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In the present work, 2D wear maps and statistical approaches on commercial samples of AISI 316L
stainless steel were obtained to provide a general visualization of response variables and wear regimes
under different dry sliding conditions. Dry sliding wear tests on the AISI 316L steel were performed
according to the ASTM G133-05 standard procedure guidelines. A linear reciprocating sliding tribometer
with a ball-on-flat configuration and a counterpart of Al2O3 was used. Wear tests were performed at room
temperature with the following conditions: sliding distance of 100 m, a constant applied load of 5, 10, and 20
N, and sliding speeds of 5, 10, 20, and 30 mm/s. The analysis of variance showed that the load influences the
depth, volume, and CoF response variables in a positive way with more than 97% of confidence; while the
specific wear rate response variable is mainly affected by the sliding speed with more than 42% of confi-
dence. 2D maps of the response variables were obtained using response surface methodology as a function
of the load and sliding speed. The maximum specific wear rate was �450310-6 mm3/Nm for the condition of
5 N and 5 mm/s, influenced by the test conditions. From SEM analysis, wear regimes were classified as mild
and severe and thus plowing, and material agglomeration predominate as failure mechanisms during mild
wear. For severe wear, differences are more evident, with smearing being predominant on the worn tracks.

Keywords AISI 316L stainless steel, failure mechanisms, wear
maps, wear resistance, wear regimes

1. Introduction

AISI 316L is an ultra-low carbon stainless steel with a
chemical composition of nickel, chromium, molybdenum, and
manganese, which improves its response to pitting in chlori-
nated environments, and good corrosion resistance at high
temperatures. This stainless steel is one of the most used
materials in biomedical applications, due to the chemical
composition, biocompatibility and low cost (Ref 1). Biomedical
components can be subject to different tribological parameters
such as loads, speeds, and environments; these parameters are
analyzed to improve the tribological behavior (Ref 2, 3).

Wear is defined as the progressive loss of material due to
relative motion at the surface under different test parameters
(Ref 4). This phenomenon could be improved by applied
thermal or thermochemical treatments that reducing the damage
generated on the surface of the material. Because there are
several wear mechanisms that change in relative importance as
the operating conditions are changed, and no single wear
mechanism operates over a wide range of conditions, wear
maps are a useful tool for explaining the role of the operating
environment on wear mechanisms (Ref 5, 6, 7). Several

regimes of wear for a particular test configuration can appear on
a single wear regime map plotted on axes of sliding speed,
pressure, load, among others (Ref 8, 9). This will allow
predicting, evaluate and optimize wear behavior in terms of
operating conditions.

Wear maps, and statistical approach of different materials
has been reported in different ways. Davanageri et al. (Ref 10)
evaluated the effects of the independent parameters such as
load, distance, and sliding speed on the wear performance of
the heat-treated super duplex AISI 2507 stainless steel under
pin-on-disk configuration. The statistical analysis showed that
the specific wear rate is affected by the wear parameters; in this
way, the applied load was found to have a major significance,
followed by the speed and sliding distance. Basavarajappa and
Chandramohan (Ref 11) evaluated the influence of independent
parameters on the wear volume removal of metal matrix
composites through the pin-on-disk wear test under dry sliding
conditions. In the same way, Baskaran and Anandakrishnan
(Ref 12) performed the statistical analysis and mathematical
modeling of the coefficient of friction under dry sliding
conditions using a pin-on-disk test for the reinforced aluminum
metal matrix composites. Bassiouny Saleh et al. (Ref 13)
developed a statistical analysis of dry sliding wear parameters
of the AZ91 alloy; the response surface methodology was used
to compare and optimize the weight loss response variable on
the wear failure mechanisms (Ref 14).

For the case of the AISI 316L stainless Steel, Montes-
Seguedo et al. (Ref 15) reported the wear maps on the
coefficient of friction under lubricated conditions on commer-
cial samples of AISI 316L using a pin-on-disk wear test.
Peruzzo et al. (Ref 16) studied the tribological behavior of the
AISI 316L stainless steels with boron additions. O�Donnell
et al. (Ref 17) plotted wear maps as a function of load and
sliding speed on hardened 316L austenitic stainless steel
carburized at low temperatures using pin-on-disk under dry
sliding wear tests. Farias et al. (Ref 18) evaluated the sliding
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wear behavior of two stainless steel (AISI 304 and AISI 316)
under different loads and speeds using commercial pin-on-disk
equipment. The experimental values obtained were plotted with
response surface methodology. The results showed that plas-
ticity dominated wear, and that failure mechanisms such as
metallic particle oxidation, adhesive wear, and mixed wear
appear. Also, the specific wear rate was dependent on the
interaction between the applied load and sliding speed, and
thus, a change in the wear mechanism was associated with the
test parameters. Garcı́a-León et al. (Ref 19, 20) reported wear
maps for the borided AISI 316L stainless steel under dry sliding
conditions using a ball-on-flat configuration to provide a
general visualization of the wear performance; also, and
statistical study was developed to provide information about
the significance of the response variable taking into account the
factors and levels applied during sliding wear. The results
showed that the load had the major statistical significance with
the 63.7% of importance on the specific wear rate.

In the literature, 2D wear maps for AISI 316L stainless steel
and the statistical approach of the variable response under dry
sliding conditions during ball-on-flat test configuration have not
been reported. In this study, 2D wear maps are developed on
AISI 316L steel with the aim of providing a general visual-
ization of the behavior of the specific wear rate and wear
regimes as a function of dry sliding conditions (i.e., load and
sliding speed of the test) in a ball-on-flat configuration test for
biomedical applications.

2. Experimental Procedures

2.1 Preparation of the AISI 316L Samples

20 mm diameter and 2 mm thick cylindrical samples of
austenitic AISI 316L stainless steel were cut, such as shown in

Fig. 1(a). The microstructure of the AISI 316L steel was
revealed using Nital 2%, note that the presence of macles and
chromium precipitates was evident due to the alloy’s austenitic
structure, as shown in Fig. 1(b) obtained via optical micro-
scopy. The chemical composition for the stainless steel used is
shown in Table 1. Further, samples presented a surface hardness
of �2.1 GPa measured by Vickers microindentation, with
Young’s modulus of �210 GPa (Ref 21)).

2.2 Dry Wear Test

Wear tests on the AISI 316L stainless steel were performed
at room temperature (25 �C) and 50% relative humidity using a
Bruker/UMT-2 universal tester under ball-on-flat dry sliding
conditions (Fig. 2) in a stroke length of 10 mm. Prior to wear
tests, all the samples were metalographically prepared (abrasive
paper and polished) until obtaining a surface roughness less
than Ra £ 0.05 lm according to ASTM G133-05 standard
procedure. Al2O3 balls (Ø=6 mm, H = 22 GPa, E = 350 GPa,
and t = 0.30) were selected as counterpart as it is the most
widely used ceramic material in bio-tribological applications
(implants for biomedical applications). Also, Al2O3 balls
present an ultra-low specific wear rate under sliding (Ref 23).

During the wear tests, the coefficient of friction (CoF) was
continually recorded with the aid of the Bruker/CETR software.
The experimental conditions and contact mechanic parameters
of the wear tests are shown in Table 2; note that, at least three
replicate tests were performed for each experimental condition
to guaranty the statistical quality of the results.

After the wear tests, the volume of material removed (V)
was obtained across the wear tracks by non-contact profilom-
etry with the aid of the Bruker/Contour GT-K 3D instrument,
and the specific wear rate (k) was estimated with Eq 1, where P
is the applied normal load and S is the total sliding distance
(Ref 24).

Fig. 1 (a) Sample geometry, and (b) Microstructure of the AISI 316L stainless steel

Table 1 Nominal chemical composition (wt. %) of AISI 316L stainless steel (Ref 22)

Element

Cr Ni Mo Mn Si P C S Fe

16-18 10-15 2-3 2 max. 1 max. 0.04 max. 0.03 max. 0.03 max. Balanced
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k ¼ V

P � S
;

mm3

N�m

� �
ðEq 1Þ

Finally, the failure mechanisms and the chemical composi-
tion over the surface of the worn tracks, developed for the
overall experimental conditions were analyzed via SEM/EDS
using a JEOL/JSM-7800F instrument at 5 kV.

2.3 Statistical Experimental Design

The statistical approximation of the wear test parameters
such as load (L) and speed (S) on the response variables which
are the depth (D), volume (V), specific wear rate (k), and CoF,
were estimated (Ref 12, 25). As a product of the combination of
factors L, and S with three levels each one, 9 tests were
developed through a factorial 32 in a completely randomized
design (CRD) with three replicate tests (Table 2).

The AV or ANOVA analysis of variance was applied to the
experimental factors and response variables on the wear test

with the aid of the Stargraphics Centurion software (Ref 26).
ANOVA is a statistical technique that is useful to analyze the
total variation of the experimental results of a particular design,
decomposing it into independent sources of variation
attributable to each of the effects that conform to the
experimental design (Ref 27). The significance of the model
terms were identified through the p values (p £ 0.05). In this
way, was applied the methodology or steps showed in Fig. 3.

A recommendation for experimenters is to always analyze
experimental goals and define clear related and measurable
response variables. In the same direction, potential design and
problem factors must be analyzed and adequately treated.
Experimenters can consider sequential experiments in more
than the 2 proposed steps, starting with the mixed design and
then analyzing other design factors with a 3K family experi-
ments prior to characterizations experiments. This approxima-
tion is more straightforward but cannot explore other regions
with different compositions. Trade-off differs per context and
researcher.

2.4 Construction of Wear Maps

The Response Surface Methodology (RSM) modulus and
DWSL fitting on Statistica software was used to obtain 2D wear
maps of the response variables. These response surfaces, or
maps, are a geometric representation obtained by plotting
response variables (e.g., CoF, depth, specific wear rate) as a
function of one or more quantitative independent factors (e.g.,
load, sliding speed, total sliding distance). Maps were obtained
with the aim of providing a global visualization of the material
wear performance under different dry sliding conditions (Ref
28). This is a useful tool that allows evaluating the effect of
multiple factors and interactions on the response variable, and
thus, determine design factor settings to improve or optimize
the response. Basically, Statistica software performs a quadratic
regression analysis based on experimental values to obtain the
response surface.

3. Results

The experimental values were collected according to the 3K

statistical design to investigate the statistical assumptions and
correlations using RSM. The response variables predictions
were estimated using ANOVA analysis of variance using the
response equation that governs the RSM plots through
validating the percentage of correlation, taking into account
the experimental values obtained.Fig. 2 Schematic diagram of the linear reciprocating wear test

using the UMT-2 tribometer

Table 2 Contact mechanics parameters obtained for the experimental conditions on the AISI 316L stainless steel

Sample
Factor
levels

Factors Contact mechanic parameters

Sliding
speed, mm/s

Applied
load, N

Total sliding
distance, m

Max. contact
pressure, GPa

Max. shear
stress, MPa

Depth of max. shear
stress, lm

Contact
radius, mm

AISI
316L

1 10 5 100 1.37 425.1 20.02 0.041
2 20 10 1.72 535.6 25.23 0.052
3 30 20 2.17 674.8 31.79 0.066

Journal of Materials Engineering and Performance Volume 30(8) August 2021—6177



3.1 Statistical Results

The levels of the factors were marked as low [�1], medium
[0], and high [1] to develop the statistical assumptions, such as
shown in Table 3. Note that the sliding distance is constant with
a value of 100 m for the overall experimental set of tests.

3.1.1 Screening Analysis. Initially, two levels of each
experimental factor were taken for the analysis of variance for
the screening design; Table 4 shows that all the factors were
significant in the wear test with a p £ 0.05 except with a
confidence level of 95%; notice that, for the response variable
CoF the interaction between the load and speed has negative
variable significance. The response variables studied present a
correlation coefficient greater than 99% except for the CoF
variables, being highly significant; likewise, the values of the
standard error and absolute mean error are observed.

The Durbin-Watson (DW) statistic tests the residuals to
determine if there is any significant correlation based on the
order in which the experimental values are presented. Since the

p ‡ 5.0%, there is no indication of serial autocorrelation in
the residuals with a significance level of 5.0%.

Figure 4 shows the screening analysis for the design factors
where the statistical significance of the factors in the test was
determined. Figure 4(a) and (b) shows that the applied load
(B:L) is the factor that most influences the depth of wear in a
positive way, that is, the higher the load, the greater the depth;
while the speed (A:S) and the second-order interaction of the
factors (AB) negatively influence the depth, that is, the higher
the speed and the higher load, the lower the depth of wear, the
volume of material removal, and therefore the specific wear
rate, as has been reported by (Ref 10, 20). Material removal is
directly influenced by the load, and thus the volume increase
linearly with the load, with adhesive wear mode (Ref 29).

The specific wear rate is not significantly affected by the
load, notice that in the case of speed (A:S), it has a negative
influence, but the interaction between both factors does have a
significant effect on the response variable, as shown in

Fig. 3 Methodology and statistical steps used

Table 3 Experimental factors and response variables on wear test

Factors Experimental values/Response variables

S D L Depth, D Volume, V Specific wear rate (k)
CoF

mm/s m N lm (mm3)310-3 (mm3/Nm)310-6

10 [-1] 100 5 [-1] 27.67 ± 1.30 192.6 ± 11.9 385.0 ± 19.40 0.73 ± 0.005
10 [0] 39.67 ± 0.72 318.0 ± 8.11 318.1 ± 13.21 0.66 ± 0.030
20 [1] 60.89 ± 1.36 583.4 ± 27.5 291.7 ± 4.49 0.59 ± 0.017

20 [0] 5 [-1] 29.00 ± 1.03 149.5 ± 3.84 299.1 ± 6.27 0.65 ± 0.047
10 [0] 39.00 ± 1.23 275.4 ± 15.5 275.4 ± 2.52 0.56 ± 0.042
20 [1] 58.78 ± 0.86 502.6 ± 19.5 251.3 ± 3.18 0.51 ± 0.034

30 [1] 5 [-1] 27.00 ± 1.10 112.0 ± 9.11 224.0 ± 14.9 0.63 ± 0.062
10 [0] 38.78 ± 0.86 233.9 ± 11.3 233.9 ± 18.5 0.54 ± 0.047
20 [1] 58.33 ± 1.54 511.9 ± 22.3 256.0 ± 16.4 0.52 ± 0.036

S is the sliding speed, D is the total distance of sliding, and L is the applied load
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Fig. 4(c), this indicates that the correlation coefficient R2 is low
for the statistical model due to the linearity of the experimental
results (Ref 20). Figure 4(d) shows that CoF is negatively
affected by speed (A:S), as is load (B:L) but to a lesser extent
than speed. It is also established that the second-order
interaction of the factors (AB) does not influence the behavior
of the CoF. Regression models can predict response variables
with 95% confidence, as shown in Table 5.

3.1.2 Analysis of Variance for the Response Vari-
ables. Table 6 shows the ANOVA results in order to evaluate
the statistical significance of the response variables; note that
p £ 0.05 expose a high significance of the variables with a
compliance level of 95%. It�s evident that the factors are highly
significant for the response variable CoF and volume. On the
other hand, for the depth and specific wear rate variables, there
is only the influence of the load factor (B:L). The response
variables studied present a correlation coefficient greater than
99% except for the variables CoF and specific wear rate with 97

and 56%, respectively; likewise, the values of the standard error
and absolute mean error are observed. The Durbin-Watson
(DW) statistic for the response variables studied shows a
p ‡ 5%, so there is no serial autocorrelation in the residuals.

Figure 5 shows the screening analysis for the design factors
where the statistical significance of the factors in the test was
determined. Figure 5(a) and (b) shows that the applied load
(B:L) is the factor that most positively influences the depth and
volume of material removal; likewise, the speed (A:S) has a
negative influence, and their interactions have little influence.
On the other hand, for the specific wear rate response variable
(Fig. 5c), there is a negative influence of the load factor and
little influence on the interaction between the factors. Other-
wise, it occurs with Fig. 5(d), where the response variable CoF
exhibits a negative influence of the load and speed factors, but
the interaction between the factors has a positive influence on
the values.

Table 4 Analysis of variance for the screening design

Factors and
interactions DoF

Depth Volume Specific wear rate CoF

SS F
p-

Value SS F
p-

Value SS F
p-

Value SS F
p-

Value

A:S 1 184.005 173.42 0.0000 0.116 1183.00 0.0000 96840.3 1242.87 0.0000 0.1430 188.58 0.0000
B:L 1 4420.99 4166.59 0.0000 0.706 7155.90 0.0000 120.333 1.54 0.2603 0.0252 33.24 0.0012
AB 1 178.872 168.58 0.0000 0.022 222.95 0.0000 5633.33 72.30 0.0001 0.0010 1.33 0.2927
Blocks 2 4.22112 1.99 0.2174 0.000 3.32 0.1068 821.16 5.27 0.0477 0.0007 0.47 0.6448
Total error 6 6.36635 … 0.0005925 … 467.50 … 0.0003 …
Total (corr.) 11 4794.46 … 0.846732 … 103883.0 … 0.0007 …
R2 … 99.86 99.93 99.55 97.39
Standard error … 1.0300 0.0099 8.8270 0.0275
MAE … 0.6201 0.0053 5.5555 0.0156
Durbin-Watson … 2.6472

(P = 0.7219)
2.7643

(P = 0.7867)
1.3818

(P = 0.0669)
2.1472

(P = 0.4053)
SS, Sum of squares. DoF degrees of freedom. MAE. Mean absolute error

Fig. 4 Pareto plots for cribbed analysis (a) depth, (b) Volume, (c) Specific wear rate, and (d) CoF
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3.1.3 Regression Model and the Response Surfaces
of the Statistical Model. Table 7 shows the regression model
for the response variables. Factors and significant interactions
were taken into account. The statistical model used is adjusted
to the response variables depth, volume, and CoF with a
confidence level greater than 97%. It is evident that the
response variable specific wear rate does not have a high
significance of the results and does not fit the statistical model
(42.17%). Thus, the most significant factor is speed. Note that
the greatest effect between factors and interactions is the CoF
variable.

For the other variables, there is a greater effect of the load
except for the specific wear rate and a greater effect of the speed

for volume and specific wear rate except for depth thus,
p £ 0.05 with a 95% reliability in the results. The Durbin-
Watson (DW) statistic for the response variables studied shows
a p ‡ 5%, so there is no consecutive autocorrelation in the
residuals. Finally, the values of the standard error and absolute
mean error are observed. Besides, the DoF values varied due to
the statistical behavior of the factors, their interactions, and the
statistical significance in the response variable (Ref 27).

Figure 6 shows the behavior of the response variables
subjected to the statistical model on response surfaces. These
response surfaces show a colored bar that indicates high (Red),
medium (green), and low (blue) values for each of the response
variables studied. The behavior of the response variables under

Table 5 Comparison between experimental values by block and calculated values

Block

Factors Experimental values Calculated values*

Speed,
mm/s

Load,
N

Depth,
lm

Volume,
mm3 3 10-3

Specific wear rate,
mm3/Nm 3 10-6 CoF

Depth*,
lm

Volume*,
mm3 3 10-3

Specific wear rate*,
mm3/Nm 3 10-6 CoF*

1 20 5 27.33 126 253 0.62 28.24 127.9 256.76 0.65
10 10 39.67 309 309 0.65 38.82 320.2 641.02 0.65
20 20 58.00 483 424 0.51 59.54 517.7 1036.5 0.51
20 10 38.33 259 259 0.58 38.67 257.9 516.69 0.56
30 20 57.67 494 247 0.51 57.95 504.0 1009.2 0.52
10 20 61.67 556 278 0.57 61.13 580.0 1160.8 0.58
10 5 27.33 192 385 0.74 27.67 190.3 381.10 0.74
30 10 39.00 246 246 0.55 38.52 244.2 489.36 0.56
30 5 28.67 104 208 0.65 28.81 114.3 229.43 0.63

2 20 5 30.00 128 257 0.65 28.24 127.9 256.76 0.65
10 10 39.33 322 323 0.65 38.82 320.2 641.02 0.65
20 20 59.33 522 261 0.51 59.54 517.7 1036.5 0.51
20 10 39.00 289 290 0.56 38.67 257.9 516.69 0.56
30 20 59.00 536 268 0.53 57.95 504.0 1009.2 0.52
10 20 61.00 611 306 0.58 61.13 580.0 1160.8 0.58
10 5 26.67 191 383 0.74 27.67 190.3 381.10 0.74
30 10 38.33 224 225 0.54 38.52 244.2 489.36 0.56
30 5 28.33 121 244 0.64 28.81 114.3 229.43 0.63

*, are the calculated/predicted values

Table 6 Experimental factors

Factors and
interactions DoF

Depth Volume Specific wear rate CoF

SS F
p-

Value SS F
p-

Value SS F
p-

Value SS F
p-

Value

A:S 1 3.05 3.68 0.0816 0.016 48.78 0.0000 243.00 0.11 0.7517 0.020 113.16 0.0000
B:L 1 2956.00 3554.10 0.0000 0.450 1329.88 0.0000 21080.50 9.13 0.0116 0.057 323.84 0.0000
AA 1 0.20 0.24 0.6327 0.003 6.90 0.0235 987.42 0.43 0.5265 0.006 37.62 0.0001
AB 1 9.68 11.64 0.0058 0.000 0.20 0.6616 6942.86 3.01 0.1107 0.001 5.92 0.0332
BB 1 0.69 0.84 0.3797 0.000 0.02 0.9038 121.00 0.05 0.8231 0.005 32.91 0.0001
Blocks 1 0.61 0.74 0.4092 0.001 4.96 0.0478 150.22 0.07 0.8033 0.000 0.13 0.7300
Total error 11 9.15 … 0.003 … 25386.9 … 0.002 …
Total (corr.) 17 3069.87 … 0.4978 … 58912.0 … 0.089 …
R2 … 99.70 99.24 56.90 97.82
Standard error … 0.9119 0.0185 48.0406 0.0133
MAE … 0.5242 0.0118 27.3915 0.0074
Durbin-Watson … 1.7859

(P=0.2955)
1.5742

(P=0.1621)
2.0981

(P=0.5446)
1.9522

(P=0.4243)
SS, Sum of squares. DoF degrees of freedom. MAE. Mean absolute error
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the test factors is governed by Eq 2, 3, 4 and 5 and plotted in
Fig. 6. Note that it results from the regression model for the
response variables.

Depth ¼ 15:2217þ 2:37467� Lð Þ
þ 0:129125� Sð Þ� 0:0144036� L� Sð Þ ðEq 2Þ

Volume ¼ 0:171361þ 0:0259833� Lð Þ� 0:0135333� Sð Þ
þ 0:000243333� S2ð Þ

ðEq 3Þ

Specific wear rate ¼ 378:0� 4:55� Sð Þ ðEq 4Þ

CoF ¼ 1:05333� 0:0316667� Lð Þ� 0:0223333� Sð Þ
þ 0:000777778� L2ð Þ þ 0:00015� L� Sð Þ
þ 0:000408333� S2ð Þ

ðEq 5Þ

4. Discussions

4.1 Statistical Results

The correlation of the measured variables and the calculated
values by the equations developed by the statistical model were
plotted in Fig. 7. Note that correlation coefficient is greater than
97% except for the specific wear rate variable (R2=42.17 %).
This low R2 value might be because the levels of the factors
(load and sliding speed) are too narrow, so the effect on the
response variable (specific wear rate) when changing from one
level to another is too small. Likewise, the tendency of these
statistical response surfaces is in agreement with the RSM plots
obtained for the experimental values.

In order to evaluate the experimental values versus calcu-
lated values, Table 8 was constructed using Eq 2, 3, 4 and 5.
Also, an experimental condition of 5 mm/s out of the analysis

was used to corroborate the statistical model. Notice that the
error percentage it is less than 20% in some cases, influenced
by the load and the experimental conditions, which can be
influenced by the behavior of the variable responses; also, with
the standard deviation, this percentage decreases. Likewise, the
tendency of the response surfaces obtained by statistical
analysis agrees with the RSM plots obtained for the experi-
mental values (Ref 10). The response variables behavior is
mainly influenced by the failure modes and mechanisms that
appear during sliding contact, as to the contribution of the
experimental factors involved in the sliding motion. The
contribution of the wear failure modes and mechanisms is
described in detail in the following section of experimental
results for each experimental response variable.

4.2 Experimental Results and 2D Maps

4.2.1 Friction Coefficient. In Fig. 8, the CoF behavior
against the relative wear distance for the AISI 316L stainless
steel is shown for different sliding speeds and load levels.
Common features are observed: there is a short running-in
period at the initial stage of the tests (0-10 m) in which the
tribological pairs are coupled. At this stage, surfaces may mate
better, asperities may be knocked off, or initial films may be
worn. This results in the CoF either increasing or decreasing
from an initial value. After this stage, the CoF stabilizes into
what is called steady-state sliding. For most of the graphs, CoF
increases with the relative wear distance, almost converging to
a constant value. The fluctuations can be attributed to wear
mechanisms and to the appearance of the stick-slip phe-
nomenon, which generates entrapment and expulsion of wear
particles (3-body mechanism).

CoF experimental values are summarized in Table 3 and
were used to obtain the 2D response surfaces of the CoF in
terms of sliding speed and load for the AISI 316L steel samples
(Fig. 9). Experimental values are shown as dots in the maps and
maximum and minimum values of CoF are indicated. As
observed, the critical region in terms of higher values of CoF
was found at low load levels and low sliding speeds, which

Fig. 5 Pareto plots for (a) depth, (b) Volume, (c) Specific wear rate, and (d) CoF
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might be explained by a change in wear mechanisms (me-
chanical to chemical) that promotes oxide formation at higher
loads and speeds due to elevated temperatures and thus
preventing metal-to-metal contact. These results are similar to
those reported by (Ref 30,31).

4.2.2 Wear Tracks. Figure 10 shows the cross-sectional
views (wear depth and width measurements) of the wear tracks
developed under different dry sliding wear conditions at a
relative wear distance of 100 m on AISI 316L steel. As
observed, the depth and width of the wear tracks had a greater
magnitude, indicating a higher material loss. Material removal
from a surface via plastic deformation (as expected due to its

low H3/E2 ratio equal to 0.001 ± 0.0001) can occur due to
deformation failure mechanisms, which include plowing,
cutting, and little wedge formation (Ref 5,32). Plowing results
in a series of parallels lines as a result of the plastic flow of the
softer material. During this process, the material is displaced to
the sides, forming ridges as is evident in the edges of the wear
track.

Plastic deformation can also be explained by the contact
shear stresses generated during the wear tests. According to
Tables 3 and 6, the depth of its maximum shear stresses was
between �20 to 32 lm. Also, from Fig. 10, the tracks are more
in-depth than this (�27-74 lm). Because the maximum shear

Fig. 6 Response surfaces for (a) depth, (b) Volume, (c) Specific wear rate, and (d) CoF

Fig. 7 Estimation of calculated and measured values for (a) Depth, (b) Volume, (c) Specific wear rate, and (d) CoF
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Table 8 Error percentage of the experimental versus calculated values

Speed Load Depth Volume Specific wear rate CoF

mm/s N lm mm3310-3 mm3/Nm 3 10-6 …

Experimental values
5 5 27.78 ± 1.77 223.7 ± 6.15 447.4 ± 10.00 0.84 ± 0.021

10 49.00 ± 1.00 369.7 ± 16.7 369.7 ± 27.20 0.70 ± 0.018
20 73.89 ± 1.68 794.6 ± 58.3 397.3 ± 9.520 0.76 ± 0.034

Calculated values
5 27.38 239.1 355.25 0.82
10 38.89 369.6 355.25 0.72
20 61.92 629.4 355.25 0.64

Error percentage with the models, %
5 1.43 7.06 20.53 1.20
10 20.63 0.16 3.99 3.85
20 16.20 20.76 10.59 15.42

Fig. 8 CoF behavior against relative wear distance AISI 316L steel. (a) 5 mm/s, (b) 10 mm/s, (c) 20 mm/s, and (d) 30 mm/s
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stresses (425-674 MPa) exceed the AISI 316L shear stress (H/
6), localized plastic deformation takes place.

2D maps were obtained with the depth and volume values
points shown in Fig. 11 from the experimental values
summarized in Table 3. The lower the load, the smaller the
wear track (Ref 33). In this way, Fig. 11(b) represents the
behavior of the volume material removal obtaining via
profilometry. Because the volume increases linearly with the
load, it is considered type I according to Straffelini (Ref 29),
with a totally adhesive wear mode. However, volume material
removal decreases with an increase in the sliding speed, note
that a correlation exists between applied load, sliding speed,

and total sliding distance, as has been reported by (Ref 11,20)
for the dry sliding wear on the stainless steels.

As defined by Eq 1, the specific wear rate is proportional to
the volume of removed material and inversely proportional to
the load and total relative distance, which is constant in this
case (100 m). Simultaneously, the higher the load, the greater
the wear track, and thus, the volume of material removed for
the AISI 316L steel (Fig. 11). There are two opposing effects of
the load on the specific wear rate, and depending on which
failure mechanism prevails, the specific wear rate will increase
or decrease with the load. For example, from Fig. 12, in which
the 2D map of specific wear rate obtained from experimental
values summarized in Table 3, a decrease in specific wear rate
for increasing loads at high speeds is observed. Although high
loads will imply high volumes of removed material, they can
also promote the formation of oxide layers due to higher
frictional heating (Ref 33, 34), thus reducing wear. Note that at
a certain point, high loads can break the oxide layers and
change the wear mechanism.

In conclusion, when metallic materials slide in an oxygen-
rich environment, and an increase in the sliding speed often
corresponds to a significant decrease in the rate of wear (Ref
33). The maximum specific wear rate was about �447910-6

mm3/Nm, corresponding to the lowest test conditions (S5/L5).
In comparison, a minimum value of �224910-6 mm3/Nm was
obtained for the condition (S30/L5). The results are agreed with
the ones obtained by Peruzzo et al. (Ref 16), who estimated
similar values of wear loss rate, around 70910-6 mm3/Nm at
similar experimental conditions.

On the other hand, the decrease in the specific wear rate with
sliding speed might be explained by surface strain hardening
due to the high plastic deformation generated by the high
sliding speeds (similar situation for higher loads). This was
previously reported by Lim (Ref 35) for an ultra-mild-wear

Fig. 9 CoF 2D map for AISI 316L steel under dry sliding wear
tests

Fig. 10 Cross-sectional views of the wear tracks developed for the AISI 316L steel. (a) 5 mm/s, (b) 10 mm/s, (c) 20 mm/s, and (d) 30 mm/s
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regimen. O�Donnell et al. (Ref 17) and Atar (Ref 33) reported
an ultra-mild-wear phenomenon for AISI 316L samples under
similar conditions, showing a similar behavior of the specific
wear rate with the one reported in this work. Also, Thapliyal
and Dwivedi (Ref 36) reported that for a ductile alloy with
hardness values of 344HV, the highest material wear was
obtained at low sliding speeds in a pin-on-disk configuration.
For the case of ceramic layers, plastic deformation is limited,
there is no surface hardening effect, and thus, their specific
wear rate is basically dependent on the volume of material
removed: the higher the load and sliding speed, the higher
specific wear rate (Ref 19).

4.3 Wear Maps and Failure Mechanisms

Figure 13 shows the SEM micrographs of the worn tracks in
which wear mechanisms are indicated using a color code for the
severity of the damage: low (green), medium (yellow), and high
(red). Maps can be divided into two wear regions: mild and
severe with a transition zone. These modes were defined based
on the predominant failure mechanisms identified by SEM and

considering the specific wear rate level. From a preliminary
analysis, high wear and severe low damage are localized at low
sliding speeds and all load levels, while the fewer values of
wear are reduced due to strain hardening in sliding speeds
higher than 10 mm/s.

During wear tests wear particles (debris) are generated. If
the wear particle (debris) is hard, it will damage the softer
surface and form a deeper plowing. Otherwise, if the debris has
a similar hardness to the surface (Ref 14,37), some of these
particles act as 3-body abrasives that wear down the material
and formed plowing, which are identified as parallel stripes in
the sliding direction, as reported by Peruzzo et al. (Ref 38). The
severity of damage generated by the plowing was defined,
taking into account the depth, continuity, and parallelism along
the sliding direction through qualitative visual analysis of the
micrographs. In ceramics, the main wear mechanism is
plowing, as reported by Gahr (Ref 39). When the plowing
along the sliding direction is not continuous, very smooth,
inconspicuous, shallow, and the mechanisms cannot be clearly
identified, the polishing failure mechanism appears in some
micrographs (Fig. 14); this polishing is observed as a flattening

Fig. 11 2D maps for AISI 316L steel under different dry sliding wear conditions. (a) depth, and (b) volume

Fig. 12 Specific wear rate for the AISI 316L steel under different dry sliding wear conditions (a) 2D map and (b) behavior in the barplot
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of the surface, due to the influence of low loads and low speeds.
Polished surfaces are generally smooth or shiny, which implies
low levels of material removal without plowing, cracks, or
visible plastic deformation on the surface (Ref 40).

Material agglomeration occurs when the debris has been
reduced to a sufficiently small size, which adheres and clump
together due to mechanical contacts on the surface, mainly
influenced by the experimental conditions of load and speed.

These agglomerations can evolve and form oxidized compact
layers (tribo-film) that provide protection against wear damage.
The darker areas of the tribo-film were identified as smearing
due to interaction with oxygen from the environment (Ref 41).
This tribo-film generates a decrease in the CoF, the volume of
removal, and the specific rate of wear (Ref 42).

The surfaces show that plowing and material agglomeration
predominate as failure mechanisms during mild wear. Plowing

Fig. 13 SEM micrographs of different wear failure mechanisms for all experimental dry sliding wear conditions
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is generated by hard particles or debris, which produce the plow
on the wear tracks. Note, however, that the depth or severity of
the plowing is greater. As the wear regimes change to severe (in
the transition zone), the extent of smearing and material
agglomeration increases. For severe wear, on the other hand,
differences are more evident, with smearing being predominant
with plowing and spalling. Also, it shows the spectrum over a
specific region of material agglomeration taken from the severe
wear regions (region indicated by a rectangle); in the spectra,
the presence of iron and nickel oxides generated by the
tribochemical effects is identified.

On the other hand, the specific wear rate decreases linearly
with increasing hardness, regardless of the production process
and the type of material, according to Straffelini (Ref 29).
Archard establishes two principles about the specific wear rate:
(1) it is independent of the apparent area and is directly
proportional to the applied load, and (2) it is constant with the
sliding distance (or time) and independent of the speed (Ref
43), and there is a significant influence of sliding speed on worn
surface failure mechanisms (Ref 44). There are two opposite
effects of load on the specific wear rate, and depending on the
dominant failure mechanism, the specific wear rate will
increase or decrease depending on the load applied during
sliding. Wear mechanisms identified through SEM micrographs
(Fig. 13) are summarized in Fig. 14.

According to Fig. 14, the mild wear regions are in:
5 N loads for the entire set of speeds characterized by

plowing and some material agglomeration. The volume is low
in this region, and the CoF decreases (from 0.83 to 0.63) at high
speeds due to strain hardening.

High speeds with loads greater than 10 N under this region
the plowing is more pronounced, with some detachment,
material agglomeration, and galling due to plastic deformation
and strain hardening of the surface, where the lowest CoF value
and low values of the specific wear rate are obtained. In this
case, the debris is trapped, acting as a 3-body mechanism as
reported by (Ref 17) and (Ref 35).

At a certain point, high loads and speeds promote the
breakdown of the oxide layer, and the wear mode changes from
adhesive to abrasive. The yield stress of the material was
considered taking into account the maximum tangential stress
theory for ductile materials, which proposes that: sMax. ‡ (ry/
2), using the Tabor relation ry=H/3, with a value of

approximately (ry/2)=�350 MPa. In this way, AISI 316L
steel presents a relation of 674 MPa ‡ 350 MPa, concluding
that the material failure is by plasticity (Ref 45).

The transition regions to severe wear are found in:
Speeds lower than 10 mm/s for the entire load range it is

characterized by mild, less pronounced plowing; with material
agglomeration appearing at high loads, providing protection
against wear as obtained in the SEM-EDS with the presence of
the alloying elements. Notice that high oxygen contents were
detected on the worn surfaces, which exposed Fe2O3 and Fe3O4

phases or FeO-based iron according to (Ref 46), which aid to
reduce the specific wear rate (Ref 47).

In this region, the specific wear rate and CoF are high (0.70-
0.83); this behavior was previously reported by (Ref 17, 36).
According to (Ref 48) at speeds less than 100 mm/s, there is no
significant heating of the surface, and wear occurs due to cold
mechanisms such as plasticity and tribochemical effects.

In Fig. 15, wear track edges are shown. It is evident the
direct contribution of oxidation to the progression of wear (Ref
18, 49). As mentioned previously, oxide islands generated
during sliding contact can minimize the mechanical contact
between the counterpart and the steel, reducing material transfer
to the counter-face. Also, it is observed that the evolution of the
plastic deformation on the wear track edge increase when the
sliding speed decrease for low loads, but when the load and
sliding speed increase, the plastic deformation on the edges
increases too, as was identify via optical profilometry (See
Fig. 10). From the EDS spectra, the main contribution of oxide
and iron and alloying elements during sliding wear is evident.

5. Conclusions

The main conclusions about the wear maps and statistical
approach of AISI 316L alloy under dry sliding conditions
obtained in the previous study are reported as follows:

• The statistical analysis showed that the load influences the
depth, volume, and CoF response variables in a positive
way with more than 97% of confidence; while the specific
wear rate response variable is mainly affected by the slid-
ing speed with more than 42% of confidence.

• It was possible to obtain statistical equations to predict
and approach the behavior of the response variables taking
into account the factors and levels; this approach is sus-
ceptible to the standard deviation that occurs due to the
effects of the environment and performance of the failure
mechanism during dry sliding wear tests.

• 2D wear maps on AISI 316L steel were obtained to eluci-
date the role of dry sliding parameters on specific wear
rate and wear regimes during reciprocating wear tests. The
maximum specific wear rate was �450910-6 mm3/Nm,
corresponding to the lowest test conditions: 4 N and 4
mm/s, whereas a minimum value of �220910-6 mm3/Nm
was obtained for the condition of 12 N and 32 mm/s. A
decrease in specific wear rate for increasing loads at high
speeds is observed in the AISI 316L steel, which is ex-
plained by the oxide formation that could minimize the
contact between the counterpart and the steel, thus reduc-
ing wear.

• SEM-EDS analysis confirmed the influence of the sliding
speed on the failure mechanism and the specific wear rate.

Fig. 14 2D wear map indicating wear regimes for AISI 316L steel
under different dry sliding wear conditions

6188—Volume 30(8) August 2021 Journal of Materials Engineering and Performance



Therefore, the decrease in specific wear rate with sliding
velocity in the AISI 316L steel might be explained by sur-
face hardening due to the high plastic deformation gener-
ated by the high sliding speeds. On the worn track,
plowing and material agglomeration predominates as fail-
ure mechanisms during mild wear. For the mild and tran-
sition regions, failure modes are similar to those reported
in some references. For severe wear, on the other hand,
differences are more evident, with smearing being pre-
dominant.

• Higher specific wear rates for the AISI 316L steel are also
promoted by its higher values of CoF, which is explained
by its lower hardness that allows a deeper penetration of
the counterpart, and by its higher levels of plastic defor-
mation (lower H3/E2 ratio), both of which promotes a bet-
ter coupling between counterpart and surface, and thus
generating higher values of CoF.
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