T (Temperature) � 3340.19 2210.782 7.58
sL � 1766 557.164 4.01
sT 2221.25 � 23.319 5.04
LT � 6262.42 17.632 14.20
s2 341.51 0.884 0.77
L2 � 563.47 � 1395.705 1.28
sLT � 3102.75 � 0.126 7.04
s2L � 6887.13 � 1.747 15.62
s2T 10,386.27 0.063 23.56
sL2 4042.33 6.837 9.17

Table 9 ANOVA Results for SWR

Source Sum of squares df Mean square F-value p value

Model 4.56E + 05 12 38,003.79 12.27 0.0014 Significant
A-Speed 951.03 1 951.03 0.307 0.5968 …
B-Load 353.74 1 353.74 0.1142 0.7453 …
C-Temperature 9956.24 1 9956.24 3.21 0.1161 …
AB 13,363.21 1 13,363.21 4.31 0.0764 …
AC 18,354.23 1 18,354.23 5.92 0.0451 …
BC 1.28E + 05 1 1.28E + 05 41.2 0.0004 …
A2 2148.82 1 2148.82 0.6937 0.4324 …
B2 60.4 1 60.4 0.0195 0.8929 …
ABC 25,140.87 1 25,140.87 8.12 0.0247 …
A2B 44,534.82 1 44,534.82 14.38 0.0068 …
A2C 1.02E + 05 1 1.02E + 05 32.95 0.0007 …
AB2 14,152.8 1 14,152.8 4.57 0.0699 …
Residual 21,684.69 7 3097.81 … … …
Lack of Fit 15,972.1 2 7986.05 6.99 0.0356 Significant
Pure Error 5712.6 5 1142.52 … … …
Cor Total 4.78E + 05 19 … … …
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3.2.1 Coefficient of Friction. CoF behavior of specimens
against time under changing under different temperature, load
and sliding speed conditions are plotted in Fig. 4(a), (b) and (c),
respectively.

CoF behavior of specimens against time under changing
under different temperature, load and sliding speed conditions
are plotted in Fig. 4(a), (b) and (c), respectively. It seen in
Fig. 4(a) that, increase in the temperature causes decrease in the
CoF levels. This is because of an oxidation mechanism
occurring in metallic materials owing to oxidation on the
surface of the substrate subjected to dry sliding test under
unlubricated conditions (Ref 29). This type of wear is known as
oxidation wear and it is a result of reaction of ambient oxygen
and metal surface (Ref 30). Oxidation on the surface mostly
tends to decrease CoF but after some sliding time the oxide
layer is broken and it effects CoF behavior conversely (Ref 31,
32). Even in experiment conducted at room temperature
oxidation type wear can occur. Because temperature at
contacting surface may rise dramatically due to interaction of
load and speed at high values. At high temperatures elemental
metal turns into metal oxides. Metallurgists are well aware that
the hardness of metal oxides can be two or three times that of
the metal itself (Ref 32). On the other hand, metal oxides have
much lower heat and electrical conductivity (Ref 33) which
may lead oxide layer change into more composite structure or
change in the type of chemical compound.

In Fig. 4(b) CoF is decreased slightly as the load increases,
but it is seen that the load is not significant on CoF as the
temperature. This is because of instant increase in the
temperature at sliding surface resulted from load and sliding
speed and formation of oxides as mentioned above.

The variation of the friction coefficient depending on
temperature and sliding speed for constant values of the load
is shown in Fig. 5. In Fig. 5(a), it is seen that the friction
coefficient increases sharply with the decrease in temperature in
the region where the sliding speed is around 150 mm m/s for
the 8 N value of the load. Similarly, in the region where the
sliding speed is 250 mm/s, the friction coefficient shows a
nearly horizontal change as the temperature decreases from 650
to 490 �C, but increases slightly as it decreases from 490 to

20 �C. On the other hand, while the speed decreases from 250
to 150 mm/s in room temperature region, the friction coeffi-
cient increases rapidly. In the region where the temperature is
650 �C CoF decreases slightly while the speed increases from
150 to 200 mm/s but it increases slowly as the speed increases
from 200 to 250 mm/s. When Fig. 5(b) and (c) is examined, in
cases where the load is 12.5 N and 17 N, the highest friction
coefficient is occurring at room temperature with the sliding
speed of 150 mm/s. However, CoF decreases as the load
increases in these graphs. Again, it can be deduced from these
two graphs that the effect of temperature and sliding speed on
the friction coefficient decreases as the load increases (Ref 34).
In addition, as the load increases, it is seen that the friction
coefficient tends to increase in the region where the temperature
and sliding speed are high. It is understood from Fig. 5(a), (b),
and (c) that load is an effective parameter on CoF. At high
sliding speed values decrease in the CoF continues up to
498 �C under 8 N load but under 12.5 N load, negative trend
continues up to 355 �C. Moreover, the trend changes into
increase between 20 and 650 �C under 17 N load. These CoF
behaviors imply that glazed layer occurred by increased
temperature is broken as the load increases.

Figure 6 depicts the CoF response surface at constant
temperature of 150, 340 and 600 �C depending on the load and
shear rate. In Fig. 6(a) which is plotted for the constant value of
150 �C, maximum CoF occurs in the region of 5 N load and
150 mm/s sliding speed. CoF is decreasing parabolically from
this point to 20 N load and 250 mm/s sliding speed point. It is
seen in Fig. 6(b) that significance of the load and the sliding
speed decreases substantially at 340 �C. When the temperature
exceeds 600 �C, as seen in Fig. 6(c), the effect of load and
speed on CoF reverses, compared to 150 �C. In other words,
maximum CoF region at 600 �C corresponds 20 N load and
250 mm/s speed point (Fig. 6c).

The oxidation and the associated COF values due to the
chemical reaction even at room temperature were evaluated
before. At high temperatures, oxide formation is accelerated on
the surfaces of metallic materials (Ref 31). In addition, the
oxide thickness formed on the surface also increases. One of
the most important reasons for this is that both metal and
oxygen atoms can move faster at high temperatures (35). After
a certain degree of the temperature, oxidation wear starts to
change into corrosion type wear and this occasion is a cause of
increase in the wear volume losses. In addition, rapid oxidation
at high temperatures forms the basis of oxidation type wear
(Ref 23). The thickness of oxide layer and the roughness on the
surface caused by its shedding increase the COF value.
Moreover, piercing of these abrasion wastes between the
interacting surfaces will cause additional increase in the COF
value.

3.2.2 Wear Track Area. The 3-dimensional view of the
wear track images of some samples is given in Figs. 7 and 8
shows the variation of wear track area response surface with
sliding speed and temperature under constant load of 8, 12.5
and 17 N. In Fig. 8(a), it can be seen that in the region where
the temperature is 160 �C under 8 N load, the trace area almost
does not change with the sliding speed and remains around
3500 lm2. With increasing temperature, the track area grows
linearly for speeds between 160 and 230 mm/s. The slope of
the increase here is not constant, it reaches its lowest value at
200 mm/s and increases with both decrease and increase in
speed. The track area changes in a parabolic way depending on

Table 10 Regression coefficients of SWR model in terms
of coded and actual factor and rational impact of the
terms on the response

Factor

Coefficient in
terms of coded

factors

Coefficient in
terms of actual

factors

% Effect on
the

response

Constant 168.48 � 1240.29 …
s (Speed) � 12.97 � 0.1241 1.84
L (Load) 7.91 � 659.94 1.12
T (Tempera-

ture)
� 41.95 37.0026 5.95

sL � 40.87 9.4608 5.80
sT 47.9 � 0.3903 6.79
LT � 126.31 0.3027 17.92
s2 12.15 0.0207 1.72
L2 � 2.04 � 22.2089 0.29
sLT � 56.06 � 0.0023 7.95
s2L � 115.93 � 0.0294 16.45
s2T 175.51 0.0011 24.90
sL2 65.35 0.1105 9.27
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Fig. 4 Change in coefficient of friction according to (a) temperature, (b) load, (c) speed (experimental values)
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Fig. 5 Response surface for CoF for constant value of load at (a) 8 N, (b) 12.5 N (c) 17 N
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Fig. 6 Response surface for CoF for constant value of temperature at (a) 150 �C, (b) 340 �C (c) 600 �C
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Fig. 7 Optical profilometer images and measurements of wear tracks for (a) E 9, (b) E 11, (c) E 13 (d) E 19
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Fig. 8 Response surface for wear track area for constant value of load at (a) 8 N, (b) 12.5 N (c) 17 N
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Fig. 9 Response surface for wear track area for constant value of temperature at (a) 150� C, (b) 340� C (c) 600� C
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Fig. 10 Response surface for SWR for constant value of load at (a) 8 N, (b) 12.5 N (c) 17 N
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Fig. 11 Response surface for SWR for constant value of temperature at (a) 150� C, (b) 340� C (c) 600� C
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the speed in the zone where the temperature is 600 �C, with the
lowest value of the area occurring at 190 mm/s sliding speed.
The highest track area value is 47000 lm2 in the region where
the temperature is 600 �C and the speed is 230 mm/s. When
examining Fig. 8(b) and (c) together, it can be seen that as the
load increases, the effects of temperature and speed on the track
area decrease. The track area values range from 600 to
26,500 lm2 under 12.5 N load and 200 to 26,000 lm2 under
17 N load. The track area grows at low temperatures, especially
at medium speeds, and is negatively influenced by speed
increases or decreases, as shown in these two graphs. At high
temperatures, the effect of sliding speed on the track area is
observed to be reduced.

This situation can be approached from a variety of
perspectives. First and foremost, as previously indicated, as
the temperatures get higher, the wear mechanism transforms
into corrosive wear (Ref 36). Another factor is that with the
increase in temperature, the layer that is broken will be high.
Plastic deformation feature of the regions that have not yet been
oxidized or the oxide as a result, the likelihood of the metallic

surface sticking (adhesion) to the opposite surface will increase.
As a result, oxidation, delamination, and adhesion forces will
wreak havoc on the material. Furthermore, the abrasion effect
of oxide compounds removed from the surface will contribute
to the sample’s abrasion.

Change in response surface of wear track area related to load
and speed for at constant temperatures of 150, 340 and 600 �C.
Track area does not change significantly with change in speed
under load values at 150 �C. On the contrary under 19 N load it
changes in inverse parabolic manner with a maximum point at
200 mm/s. It is seen from the plot that wear track area tends to
increase with increasing load. Slope of the increasing trends is
higher at mid-speed values (around 200 mm/s) with respect to
lower and higher speeds. Effect of load and sliding speed on
wear track area is decreasing relatively at 340 �C and the area
value is fluctuating between 5900 and 23,500 lm2. At constant
temperature of 600 �C (in Fig. 9c) for 7 N load value, the area
increases parabolically via 170 and 230 mm/s, with a base
point at 190 mm/s. On the other hand, the area value is
changing slightly around 3000 mm2 under 19 N load. In the

Fig. 12 Worn surface SEM micrograph of E17 (s = 200 mm/s, L = 12.5 N T = 25 �C) experiment sample (a) 100x (b) 250x (c) 500x (d)
1000x
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region where the velocity is 170 mm/s, the area decreases
toward 7 and 19 N in an inverse parabolic manner, with a peak
point of 10 N. On the other hand, as the load decreases from 19
to 7 N at a velocity of 230 mm/s, the area increases parabol-
ically.

3.2.3 Specific Wear Rate. The variation of the SWR
response surface under constant loads of 8, 12.5 and 17 N,
depending on sliding speed and temperature is presented in
Fig. 10. SWR has its lowest value under 8 N constant load and
low temperatures in Fig. 10(a). Glazed layer due to heat
dissipation because of relative speed of wearing tip on the
material is not broken at low speed and low temperature values
so that SWR is relatively low in mentioned conditions.

However, when the temperature increased to 550 �C, the
SWR increases parabolically toward the values of 170 and
230 mm/s, taking the lowest value in the region where the
velocity is 190 mm/s. In the studied region, SWR got its
highest value at 800, at the combination of the highest
temperature (550 �C) and speed (230 mm/s). SWR generally

increases linearly with temperature, provided the speed remains
constant. The slope of this rise increases as it approaches
230 mm/s. In most metallic materials, if the ambient temper-
ature increases, the time required for the formation of a
compact and protective oxide layer decreases (Ref 37). Fine
metallic wastes broken at high temperatures stay on the wear
surface, oxidize and become compact and form a glaze layer.
They even cause a change in the wear mechanism. The wear
particles formed during the interaction deform immediately
afterward. In this way, a continuous source (clean surface) is
created so that atmospheric oxygen can form the oxidation
mechanism.

Figure 10(b) shows that under 12.5 N of load, the effect of
temperature and sliding speed on SWR is relatively reduced. In
regions where the speed is low and high such as 170 and
230 mm/s, SWR increases linearly with temperature, while it
remains almost constant in the region where the speed is
200 mm/s. The highest SWR value occurs at a temperature of
400-550 �C and a speed of 230 mm/s. In Fig. 10(c), it is seen

Fig. 13 Worn surface SEM micrograph of E9 (s = 200 mm/s, L = 12.5 N, T = 650 �C) experiment sample (a) 60x (b) 500x (c) 1000x (d)
2500x
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that the SWR at 17 N of the load remains constant for almost
all temperature and speed values. Only in the overlap zone of
170 and 200 mm/s speed SWR increased slightly.

Variations of the SWR response surface at 150, 340, and
600 �C depending on load and sliding speed are presented in
Fig. 11(a), (b), and (c), respectively. In Fig. 11(a), under 7 N
load at 170 �C, SWR takes the value 170 regardless of speed.
When the load increases to 17 N, the SWR decreases in inverse
parabolic manner toward 170 and 225 mm/s velocities, with a
peak in the 200 mm/s region of the speed. While SWR almost
does not change with the load at low and high values of speed,
it increases linearly with increasing load, with an increasing
slope as the speed approaches 200 mm/s. Here, it is possible to
say that the sliding speed of is the most effective parameter and
a turning point in oxide formation and breaking is 197.5 mm/s.

When the temperature rises to 340 �C (Fig. 11b), SWR
increases parabolically as the load decreases and the speed
increases with the maximum point at load of 7 N and sliding
speed of 225 mm/s. On the other hand SWR decreases with
inverse parabolic path as the load increases from 7 to 17 N and
the sliding speed decreases from 225 to 170 mm/s. However, at

this temperature level, the variation of SWR depending on load
and speed is lower than at higher temperatures. The increase in
temperature caused the sliding speed to have the opposite effect
on the SWR than seen in the previous graph. Both decrease and
increase around 197.5 mm/s in the sliding speed caused SWR
to increase. Here, the fact that SWR is high at both low and
high speeds is related with the rate of formation of the oxide
layers formed on the surface, their thickening, breakage and the
abrasion effect on the surface.

In Fig. 11(c), at 600 �C, SWR changes inversely propor-
tional to the load at all speed values, but it is seen that the rate
of this change is significantly higher at high speeds. It is seen
that at low loads, SWR changes parabolic with the lowest value
at the point where the speed is 185 mm/s, and the highest SWR
value is at 7 N load and 225 mm/s speed. Aside from the
oxidation caused by the high temperature, the thermal softening
that will occur on the material surface (Ref 38, 39), as well as
the thermal stresses that will occur due to the chemical
composition difference between the oxidized surface and the
substrate, have caused the SWR behavior to differ from that at
lower temperatures.

Fig. 14 Worn surface SEM micrograph of E16 (s = 229 mm/s, L = 8 N T = 523 �C) experiment sample (a) 60x (b) 500x (c) 1000x (d) 2000x
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3.2.4 Wear Modes and Mechanisms. SEM images of
the sample surface subjected to the dry sliding wear test
according to the E17 variable set in Table 2 are shown in
Fig. 12. Severe plastic deformation, a plastered smooth layer
and a surface made from wear debris are seen in the SEM
views. Additionally, the presence of some oxidized areas,
which are seen as dark gray in the picture, can be noticed. The
presence of regions with high oxide content is clearly seen in
the microstructure picture of the worn surface of this sample,
which is given as supplementary Figure I.

It is seen in Fig. 13 that in SEM images of worn area E9,
which is conducted with same sliding speed and load condi-
tions as E17 but at 650 �C, wear mechanism is changed
completely and it is turned into oxidation type mechanism. For
a better understanding of the event, first of all, when the SEM
view given at 60 9 is examined, the regions indicated by D1
and D2 are the surfaces that are completely oxidized and come
into contact with the abrasive ball. Debris in area D3 are
generated in the wear direction and those in area D4 are debris
pushed out of the wear path. The formation of the regions can

be explained as follows. First of all, the regions designated D1
and D2 are the zones that, as previously said, are in direct
contact with the abrasive ball. It is stated by many researchers
that an oxide film forms on the surface during the interaction of
the metallic material, even at room temperature (Ref 30-32, 40).
In metallic materials, the development of oxide on the surface
accelerates as the temperature rises (Ref 40). Many factors
influence the production of oxide on the surface, ranging from
the chemical structure of the sample to the shear rate and
applied force. It’s even capable of altering the oxide type. In
this sample as well, a similar condition was seen. Because, as
observed in the EDS mapping study, the oxide generated on the
surface is noticeable both in color and structure when compared
to the preceding sample (room temperature). In Fig. 13(c), in
the part indicated by the yellow frame, the image of the region
numbered D1 at 2500 9 is given in Fig. 13(d). It is better
understood how the oxide layer formed here, under cyclic
loads, thin cracks are formed over time and these cracks
combine with each other and cause damage, and thus, how it
deteriorates with the fatigue type wear mechanism. First, by

Fig. 15 Worn surface SEM micrograph of E19 (s = 229 mm/s, L = 8 N T = 151 �C) experiment sample (a) 150x (b) 250x (c) 500x (d) 2000x

4180—Volume 32(9) May 2023 Journal of Materials Engineering and Performance



generating a glazing layer between the abrasive and the main
material, this oxide layer, which is developed because of speed,
load, temperature, and material structure, works as a solid
lubricant (Ref 41-43). This layer begins to deteriorate over
time, depending on the thickness and structure of the oxide
layer formed on the surface. When Fig. 13(c) (area in yellow
square) is examined, it is seen that the deterioration generally
starts with microcracks perpendicular to the wear direction and
secondarily parallel to the wear direction. This oxide layer
(glazed layer), which is formed due to different test parameters,
prevents metal-to-metal interaction between the interacting
surfaces, causing the wear mechanism to change and the wear
rate to decrease (Ref 40, 43-45). As a matter of fact, as seen in
supplementary Figure II, high temperature caused the wear to
have a nearly homogeneous oxide appearance everywhere.

When EDS mapping and SEM images of worn region of
E16 (s = 229 mm/s, L = 8 N, T = 523 �C) sample are exam-

ined by Fig. 14, it is clear that oxidation type of wear prevails
and oxidation is separated all around worn area as shown in
Fig. 13. However, it is seen that the oxide layer formed on the
surface contains fewer cracks than E9 and accordingly less
shedding occurs. This is a result of the wear process being
carried out with a lower load and lower temperature. As seen in
supplementary Figure III, the parts in the form of white islets on
the surface are composed of high rates of Fe and O2, while the
other parts exhibit a homogeneous distribution of other
elements, in addition to the presence of high O2.

When the SEM photograph (Fig. 15) taken from the wear
track surface of E19 (s = 229 mm/s, L = 8 N, T = 151 �C)
sample is examined, an excessive plastic deformation, a smooth
layer and a surface formed by wear debris are seen, similar to
the surface view of Fig. 12. As can be seen in Fig. 15(d), it is
seen that the damage mechanism occurs as a result of fracture
of microcracks formed in the oxide regions. As seen in

Fig. 16 Worn surface SEM micrograph of E4 (s = 170 mm/s, L = 8 N, T = 151 �C) experiment sample. lm
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Supplementary Figure IV, the appearance of less oxygen
content in the parts of the broken glazed layer supports these
claims. The difference of E19 from E17 is that the flat areas on
the surface (oxidation) areas are larger. Indeed, the presence of
oxidation was clearly observed along the wear trace as seen in
the EDS mapping (Fig. SIV). The fact that oxidation occurred
more in E19 than in E17 is a result of the wear process
occurring at a higher temperature.

It is understood from the SEM wear photograph of the E4
(s = 170 mm/s, L = 8 N, T = 151 �C) sample given in Fig. 16
that the oxide layer is shed faster. As mentioned before, both
the formation and shedding of the oxide layer formed on the
surface is associated with the presence of many parameters.
However, it can be said that the oxide layer is damaged more
quickly at 150 �C. In addition, it is known that when this hard
and brittle structure formed on the surface becomes a wear
debris, it gets stuck between the interacting surfaces and causes
an abrasion effect (Ref 46).

When the wear surface photographs of the E4 and E10
samples, which are tested at the same temperature value but
different loads and different sliding speeds, are examined,
although it can be said that the E4 sample (Fig. 16) is oxidation
type wear mechanism is dominant. In particular, in the edge
regions oxide layer is more stable but the oxide layers are
broken in the central part of the wear trace. Since the force
exerted by the interaction surface of the abrasive ball on the
opposite surface in the central region of the trace will be
greater, it can be predicted that the oxide layer will be broken in
these regions.

Although E4 and E10 (s = 170 mm/s, L = 17 N,
T = 151 �C) samples were tested at the same temperature,
subjecting the E10 sample to a higher load completely changed
the wear mechanism on the sample surface as seen in Fig. 17. It
can even be said that the oxide layer, which is seen in E16 and
completely covers the surface of the sample, is also present in
this sample. In Fig. 17(d), the EDS line analysis taken from the
wear trace region of the sample clearly shows the oxide density

Fig. 17 Worn surface SEM micrograph of E10 (s = 170 mm/s, L = 17 N, T = 151 �C) experiment sample
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on the surface. Likewise, partial spills are seen in the oxide
layer covering the sample, but these spills are less than sample
of the wear test done at 523 �C. According to these conclu-
sions, load is just as significant as temperature in the formation
of oxide and the progress of wear mechanisms. Moreover, the
wear rate depends on the surface temperature condition (47).

4. Conclusions

As functions of load, sliding speed and temperature,
response surfaces of CoF, efficient depth, track width, track
cross section area and SWR were constructed with the
reliabilities of 0.89, 0.98, 0.84, 0.95 and 0.95, respectively.

Reduced quadratic response surface model for CoF and
reduced cubic model for efficient depth, track width, cross
section area and SWR have developed. The effect of the
independent factors on the responses is in a complex manner.
These effects can be observed for any factor in the range of
design area by means of 3D plots or 2D gradient maps which
depicts response values with respect to values of independent
parameters. Main conclusions from 3 D response surface plots
can be driven as:

• In low temperatures with the increase in the load and
speed influences negatively CoF but this changes with the
increase in the temperature and CoF increases with in-
crease in the load and the speed in temperatures near
600 �C.

• In low temperatures D values are low for low- and high-
speed values but it gets bigger values about 200 mm/s. D
changes in opposite manner in high temperatures. On the
other hand, D increases with increase in load in low tem-
peratures. In high temperatures it increases with increase
in load in low speeds but this behavior changes with in-
crease in the speed and gets opposite in 230 mm/s.

• In low temperatures w decreases for small loads and in-
creases for bigger loads in low rates as the speed in-
creases. These rates get bigger as the temperature
increases. Change in w with the load is very limited in
low temperatures. On the other hand w decreases with in-
crease in the load very sharply in high temperatures and
low speeds but the trend changes as the speed increases
and w increases as load gets bigger and high temperatures
and high speeds.

• Under low load values A almost stays constant as the
speed changes in low temperatures but if the load value
get higher A values are bigger in mid speeds from the
ones low and high speeds. On the other hand, area does
not change considerably with the load in low temperatures
and low speeds but A decreases in a smooth way as the
load increases in high speed and low temperature values
but decrease in the A gets sharper in high temperatures.

• In low load values SWR increases as the speed increases
and decreases with respect to mid speeds in high tempera-
tures but SWR stay constant as the speed changes under
low loads and low temperatures. On the other hand load
and temperature has a little effect on SWR under higher
loads. SWR increases with the increase in temperature in
a low rate in low speeds but this increase gets very sharp
in high speed especially under low loads.

• SEM analyses are conducted to validate response surface

results. It is seen from the SEM analyses that oxidation
has a great influence on wear behavior of Incoloy 825.
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