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In this study, central composite design (CCD) and response surface methodology (RSM) were employed to
model the wear behavior of AISI D3 tool steel. The objective was to investigate the variation of the
coefficient of friction (COF), wear track depth and width, volume loss, and wear rate (WR) under different
experimental conditions, including loads (L) ranging from 1 to 20 N, sliding speeds (s) between 100 and
250 mm/s, and sliding distances (D) from 100 to 500 m. To achieve this, a CCD-based experimental design
was implemented, and the designed experiments were conducted using pin-on-disc dry sliding tests. Vari-
ance analyses revealed that COF was influenced by both the applied load and sliding speed, while the
sliding distance showed no statistically significant effect. Based on the regression model, a 3D graph
indicated that the lowest COF value of 0.35 would be observed at a sliding speed of 250 mm/s under both 1
and 20 N loads, while the highest COF value of 1.4 would occur at a sliding speed of 100 mm/s under a 1-N
load. Additionally, 3D plots generated for WR suggested that WR approached zero for load values between
10 and 17 N, a sliding speed of 125 mm/s, and a sliding distance of 100 m. The highest WR value was
observed under the conditions of 250 N load, 250 mm/s sliding speed, and 100 m sliding distance. Fur-
thermore, SEM images and EDS analysis were conducted on the worn surface and abrasive ball, revealing
that oxidation resulting from localized heating played a crucial role in the wear behavior.
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1. Introduction

Steels are iron-carbon (Fe-C) alloys with varying carbon
content. They can be classified into two main categories: non-
alloy steels and alloy steels (Ref 1). Alloy steels are further
divided into low alloy and high alloy steels. Among the high
alloy steels, tool steel stands out due to its unique properties
and exceptional performance in demanding working conditions.
Despite its relatively small production volume compared to
other steel types, tool steel plays a strategic role in the
manufacturing of components made from different steel grades
and engineering materials (Ref 2, 3). The significance of tool
steel in various industries has prompted extensive research to
enhance production techniques and explore its applications in
diverse fields (Ref 3).

Tool steels are vital for the production of tools, molds, and
machine parts used in shaping processes like forging, cutting,
drilling, and bending. They offer high wear resistance,
hardness, toughness, heat resistance, machineability, harden-
ability, and a homogeneous microstructure. These steels excel
in maintaining performance at different temperatures and
speeds without deformation, breakage, or excessive wear (Ref
4). Alloying elements such as chromium, molybdenum,

vanadium, tungsten, and cobalt, along with additives like
manganese, nickel, silicon, and grain-refining elements such as
aluminum, titanium, and zirconium, contribute to their superior
properties. It is essential to limit impurities like phosphorus and
sulfur to below 0.03% (Ref 5). Tool steels are widely used
across industries for their exceptional attributes, enhancing
productivity and enabling the fabrication of high-quality
components.

Tool steels are available in over 500 different compositions
and properties. They are classified into seven groups by AISI
and SAE based on quenching media and application areas. The
groups include water quenching (W), shock resistant (S), cold
work (O, A, D), hot work (H), high speed (T, M), plastic mold
(P), and special purpose tool steels (Ref 6). The life cycle of
tool steel depends on the design, working conditions, and steel
selection (Ref 7).

Cold work tool steels have broad applications for shaping
workpieces below 200 �C through machining or forming
processes. They are crucial in industries requiring precise
shaping, contributing to enhanced productivity and high-quality
outcomes.

AISI D type steel, also known as high carbon and high
chrome cold work tool steel, contains approximately 1.4-2.5%
carbon and about 12.0% chromium. This type of steel also
includes vanadium, molybdenum, wolfram, nickel, and man-
ganese. However, cobalt, which enhances mechanical resis-
tance at high temperatures, is not present in these steels due to
its high cost. AISI D type steels generally exhibit high wear
resistance (Ref 5).

The wear characteristics of materials are of significant
importance in the design and selection of materials for
components that experience relative sliding or rotational motion
with contacting surfaces, such as machine parts and molds.
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Wear testing serves the purpose of assessing the suitability of a
material for applications involving wear, evaluating the poten-
tial of surface engineering techniques to mitigate wear in
specific scenarios, and investigating the wear properties of
materials by studying the impact of process conditions and
material parameters on wear performance (Ref 8, 9). Over the
years, researchers have conducted extensive studies on the wear
behavior of both bulk materials (Ref 10-14) and coatings
applied to base materials (Ref 15-20). While many of these
studies have traditionally employed conventional evaluation
methods, recent research has focused on utilizing statistical
techniques like response surface methodology to mathemati-
cally model the influence of parameters on wear behavior (Ref
21-26). This approach enables the prediction of wear behavior
within the experimental parameter space, even for untested
parameter combinations, thereby providing valuable insights
into wear analysis.

Among the various D type tool steels, AISI D3 stands out as
a widely utilized material in applications that demand excep-
tional resistance against wear, pressure, and abrasion (Ref 27).
Consequently, it becomes imperative to comprehensively
investigate the wear behavior of this material under typical
operating conditions but the wear behavior of AISI D3 has not
been investigated in any publication. Therefore, in this study,
an experimental investigation was conducted to examine the
wear performance of AISI D3 steel under a range of loads
spanning from 1 to 20 N, sliding speeds varying from 100 to
250 mm/s, and sliding distances extending from 100 to 500 m.
Furthermore, the wear characteristics of AISI D3 were modeled
within the defined operating ranges using the response surface
methodology. As a result, the wear behavior parameters,
including the coefficient of friction, wear track depth, wear
track width, volume loss, and wear rate, can be accurately
predicted for any combination of parameter values falling
within the scope of this study.

2. Materials and Methods

In this study, AISI D3 specimens with nominal chemical
composition given in Table 1 are utilized. The specimens were
prepared by cutting in 25 9 25 9 2.5 mm dimensions by
using a high-speed precision cutting device and grinding to get
surface quality Ra < 0.2.

2.1 Statistical Experimental Design

The most effective parameters in the dry sliding test are
assumed to be applied load (L), sliding speed (s), and sliding
distance (D) in this study. The experiments were carried out at
room temperature because AISI D3 tool steel is designed to
work at temperatures below 150 �C. Wear characteristics
modeled in this study are coefficient of friction (COF) width
(w) and depth (d) of wear track, volume removal (V), and wear
rate (WR) under specified conditions.

A central composite design has been applied to the
independent variables (parameters) with minimum and maxi-
mum values of 100 and 250 mm/s for s, 1 and 20 N for L, 100
and 500 m for D. Set values of these parameters obtained from
CCD and corresponding maximum contact pressure, maximum
shear stress, and contact radius values for each experiment are
listed in Table 2.

2.2 Wear Tests

Ball on disc type, Turkyus POD&HT&WT model wear test
machine was used to perform dry sliding wear tests. Experi-
ments were conducted at room temperature, and the wear track
diameter was kept constant at 8 mm for each experiment.

In the studies, abrasive balls with a diameter of 6.0 mm
made of ASTM 52100 ball-bearing steel were employed.

During wear tests, COF was recorded continuously by
means of the software of the wear test device. COF plots were
created against time by using software records. The average of
the whole COF values of each test was used for statistical
analysis.

Width and depth of wear tracks were determined by contour
profiles obtained using a 2-D profilometer. Based on the fact
that the wear trace is half of the ellipse as shown in Fig. 1, the
wear track area, wear volume losses, and specific wear rates
were calculated using Eq 1, 2, and 3 as stated in the previous
studies (Ref 19, 25, 28)

A ¼ 0:25pwd ðEq 1Þ

V ¼ 2prA ðEq 2Þ

WR ¼ V

LD
ðEq 3Þ

where, A is the area of the wear track, V is the volume of the
wear track, r is radius of the wear track, w is the average wear
track width, D is the average wear track depth, L is the test load,
D is the sliding distance, and WR is the specific wear rate.

2.3 Construction of Response Surface Models

Set values of experiments given in Table 2 were used to
conduct dry sliding wear tests, after which measurements were
taken on wear samples. The overall variation of the test results
with the factors was analyzed using analysis of variance on
dependent variables. Polynomial regression models for each
response were constructed as a result of ANOVA. The degrees
of the model are determined by trial and error. The models with
higher significance, R2, and R2

adj values were chosen for the
construction of response surfaces of the dependent variables.

Design expert statistical software was used to conduct
statistical procedures. Change in each response variable with
respect to change in the independent variables is visualized and
interpreted by using 3-D response surfaces constructed accord-
ing to the response models.

3. Results

Results of ANOVA studies for responses, i.e., coefficient of
friction, wear tack width, wear track depth, volume loss, and
wear rate are presented in Table 4. The ratio of explained
variation to unexplained variance is determined by the F value

Table 1 Theoretical chemical composition (wt.%) of
AISI D3 tool steel

C Mn Si Ni Cr P S V Fe

2.10 0.30 0.25 0.30 11.50 0.03 0.03 1.0 Balance
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of the model or a term. A model or term is considered
significant if its F value exceeds the critical F value in the 95
percent confidence range. Examining p values is another
method for determining the model’s and terms’ relevance. The
model or a term is assumed to have a significant impact on the
response if the p value is small enough (under 0.05 for the
model and 0.1 for a term) (Ref 29).

The correlation coefficient (R2) is a statistical index that
expresses the percentage of variance in a dependent variable
that is explained by one or more independent variables in a
regression model. However, a high R2 value does not auto-
matically indicate a strong regression model. Because including
a new variable in the model always raises the R2 value,
regardless of whether the variable is statistically significant.
Therefore, adjusted R2 (R2

adj) is employed alongside or in place
of R2 in the majority of statistical applications. When a
necessary term is added to the model, the R2

adj value rises;
conversely, when an unneeded term is introduced, this value
falls. R2 and R2

adj values are anticipated to be in close
proximity in a sound model (Ref 29, 30).

3.1 Coefficient of Friction (COF)

A reduced cubic model has been developed for COF by
using dependent and corresponding response values listed in
Table 3. It is seen in ANOVA tables (Table 4) that, F value and
p value of the model are 6.59 and 0.0024, respectively which
means the model is significant in the reliability of 95%
according to F distribution tables (Ref 31). The only individual
factor having a significant effect on the COF is L with p value
of 0.0037. The term s is contained in the model because of
hierarchy although it has p value greater than 0.1. The
interaction factor terms L2, sL2, and sL have significant effects
on COF.

The response model constructed for COF has R2 and R2
adj

values of 0.7 and 0.6, respectively. This implies the model is
not too strong to represent a response. But R2

adj value is in the
range of 0.8*R2 and this means the model contains no
redundant terms. In some cases, it is impossible to construct
a robust mathematical model of wear mechanisms because they
involve numerous uncontrollable agents (Ref 26).

Table 2 Set values of independent variables for each experiment and corresponding contact properties

Exp.
no.

s, mm/
s L, N D, m

Max. contact pressure,
GPa

Max. shear stress,
MPa

Depth of max. shear stress,
lm

Contact radius,
lm

E1 130.41 4.85 181.08 686.00 214.40 27.56 58.10
E2 175.00 10.50 300.00 887.40 277.35 35.66 75.16
E3 219.60 16.15 418.92 1024.00 320.20 41.16 86.76
E4 175.00 10.50 300.00 887.40 277.35 35.66 75.16
E5 175.00 10.50 300.00 887.40 277.35 35.66 75.16
E6 130.41 16.15 418.92 1032.00 320.20 41.16 86.76
E7 130.41 4.85 418.92 686.00 214.40 27.56 58.10
E8 175.00 1.00 300.00 405.20 126.65 16.28 34.33
E9 175.00 10.50 300.00 887.40 277.35 35.66 75.16
E10 219.60 4.85 181.08 686.00 214.40 27.56 58.10
E11 175.00 20.00 300.00 1100.00 343.85 44.20 93.17
E12 175.00 10.50 500.00 887.40 277.35 35.66 75.16
E13 219.60 4.85 418.92 686.00 214.40 27.56 58.10
E14 219.60 16.15 181.08 1024.00 320.20 41.16 86.76
E15 175.00 10.50 100.00 887.40 277.35 35.66 75.16
E16 130.41 16.15 181.08 1024.00 320.20 41.16 86.76
E17 250.00 10.50 300.00 887.40 277.35 35.66 75.16
E18 175.00 10.50 300.00 887.40 277.35 35.66 75.16
E19 175.00 10.50 300.00 887.40 277.35 35.66 75.16
E20 100.00 10.50 300.00 887.40 277.35 35.66 75.16

Fig. 1 Calculation of wear track area by using profilometer plots
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Table 5 provides the regression coefficients for the COF
model in terms of coded and real components. The size of
coefficients in terms of coded factors shows the relative effect
of that term in the regression model. The most effective term is
sL2 and the least effective term is s. The value of the sliding
distance does not influence on COF according to the model.

The developed response model through coefficients in terms
of actual factors in Table 4 is stated in Eq 4. Relationships
between the calculated values using response model equations
and measured values are plotted in Fig. 2. In Fig. 2(a), it can be
seen that the points do not diverge too far from the 45-degree
line. Therefore, the modeling results can be considered
adequately representative of the actual measurements.

COF ¼ 0:6335þ 0:0236s� 0:645Lþ 0:0565sLþ 0:0532L2

� 0:0879sL2

ðEq 4Þ

3.2 Wear Track Width (w)

Wear track width response was created using a reduced
quartic model with 11 terms. As can be seen in Table 3, the
model’s p value is less than 0.001 and its F value is 21.79,
respectively. The model’s significance is inferred from F value
with F-statistic tables. Additionally, according to the p value,

Table 3 Experimental set values of independent parameters and results of experiments

Exp. no. s, mm/s L, N D, m COF w, lm d, lm V, mm3 WR, (mm3/Nm)*1026

E1 130.41 4.85 181.08 0.87 643.00 9.08 0.1164 132.55
E2 175.00 10.50 300.00 0.71 762.25 12.56 0.1911 60.66
E3 219.60 16.15 418.92 0.65 1500.50 8.28 0.2448 36.19
E4 175.00 10.50 300.00 0.61 869.00 15.67 0.2724 86.48
E5 175.00 10.50 300.00 0.63 759.25 14.79 0.2204 69.97
E6 130.41 16.15 418.92 0.62 1001.50 20.17 0.3972 58.71
E7 130.41 4.85 418.92 0.92 1190.50 10.10 0.2341 115.21
E8 175.00 1.00 300.00 0.83 481.75 2.56 0.0320 106.75
E9 175.00 10.50 300.00 0.57 907.00 18.03 0.3234 102.68
E10 219.60 4.85 181.08 0.77 638.00 12.69 0.1584 180.29
E11 175.00 20.00 300.00 0.70 1330.50 11.90 0.3012 50.19
E12 175.00 10.50 500.00 0.61 832.00 7.74 0.1135 21.62
E13 219.60 4.85 418.92 0.57 842.00 5.92 0.0683 33.62
E14 219.60 16.15 181.08 0.59 1355.50 10.23 0.2714 92.83
E15 175.00 10.50 100.00 0.60 558.50 7.14 0.0797 75.94
E16 130.41 16.15 181.08 0.61 725.50 8.70 0.1273 43.54
E17 250.00 10.50 300.00 0.71 1063.50 24.25 0.5266 167.18
E18 175.00 10.50 300.00 0.51 830.50 22.32 0.3655 116.04
E19 175.00 10.50 300.00 0.69 827.75 20.76 0.3300 104.76
E20 100.00 10.50 300.00 0.60 478.00 5.38 0.0542 17.22

Table 4 Results of ANOVA and correlation coefficients for responses

Source

Coefficient of friction Wear track width Wear track depth Volume loss Wear rate

F value p value F value p value F value p value F value p value F value p value

Model 6.59 0.0024 21.79 < 0.0001 6.62 0.0027 10.96 0.0003 8.82 0.0011
s 1.28 0.2762 27.23 0.0008 16.10 0.0020 34.10 0.0001 25.55 0.0005
L 12.13 0.0037 57.22 < 0.0001 4.23 0.0641 18.78 0.0012 17.63 0.0018
D … … 31.00 0.0005 0.15 0.7050 2.40 0.1494 14.66 0.0033
sL 5.46 0.0349 43.64 0.0002 1.08 0.3205 0.51 0.4897 1.04 0.3311
sD … … 4.47 0.0674 5.09 0.0454 9.71 0.0098 11.49 0.0069
LD … … … … … … … … 4.27 0.0658
s2 … … 0.73 0.4189 … … … … … …
L2 8.87 0.0100 1.53 0.2510 13.90 0.0033 6.14 0.0307 0.0676 0.8001
D2 … … 4.07 0.0783 13.27 0.0039 17.04 0.0017 4.70 0.0553
s2L … … 4.62 0.0639 … … … … … …
sL2 5.47 0.0347 3.13 0.1147 14.58 0.0029 24.95 0.004 15.57 0.0028
s2L2 … … 19.99 0.0021 … … … … … …
Lack of fit 0.70 0.6959 3.28 0.1166 0.633 0.7048 0.46 0.8117 0.8882 0.5502
R2 0.70 0.96 0.83 0.89 0.89
R2

adj 0.60 0.92 0.70 0.81 0.79
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the likelihood that the model is not significant is less than
0.01%.

The response model of w has R2 and R2
adj values of 0.97 and

0.92, respectively. These values imply the model represents
change in response in a good way, and the model has no
redundant terms.

Table 6 displays the regression coefficients of w for the
coded and actual components. L, which has a weight of
20.12% on worn track width, is the most useful individual
factor. It is followed by s and D, which have weights of
13.88 and 9.53%, respectively. While D has a positive
influence on the response, s and L have a negative impact on
the response w.

The response model developed by using actual terms
coefficients is listed in Table 6 and is stated in Eq 5. The
distribution of predicted versus measured values of wear track
area is shown in Fig. 2(b). Distribution of the points on the
table is homogeneous, and the points are distributed quite
closely to the 45-degree line on the plot. This shows a good fit
of the model to the real case.

w ¼ 13927:89� 154:34s� 2568:91Lþ 4:92Dþ 27:78sL

� 0:01sDþ 0:42s2 þ 106:17L2 � 0:0032D2 � 0:074s2L

� 1:15sL2

ðEq 5Þ

3.3 Wear Track Depth (d)

The reduced cubic response model for d consists of 8 terms,
and the F value and p value are 6.62 and 0.0027, respectively.
These values show that the model is significant. Individual
terms s and L significantly affect the model, whereas d has little
meaningful effect.

R2 and R2
adj values of the d model are 0.83 and 0.70,

respectively. This means the model is strong enough to
represent response, and no redundant terms are included in
the model (Ref 32, 33).

Table 7 lists the regression coefficients for the coded and
real components. With a 22.38 percent effect, sL2 is the most
efficient term. Equation 6 is the response model equation for d
generated using the coefficients of the real factors. Figure 2(c)�s
predicted versus actual distribution graph shows that the
majority of the points are situated close to the 45-degree line.
It might be argued that the model accurately depicts real-world
situations.

3.4 Volume Loss (V)

For volume loss, a reduced cubic model with 8 terms was
created. The F value and p value, which have values of 10.96 and
0.0003, respectively, confirm the model�s significance. Individ-
ual factors having significant impact on the model are s and L.
Despite the fact that its impact on it is not immediately apparent, d
is included in the model because hierarchy is essential.

Because R2 and R2
adj have values of 0.89 and 0.81,

respectively, it can be said that the model effectively describes
the measurement results and does not contain extraneous terms.

d ¼ 18:421� 0:214sL� 14:697Lþ 0:225Dþ 0:098sL

� 0:001sDþ 0:756L2 þ 0:0002D2 � 0:005sL2

ðEq 6Þ

The regression coefficients for the model are displayed in
Table 8 in both coded and real terms. In terms of the individual
terms of the models, s has the highest influence, with 24.85%.
The most impactful interaction term is sL2, which has a 27.78%
impact.

The regression model of volume loss which is constructed
by using regression coefficients in terms of actual terms in
Table 8 is stated in the equation. Figure 2(d) displays the
distribution of predicted versus actual wear track area values.
The points are dispersed uniformly across the table and are
positioned somewhat near the 45-degree line on the plot. This
demonstrates how well the model matches the actual case.

V ¼ 0:639944� 0:006048s� 0:379076Lþ 0:004908D

þ 0:002374sL� 0:000012sDþ 0:018139L2

� 0:00000438D2 � 0:00011sL2

ðEq 7Þ

3.5 Wear Rate (WR)

A simplified cubic model with 9 terms was developed for
wear rate response. The model’s significance is confirmed by
the F value and p value, which have values of 8.82 and 0.0011,
respectively. All individual components (s, L, and D) have a
significant impact on the model.

Considering that R2 and R2
adj have values of 0.89 and 0.79,

respectively, it can be concluded that the model accurately
represents the results of the measurement and does not include
any unnecessary variables.

Regression coefficients of the wear rate response model in
terms of coded and actual components are presented in Table 9.
The most effective model term is sL2 included in the volume
loss model. On the other hand, s is the most effective individual
term in the model.

The mathematical model of the WR is constructed by
regression coefficient in terms of actual factors and formulated
in Eq 8. It can be stated that the points in Fig. 2(e) which is the
plot of actual versus predicted distribution of WR scattered
homogeneous and near the y = x line. So that the model
represents real cases fairly well.

WR ¼ 430:77� 1:41661s� 132:816Lþ 0:914Dþ 0:701sL

� 0:00474sDþ 0:0228LDþ 5:547L2 � 0:00084D2

� 0:03196sL2

ðEq 8Þ

Table 5 Regression coefficients of coded and actual COF
model terms

Factor

Coefficient in
terms of coded

factor

Coefficient in
terms of actual

factor
% Effect on
the response

Constant 0.6335 2.4130 …
s 0.0326 � 0.00846 11.06
L � 0.645 � 0.31264 21.89
sL 0.0565 0.00152 19.17
L2 0.0532 0.01248 18.05
sL2 � 0.0879 � 0.000062 29.83
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Fig. 2 Actual vs. predicted values distribution plot for (a) COF, (b) width, (c) depth, (d) volume removal, and (e) wear rate

Journal of Materials Engineering and Performance Volume 33(16) August 2024—8359



4. Discussions

4.1 Coefficient of Friction (COF)

Oxides have a significant impact on the coefficient of
friction and wear volume loss. Oxides are hard compounds
formed as a result of the affinity of metallic elements to oxygen
during the wear process in an open-air environment (Ref 34,
35). Heating due to friction during the wear process accelerates
the formation of oxides. If the formed oxides do not fracture
during the wear process, they exhibit lubricating effects,
leading to a decrease in the coefficient of friction and wear
volume loss (Ref 34-36). However, if they fracture during wear,
their hard nature can cause three-body abrasion, resulting in an
increased coefficient of friction and wear volume loss due to
their entrapment between the abrasive ball and the substrate
(Ref 18).

Figure 3 illustrates the change in COF with sliding distance
over time during wear testing. Figure 3(a) shows a slight
reduction in COF as the sliding speed increases from 100 to
200 mm/s, but it increases again at 250 mm/s. The formation of
an oxide layer on the surface explains the initial decrease in
COF with increased speed, while the breakdown of the oxide
layer and exposure of the underlying surface contribute to the
COF increase at 250 mm/s. The influence of load on COF,
depicted in Fig. 3(b), indicates a slight increase in COF with
increasing load up to 4.85 N. The absence of significant surface
shear stress and temperature changes within this load range
prevents the formation and breakdown of the oxide layer.
However, at higher loads, the oxide layer formation mechanism
successfully reduces COF until the load value reaches 20 N,
resulting in a slight increase in friction. Figure 3(c) indicates
that the COF variation with sliding distance exhibits random
behavior, likely influenced by speed and load rather than
distance alone.

Table 6 Regression coefficients of coded and actual width model terms

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

Constant 825.96 13927.89 …
s 174.07 � 154.34 13.88
L 252.33 � 2568.91 20.12
D 119.53 4.92 9.53
sL 185.31 27.78 14.78
sD � 59.31 � 0.01 4.73
s2 � 19.52 0.42 1.56
L2 28.34 106.17 2.26
D2 � 46.21 � 0.0032 3.69
s2L � 93.65 � 0.074024 7.47
sL2 � 77.13 � 1.15 6.15

Table 7 Regression coefficients of coded and actual wear track depth model terms

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

Constant 16.8 18.421 …
s 5.61 � 0.214 22.38
L 1.85 � 14.697 7.38
D 0.3497 0.225 1.39
sL � 1.22 0.098 4.87
sD � 2.65 � 0.001 10.57
L2 � 3.25 0.756 12.96
D2 � 3.17 0.0002 12.64
sL2 � 6.97 � 0.005 27.80

Table 8 Regression coefficients of coded and actual volume loss model terms

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

Constant 0.2891 0.639944 …
s 0.1404 � 0.006048 24.85
L 0.0671 � 0.379076 11.87
D 0.024 0.004908 4.25
sL 0.0145 0.002374 2.57
sD � 0.063 � 0.000012 11.15
L2 � 0.0372 0.018139 6.58
D2 � 0.0619 � 4.38E-06 10.95
sL2 � 0.157 � 0.00011 27.78
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Figure 4, a 3-D representation, demonstrates a linear
decrease in COF with steep slopes at low load values as speed
increases. The slope flattens as the load reaches 10 N, and at
this load, COF slightly increases with speed. At 20 N load,
COF decreases linearly with increasing speed but not as
significantly as at lower loads due to reduced contact between
surfaces. When evaluating COF variation with load at constant
speeds, it follows a parabolic trend, with the lowest point at
12.5 N and a COF of 0.55. Despite increasing velocity values,
COF remains constant at 0.65. However, as velocity approaches
250 mm/s, COF exhibits an inverted parabolic shape with a
peak at 11.5 N and a COF of 0.69. These findings suggest that
an oxide layer forms at speeds above 200 mm/s for load values
ranging from 1 to 20 N, except at the 12.5 N load.

4.2 Wear Track Depth (d)

Figure 5 presents 3-D graphs illustrating the relationship
between wear track depth, sliding speed, and load at a fixed
sliding distance and load. Figure 5(a) shows an increasing trend
in depth (d) with higher speeds over a 150-m distance. The
steepest increase occurs at 11 N load, while the slope gradually
flattens as the load decreases to 5 N and increases to 16 N. At
low sliding speeds, both 5 N and 16 N loads result in
increasing depth, forming a parabolic shape with a minimum
point at 10.5 N load. At a speed of 250 mm/s, the behavior
changes to an inverted parabolic shape, with a maximum depth
of 11 N load and a decrease from 26 to 12 lm. In Fig. 5(b),
with a sliding distance of 300 m, the depth variation follows a
similar pattern as in the previous graph. However, there is an
increase in the parabolic base value at a sliding speed of
120 mm/s, ranging from 0.5 to 9 lm. Figure 5(c) depicts the
depth variation as a function of load and sliding speed at a
sliding distance of 450 m. The behavior is similar to Fig. 5(a)
and (b) but with a smaller maximum depth of 16 lm. A
parabolic variation is observed in the 120 mm/s speed range, as
seen in Fig. 5(b).

Figure 5d, e, and f represents the response surfaces of track
depth for constant loads of 3, 10, and 17 N, respectively. For a
load of 3 N in Fig. 5(d), depth decreases linearly with
increasing speed. The slope becomes steeper as the distance
increases, following an inverted parabolic trend from 140 to
380 m. In Fig. 5(e), the depth increases linearly with speed at a
load of 10 N. The slope becomes less steep as the distance
increases, and a parabolic increase in depth is observed from
140 to 380 m. Figure 5(f) demonstrates an inversely propor-
tional relationship between depth and speed at a load of 17 N.

The slope of the narrowing track width increases with distance,
as shown in Fig. 5(d). However, the parabolic change in track
width with increasing distance persists at this load.

4.3 Wear Track Width (w)

Figure 6 illustrates the relationship between wear track
width, sliding speed, load, and sliding distance. In Fig. 6(a), the
track width varies parabolically with varying load and speed for
a fixed distance. The parabolic shape moves its base point as
the load and speed change. Similarly, Fig. 6(b) and (c) shows
parabolic variations in track width with different load and speed
combinations for fixed distances.

Figure 6(d) demonstrates how track width varies with
sliding distance and speed under a 3-N load. The track width
increases parabolically toward specific speed points, while the
inverse parabolic relationship is observed between width and
distance. Figure 6(e) shows that under a 10 N load, changes in
distance and speed have less impact on track width, with a
linear increase in width as speed rises. Figure 6(f) illustrates a
parabolic increase in track width with speed under a 17-N load,
while the relationship with distance follows an inverted
parabolic pattern. In summary, the graphs depict the complex
interactions between sliding speed, load, distance, and wear
track width, showcasing various parabolic and linear relation-
ships.

4.4 Volume Loss (V)

Figure 7 presents the variation in volume loss with shear rate
and load for constant distance and load values. Figure 7(a)
shows that volume loss increases linearly with speed, reaching
a peak at 11 N load. At lower speeds, the volume loss follows a
parabolic pattern with load, while at higher speeds, it decreases
inversely parabolically. Similar behavior is observed in
Fig. 7(b), where the parabolic pattern shifts to higher values.
Figure 7(c) shows consistent volume behavior at low speeds
but varies with distance at high speeds.

In Figure 7e, volume loss increases linearly with speed for a
10-N load, with an inverse parabolic relationship between
volume and distance. Figure 7(f) demonstrates a reduction in
volume loss with the increasing speed at high speeds (> 17 N
load), while the volume remains constant at low speeds. The
volume loss follows a reverse parabolic pattern at different
distances. In summary, the graphs depict the relationship
between volume loss, shear rate, load, and sliding distance.
They demonstrate linear, parabolic, and inverse parabolic

Table 9 Regression coefficients of coded and actual WR model terms

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

Constant 92.74 430.77 …
s 44.58 � 1.41661 22.63
L � 23.84 � 132.81632 12.10
D � 21.73 0.91354 11.03
sL 7.58 0.70112 3.85
sD � 25.14 � 0.00474 12.76
LD 15.32 0.02280 7.78
L2 � 1.43 5.54725 0.73
D2 � 11.93 � 0.00084 6.06
sL2 � 45.47 � 0.03196 23.08
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Fig. 3 COF-time graphs with respect to (a) changes in sliding speed, (b) changes in load, and (c) changes in distance (plotted by using
experimental values)
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relationships, with variations depending on speed and load
values.

4.5 Wear Rate (WR)

Figure 8 displays the variation of wear rate at constant
distance and load. In Fig. 8(a), wear rate increases linearly with
speed, with a steeper slope at higher loads. At low speeds, the
wear rate follows a parabolic pattern with load, with a base
point at 13.8 N and 10.2 wear rate. Figure 8(a), (b), and (c)
presents the 3D response surface of wear rate for constant load
values based on speed and distance.

In Figure 8d, at a constant load of 3 N and 100 m distance,
the wear rate remains unchanged with speed. However, the
wear rate inversely varies with speed as distance increases. At
125 mm/s and 230 m distance, the wear rate reaches a high
value of 176.8, then decreases parabolically from 100 to 360 m
at a speed of 250 mm/s. For a constant load of 10 N in
Fig. 8(e), the wear rate increases proportionally with speed,
with a steeper slope as distance increases. Wear rate peaks at
330 m and 46.8 wear rate at 125 mm/s speed, then decreases in
an inverse parabolic pattern. At 250 mm/s speed, wear rate
decreases from 243 to 132 over a distance range of 100-360 m.
Figure 8(f) shows that the wear rate decreases with increasing
speed at short distances and low slopes under a 17-N load.
However, as distance increases, wear rate increases in direct
proportion to speed. At low speeds like 125 mm/s, the wear
rate increases in a reverse parabolic pattern with distance.
Conversely, at high speeds like 250 mm/s, the wear rate
decreases inversely parabolically with distance. In summary,
the graphs illustrate the relationship between wear rate,
distance, load, and sliding speed. They depict linear, parabolic,
inverse parabolic, and proportional relationships, with varia-
tions based on load, speed, and distance values.

4.6 Failure Mechanisms

SEM image and EDS analysis of the sample surface
subjected to sliding test according to parameters E10
(s = 219.6 mm/s, L = 4.85 N, D = 181.08 m) in Table 3 are
shown in Fig. 9. It is possible to infer from this surface
appearance that the principal wear mechanisms are severe

plastic deformation and oxidation mechanisms. Because it is
evident that the material is being removed at a rapid rate (Pt 2)
along the surface, and there are black flat surfaces and areas
where the worn particles have been squeezed and extruded
between the ball and the substrate (Pt 1). EDS analysis
highlights high oxygen concentration (about 30%), particularly
at Pt 1. The areas in the image that resemble this are those that
are subjected to repeated loads the most; they are smoother in
structure and have darker colors depending on the amount of
oxide present. On the other hand, the Pt 2 and Pt 3 regions
show the presence of oxide fragments that are separated from
the surface by the impact of friction as well as an oxide layer
that immediately regenerates in these areas. Depending on the
applied force and shear stress between the interacting surfaces,
temperature increases occur suddenly at the sample contact
locations. The rate of surface oxidation accelerates as the
temperature rises (Ref 35, 37). The chemical composition of the
samples has a direct impact on the oxide layer that forms on the
surface as well as the samples’ capacity to stick to surfaces.
Once more, the oxides on the left side of the image are extruded
in the direction of wear.

SEM and EDS photographs of the abrasion track area of test
sample E18, which was evaluated at 175 mm/s sliding speed,
0.5 N load, and 300 m sliding distance, are shown in Fig. 10.
This SEM view also shows the oxidation process. It can be seen
that the E18 sample exhibits increasingly severe plastic
deformation as the applied weight increases and the sliding
speed decreases. This is because the oxide layer on the surface
has less of a lubricating effect when the abraded sample slides
under the ball at a slower rate as the sliding speed decreases
(Ref 38). A protective oxide layer is typically formed on the
surfaces of the sliding materials when the sliding speed is
increased when metallic materials are being moved in an
oxygen-rich environment, and this oxide film results in a
significant reduction in the specific wear rate. Increased applied
loads cause single-sided loads to cause more damage and crack
thin oxide coatings that have comparatively poor mechanical
characteristics in comparison with metals. (Ref 39, 40). As can
be observed from the SEM image, there are areas of this
sample’s surface that have larger deformations. The amount of
oxide is observed to decrease as the color changes from dark to
white, despite the fact that the oxide density is larger in the
black parts of the image. The density of the Cr element is
notable in areas with low levels of oxidation. This indicates that
the Cr2O3 layer created on the surface is more resistant than the
ferric oxyhydroxide (FeO(OH)) layer, which is the primary
oxide formed in steels, as a result of the 11.5% Cr value
observed in AISI D3 steel (Ref 41-43). The variation in wear
parameters can be used to explain why the region expressed as
Pt 2 is closer to the wear surface in this sample.

EDS analyses performed on SEM images in Fig. 9 (Pt 1),
Fig. 10 (Pt 1 and Pt 4), and Fig. 11 (Pt 1) indicate the presence
of up to 30% O2 in certain regions, suggesting an oxidation
wear mechanism. The detection of Fe and Cr in EDS analyses,
consistent with the composition of AISI D3 steel, implies that
the formed oxides are likely iron oxide and chromium oxide.

By lowering the sliding speed to 100 mm/s, the E18 sample
exhibits a similar wear process, as shown in Fig. 11. However,
it was seen that the oxidation zones were further harmed and
the wear worsened in this area. The amount of surface
oxidation rose greater under these experimental circumstances.
In actuality, it was observed that this sample had the greatest O2

levels when the EDS analyses were performed. This can be

Fig. 4 3-D response surface plot of COF model
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Fig. 5 3-D response surface plot of wear track depth model for constant values of D at (a) 150 m, (b) 300 m, (c) 450 m and L at (d) 3 N, (e)
10 N, (f) 17 N
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Fig. 6 3-D response surface plot of wear track width model for constant values of D at (a) 150 m, (b) 300 m, (c) 450 m and L at (d) 3 N, (e)
10 N, (f) 17 N
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Fig. 7 3-D response surface plot of volume loss model for constant values of D at (a) 150 m, (b) 300 m, (c) 450 m and L at (d) 3 N, (e) 10 N,
(f) 17 N
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Fig. 8 3-D response surface plot of wear rate model for constant values of D at (a) 150 m, (b) 300 m, (c) 450 m and L at (d) 3 N, (e) 10 N,
(f) 17 N
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connected to the wear test parameters because the sample’s
chemical makeup is the same.

The surface characterization of abrasive balls is another
factor used in the understanding of wear mechanisms. Under
extreme environmental wear conditions, abrasive balls are more
susceptible to damage (Ref 44).

Figure 12 makes it very evident that less damage to the
abrasive ball’s surface results in reduced material transferring to
the ball. The black dot designated as Pt 1’s material surface
contained abrasion waste that is thought to have been plastered
on the ball. Figure 13 shows that although the wear wastes
collected more on the ball’s surface, the scratches were not

deep, meaning that the ball made of abrasive 52100 steel did
not sustain any damage that would have affected the test’s
outcome. It was found that the weighted balls before and after
the wear procedure showed no discernible difference.

5. Conclusions

The study examined the friction and wear behavior prop-
erties of AISI D3 material using CCD experimental design and
RSM. Factors such as sliding speed, load, and distance were

Fig. 9 SEM image and EDS analysis of worn area of sample E 10 (s = 219.6 mm/s, L = 4.85 N, D = 181.08 m)

Fig. 10 SEM image and EDS analysis of worn area of sample E 18 (s = 175 mm/s, L = 10.5 N, D = 300 m)
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analyzed for their effects on COF, wear track depth, track
width, volume loss, and wear rate.

The ANOVA analysis revealed that sliding distance had no
significant impact on COF, indicating uniformity of the sample
for wear testing.

The highest friction coefficient was observed at a load of 1
N and a speed of 100 mm/s. Low friction coefficients were
found at loads of 1 and 20 N with high speeds and 12.5 N with
low speeds.

Increasing speed resulted in increased track depth at low
distance values, while higher distance values led to a decrease
in track depth with speed. The low-speed high-distance

intersection (120 mm/s, 380 m) showed the deepest wear track
under low loads, while the high-speed low-distance intersection
(230 mm/s, 140 m) had the least depth.

Load increase shifted the minimum track depth to low speed
and low distance, and the maximum to high speed and medium
distance, with a similar trend observed in subsequent load
increases. Track width generally increased with extreme speed
and load values across all distance values. The load had a
diminishing effect on other variables until around 10 N, beyond
which its impact increased but not as significantly as at low
loads (3 N).

Fig. 11 SEM image and EDS analysis of worn area of sample E 20 (s = 100 mm/s, L = 10.5 N, D = 300 m)

Fig. 12 SEM images and EDS analysis of unused ball
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Volume removal showed a similar pattern to track depth,
with load diminishing the effects of the other parameters. As
distance increased, load and speed had less impact on wear rate
(WR), causing a decrease in WR values overall. At a load of
3 N, the intersection of 360 m distance and 250 mm/s velocity
yielded the lowest WR, while at a 10-N load, the 10 m distance
shifted to 250 mm/s velocity. Wear rate variance decreased
notably with increasing load.

Based on the findings, AISI D3 steel exhibited minimal
wear over a sliding distance of 500 m at speeds of 250 mm/s,
with loads of 6 and 17 N.
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Boriding on the Tribological Behavior of Hardox 450 and HiTuf Steels,
Rev. Adv. Mater. Sci., 2020, 59(1), p 314–321

18. Y. Kayalı, E. Kanca, and A. Günen, Effect of Boronizing on
Microstructure, High-Temperature Wear and Corrosion Behavior of
Additive Manufactured Inconel 718, Mater. Charact., 2022, 191, p
112155
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López, and A. Guevara-Morales, Wear Maps of Borided AISI 316L
Steel under Ball-on-Flat Dry Sliding Conditions, Mater. Lett., 2021,
282, p 128842. https://doi.org/10.1016/j.matlet.2020.128842

27. I. Uygur, H. Gerengi, Y. Arslan, and M. Kurtay, The Effects of
Cryogenic Treatment on the Corrosion of AISI D3 Steel, Mater. Res.,
2015, 18(3), p 569–574
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