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ARTICLE INFO ABSTRACT

Keywords:

The statistical design of experimental techniques has been widely explored in developing empirical methodol-
ogies. These methods are beneficial for developing appropriate mathematical models to predict the properties
and performance of various materials. This study utilized the user-defined design (UDD) approach under

Response surface methodology (RSM)
User-defined design

ANOVA ) . . response surface methodology (RSM) to achieve the optimum parameters for dry sliding wear properties of
Binderless TiCq sNo.s ceramic composites . . . . . . . . .

Graphite graphite-reinforced binderless TiCg sNg 5 ceramic composites. The tribological tests were performed using a ball-
Wear rate on-flat geometry tribometer, with a ruby- TiCo.sNos friction pair operating in sliding mode at ambient tem-

perature. The developed mathematical model specifies the functional relationship between the key parameters,
using the weight percentage of the graphite reinforcement and applied load as input variables and wear rate as
the output variable. Based on the statistical analysis, ANOVA results for wear rate indicated that the predict-
ability of the model is at 95 % confidence level. Moreover, the wear rate demonstrated a correlation coefficient of
R? = 0.9762, which depicts that only less than 3 % of the total variations are not explained by the model, and the
value of the adjusted determination coefficient (adjusted R?> = 0.9366) is high, proving that the model is

significant.
1. Introduction literature [7] [8] [7]; however, the performance of this particular class
of material depends on several factors such as crystal structure,
Advancements in novel materials extend challenges to composition, and experimental conditions (applied load, sliding speed

manufacturing industries, which compel engineers, scientists, and ce-
ramicists to develop reliable composites in harsh conditions. Cutting
tool inserts are necessary to exhibit optimal properties to enhance their
performance during milling processes; accuracy and precision are
paramount. Wear resistance relies on factors such as type of material,
applied load, test speed and time. Ceramic materials possess combined
properties such as high hardness, wear resistance and chemical inertness
in aggressive environments, making them suitable tools for cutting op-
erations [1] [2]. Due to their superior properties and performance,
TiCN-based ceramic composites have successfully substituted WC-Co
and TiC cermets in high-speed machining, finishing and semi-finishing
of moulds and dies [3] [4] [5] [6].

Wear properties of TiCN-based cermets have been reported in the

and environment). TiCN has a core-rim structure, the core is the hard
phase, and the outer and inner rim constitute a solid solution caused by
the reactions between TiCN, binders (Ni/Co/Fe), carbides and nitrides
(WG, TiC, TaC, Cr3Ca, Mo2C, TiN, SigNy4) particularly used to enhance
the properties of the cermets [9] [10] [8] [11]. The interfacial
carbon-carbon bonds from carbon-based materials can be incorporated
into composite materials to accomplish a lower wear rate due to the
passivation at the contact point [12] [13]. Therefore, the intrinsically
lubricious property and strong interfacial bonding between graphite and
TiCN can improve wear resistance through the load transfer mechanism,
promoting solid lubrication and influencing tribo-film formation.
Yadav et al. [14] reported the influence of linear velocity on the
sliding wear characteristics of TiCN-based cermets. The sliding
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Table 1

Summary of the sliding wear parameters performed on TRB® tribometer.
Parameters Value Units
Linear speed 0.08 cm/s
Acquisition rate 15.0 Hz
Normal load 5,10 and 20 N
Duration 30 Min
Stop condition 6000 laps

Table 2

Build-up Information for the RSM model.
Software File version: Design expert (13.0.5.0)
Study type Response surface Subtype Randomized
Design type User-defined Runs 9.00
Design Model Quadratic Blocks No Blocks

Table 3

The coded and actual operating conditions of factors.
Independent Units  Coded Type Levels L L[2] L[3]
variables symbol [1]
Graphite wt% A Discrete 3 0 0.5 1.0

content

Load N B Discrete 3 5 10 20

velocities used were in the range of 0.08 — 0.26 m/s, and at high speed,
the cermets showed a higher coefficient of friction (COF), which varied
from 0.47 to 0.50 as compared to 0.18 and 0.27 reported for lower ve-
locity. Abrasion, grain pull-out, and adhesion were the dominant wear
mechanisms, and the influence of TaC, WC, and Mo,C was noticeable in
the microstructure and mechanical properties, which affected the wear
behavior of the material [14]. Stewart et al. [15] investigated the effect
of NizAl binder on the wear properties of TiCN cermets using a WC-Co

/7
Micro pores
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counterpart using reciprocating test geometry. Cermets with higher
binder content showed high COF values (0.45 — 0.52) at lower loads,
while at high loads, the specific wear rate and wear track increased.
Owing to the limitations caused by the inconsistent microstructures
influenced by different materials added to the TiCN hard phase, bind-
erless TiCN composites are used to mitigate the challenges inflicted by
the binders [16] [17] [18].

Numerous models can be used to predict the preferred output vari-
ables by developing mathematical models that represent the relation-
ship between the input parameters and output variables with minimal
experiments. RSM utilizes statistical and mathematical methods that are
used for modelling the functional relation between input and output
responses of various processes [19]. RSM has been successfully used in
various disciplines to optimize, improve, and develop efficient processes
to solve challenges that are encountered in time-consuming and ineffi-
cient trial-and-error methods [20] [21] [22] [23]. As a result of the
unreliable errors often encountered by engineers, scientists, and tech-
nologists, manufacturing industries rely greatly on this technique to
draw significant conclusions. This method has been reported to predict
and correlate the input and output parameters of sliding wear to
improve and validate the properties of different engineering materials
composites [24] [25] [26]. Dominic et al. [27] developed an empirical
relationship to predict the effect of sliding velocity on nano TiB2 rein-
forced TiCN cermets and developed the regression equations for wear
properties. The mass loss, wear rate and COF were the evaluated re-
sponses, and a 95 % confidence level was reported. The sliding velocity
significantly affected the responses, and the high R? values confirmed
that the model was a good fit for the data. In contrast, the mass loss,
wear rate and COF of the composites are demonstrated by residual plots.

TiCN composites are used in operations where high-speed cutting,
semi-finishing and high precision are mandatory during application in
rigorous environments. However, there is limited research on the wear
properties of binderless TiCN-based ceramic reinforced by carbon-based
material. To mitigate the challenges imposed by binders in hard mate-
rials, we have studied the concept of wear in binderless ceramic

Crich phase -

Fig. 1. SEM microstructures of sintered TiC0.5N0.5-Gr ceramic composites: (b) 0 wt%, (b) 0.5 wt% and (c) 1.0 wt% graphite reinforcement.
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TiCO.SNO.S EDS map

Fig. 2. SEM-EDS mapping of sintered TiCq sNo s specimen.

composites, emphasising the proportion of reinforcement and applied
load for high-speed cutting applications via RSM method and experi-
mental approach. This present study used the UDD approach on RSM to
predict the tribological performance of binderless TiCp 5No.5-Gr ceramic
composites at ambient temperature. A mathematical model was devel-
oped to determine the effect of applied load and graphite reinforcement
(input parameters) on wear rate (response variable), and the predicted
wear rates are compared against the values obtained from laboratory
experiments.

2. Experimental procedure

The sintering procedure and parameters used to fabricate the
graphite-reinforced TiCypsNps composites have been reported in our
previous study [17]. Microstructural characteristics and quantitative
analysis of the composition of the sintered TiCy sNo 5-Gr ceramic com-
posites were examined using SEM (FE-SEM JOEL JSM-7900 F) equipped
with an energy-dispersive spectroscopy (EDS) detector. In-depth me-
chanical evaluation of the composites has been reported by Mekgwe
et al. [22]; therefore, this study is only focused on evaluating the wear
rate of the composites using RSM and laboratory experiments. The
composites reinforced with 0, 0.5 and 1.0 wt% of graphite particles are
denoted as Sample A, B, and C, respectively.

2.1. Tribology tests

The surfaces of each specimen were prepared by grinding and pol-
ishing until a relatively smooth surface was achieved. The TiCq 5N¢ 5-Gr
and ruby counterface ball tribo-pairs were thoroughly cleaned and
rinsed with acetone to ensure they were free from dirt and grease. The
tribology test was performed on a ball-on-disc TRB3, Anton Paar trib-
ometer under dry sliding conditions against a ruby ball (Al,03/Cr203),
with a hardness value of 2300 HV. Table 1 represents the additional test
parameters used during the tribology test. Applied loads of 5, 10 and 20

Tribology International 199 (2024) 109966

N were used for testing, and the motor speed was maintained at 200 rpm
motor speed. Subsequently, the COF variation and wear rate of the
composites were estimated and continuously recorded by the trib-
ometer. Post-wear examinations were performed on the worn surface of
the specimen using SEM/EDS to evaluate the wear mechanisms.

2.2. Design of experiment: Mathematical modelling by response surface
methodology

Design of Experiment (DOE) was used to predict and optimize the
wear properties of TiCxNy-Gr ceramic composites slid against ruby balls.
According to several researchers, this method has proven to be reliable
in providing data and merges mathematical and statistical techniques to
ascertain the relationship between two or more input factors and their
responses [24] [28] [29]. In this study, Design Expert 13 software was
used to predict and optimize the wear rate of TiCN-Gr composites.
Subsequently, the UDD approach technique was used to develop a
mathematical model to determine the effect of graphite reinforcement
(0, 0.5 and 1.0 wt%) and applied loads (5, 10, 20 N) on the wear rate of
TiCN ceramic composites. The build-up information for the RSM model
is represented in Table 2; the factors’ coded and actual operating con-
ditions are shown in Table 3.

3. Results and discussion

3.1. Microstructural characteristics of graphite-reinforced TiCp 5Ng.s
ceramic composites

Fig. 1(a-c) shows the SEM micrographs of the sintered graphite
reinforced TiCosNp s ceramic composites to provide insight into the
morphology and distribution of graphite particles on the ceramic hard
phase. SEM analysis revealed the distinct microporosity amongst the
sintered specimens with 0, 0.5 and 1.0 wt% graphite reinforcement. The
effect of graphite on the microstructural characteristics of TiCosNo.s
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Fig. 3. BSE micrographs of spark plasma sintered TiC0.5N0.5-Gr ceramic composites with EDS spectrum: (a) 0 wt%, (b) 0.5 wt% and (c) 1.0 wt% graphite

reinforcement.

ceramic composites was demonstrated, and it can be seen that a proper
quantity of graphite reinforcement can be used to achieve a homogenous
TiCN microstructure with uniform grains. It was also observed that the
micro pores reduce with increased graphite particles. Fig. 1a shows
some level of microporosity, which can be ascribed to the failure of
proper particle arrangement between TiC and TiN particles during the
sintering process. During sintering, reduction reactions occur whereby
the gases entrapped become released, which leads to microporosity on
the surface of the specimen. Similar observations were reported in
previous studies [30] [31]. Furthermore, grinding defects acquired
during processing are seen in the specimen, and this can contribute to
the porosity observed in the microstructure [17] [32]. Fig. 1b, shows
large particles of graphite that are difficult to diffuse into the matrix, as
they coalesce to form clusters. In Fig. 1c, the carbon-rich phase is ho-
mogeneously distributed on the microstructure. The appearance of the
isolated carbon phase in the SEM micrograph suggests the existence of a
significant driving force for the segregation of carbon atoms [33] [34]
[35]. SEM-EDS analysis was performed to identify the elemental dis-
tribution in the sintered specimens, and the EDS mapping of the spec-
imen without graphite is presented in Fig. 2, while a semi-quantitative
analysis of the elemental distribution obtained from different positions
for the three specimens is shown in Fig. 3. Fig. 2 reveals three distinct
phases and confirms the complete homogenization of the TiC and TiN
phases into a single-phase TiCysNps alloy with thermally activated
diffusion [16]. Fig. 3(a-c) represents the EDS spectrum used to classify
the compositional variations between Ti, C and N phases based on

different proportions of graphite reinforcement. Fig. 3a reveals the
composition of the composite with 0 % graphite, 3b denotes 0.5 %
graphite, and 3c shows the elemental composition of the specimen with
1 % graphite. Three distinct regions exhibiting variations in composition
with respect to shades of grey were observed. A carbon-rich phase
characterized the dark spherical region, while light and dark grey areas
signify nitrogen and titanium phases, respectively.

3.2. Tribological behavior of TiCN-Gr composites

To understand the effect of graphite addition and applied load on the
tribological properties of binderless TiCN ceramic composites, the wear
behaviour of the specimens against ruby ball counterface was evaluated.
The binderless TiCN ceramic composites are considered promising cut-
ting tool inserts due to lower COF and excellent wear resistance, which is
suitable for application in severe environments.

3.2.1. Wear rate

The wear rate used to assess the behaviour of TiCN-Gr composites is
represented in Fig. 4. Comparing the behaviour of the composites under
different loads and graphite addition, the wear rate significantly
decreased as the graphite content increased. During sliding wear tests,
tribo-pair is exposed to friction when in contact at relative motion.
During sliding wear tests, the tribo-pair is subjected to friction when the
asperity contacts are sheared, and friction is generally regarded as the
main cause of wear and energy loss of the sliding system [36]. From the
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Fig. 5. Coefficient of friction against time for TiCo sNo 5-Gr composites against ruby ball: (a) 5N, (b) 10 and (c) 20 N loads.

wear rate results (Fig. 4), it can be seen that the wear rate of the com-
posites without graphite addition was higher than that of the composites
with graphite content. The literature on the wear properties of
TiCN-based cermets has shown poor wear resistance, and the wear rate
varies on the order of 107 to 1077 [37] [4] However, the wear resis-
tance of the composites was significantly enhanced with 0.5 wt%
addition of graphite and lower wear rate values of 0.937 x 107>,
0.186 x 107>, and 1.232 x 10~ were recorded at 5N, 10 N, and 20 N
applied loads, respectively.

Notably, the wear test conducted on TiCN-Gr using a load of 20 N
exhibited improved wear resistance than those performed using 5 N and
10 N. In general, the wear rate increases with an increase in applied
load, and as the load was increased to 20 N, the wear rate increased
irrespective of the composition. This increase can be attributed to the
increased mechanical stresses and frictional heat subjected to the
working interface. The decreased wear rate at 0.5 wt% graphite rein-
forcement could be attributed to the lubricating effect of graphite.
During sliding, an adequate amount of graphite provides a tribo-film on
the surface of the material which enhances its tribological properties.
When graphite is introduced as a solid lubricant on the TiCN matrix, the
extruded graphite particles form a lubricant tribo-film and protects the
surface of the composites from the hard abrasive particles [38]. How-
ever, according to the microstructures reported in Fig. 1c, the homog-
enous distribution of graphite particles within the TiCN matrix

prevented the extrusion of its particles and provided solid lubricating
properties.

3.2.2. Coefficient of friction

The coefficient of friction measured from the recorded frictional
force and the applied pressure on the surface of the specimen is shown in
Fig. 5. The average COF values for this study were in the range of 0.164 —
0.276, which is lower when compared to the TiCN material with and
without binder addition [39] [40], the COF values varied from 0.46 -
0.75 at 20 - 50 N respectively [41] [42]. During wear tests, there is a
slight frictional temperature rise, which causes the decomposition of
graphite particles from the matrix [43]. It further migrates to the surface
of the specimen and reacts with titanium, thereby forming a tribo-layeer
at the contact surface during sliding.

From the COF variation plots represented in Fig. 5a, the variations of
COF at 5N show that the composition without graphite exhibits the
highest COF values as compared to other compositions, and a similar
observation is seen at a load of 10 N (Fig. 5b). The decrease in the COF of
graphite-reinforced TiCy 5Ny 5 can be attributed to the solid lubricating
properties imparted by graphite to enhance the tribological properties of
the ceramic composite. A similar observation was reported in a previous
study [44]. In contrast, at a load of 20 N, there is little or no formation of
tribo-film at the composite surface with 0.5 wt% graphite. This might
result from the higher frictional force generated between the specimen
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Fig. 6. SEM micrographs of the worn surface of TiCy 5N s5-Gr composite (a) specimen A at 5 N and (b) specimen B at 20 N and the corresponding EDS spectrum.

Table 4
The actual design factors and the response.
Run Factor 1 Factor 2 Response
Graphite (Wt%) Load (N) Wear rate (mm®/Nm)

1 1 10 5.63E-06
2 0 20 3.27E-05
3 1 20 1.913E-05
4 0.5 20 1.23E-05
5 0 5 1.45E-05
6 0 10 1.03E-05
7 0.5 5 9.37E-06
8 1 5 1.49E-05
9 0.5 10 1.864E-06

Where: A represents the coded value for graphite content and B represents the
coded value for applied load.

and counterface material due to the increased load, which decreased its
COF [1]. According to Fig. 5c, the specimen reinforced with 1 wt%
graphite exhibits the lowest COF value of 0.178 compared to 0.202 and
0.276, respectively, recorded by 0 % and 0.5 % reinforced specimens,
and this can be attributed to the ease of tribo-film formation owing to
the free graphite, which acts as a solid lubricant that promotes the for-
mation of oxide layer on the surface of the specimen during the test [39].

3.2.3. Surface morphology of worn TiCy 5N 5-Gr composites

The worn surface is analysed to understand the dominating wear
mechanisms under sliding conditions. The known wear mechanisms for
TiCN material include abrasion, adhesion, surface fatigue, fracture, and
grain pull-out [45] [44]. Fig. 6a shows the SEM micrographs of the worn
surfaces of the TiCN-Gr composites. The worn surface of the specimen
with 0.5 wt% graphite depicts adhesive wear due to evident surface
particle removal in the microstructure. The EDS analysis further con-
firms the formation of oxide layers owing to the heat generated between
the two sliding surfaces [40]. Oxidative wear is the primary mechanism
evident in Fig. 6b, as the microstructure shows a slight pulling of the
surface layer of the specimen by the counterface ball due to the for-
mation of small lubrication between the sliding surfaces at higher load
(20 N). Notably, the metal surface becomes oxided by air, which can
result in the peeling of the metal oxide film under continuous friction

[12]. Based on these findings, it can be concluded that binderless TiCN
composites display enhanced wear resistance compared to TiCN-based
cermets, and adequate graphite content can provide the required
lubrication for the composites to improve the wear resistance against
ruby balls further. The presence of graphite reinforcement within the
TiCN matrix could provide a strong bond between the reinforcement and
the matrix phase due to mechanical interlocking, chemical bonding, or
both, thus ensuring effective load transfer from the matrix to the rein-
forcement. It is also noteworthy that the matrix distributes the load
among the reinforcement particles, and this often increases the resis-
tance of the TiCN composite to the applied load. Moreover, the frictional
behaviour of the composite is enhanced due to the lubricating effect of
the graphite particles during the wear test. This is evident in Figs. 6a and
6b, as increased load does not rapidly deteriorate the surface of the
specimens.

4. Design of experiment results
4.1. Numerical modelling

The empirical relationship to predict the wear rate of TiCq s5Ng 5-Gr
composites was recognized as the applied load and the graphite content,
and the experimental results were analyzed through RSM to obtain the
empirical model. The second-order polynomial regression in Eq. 1 was
used for the designated input parameters to signify the response surface
“Y”.

k k k k
=Pty BKE DB Bty D AKXt (D

Where:

Y is the predicted response, k is the number of studied factors, Xi and
Xj are the variables (factors), fy is the constant coefficient, fj, fjj, pij are
the interaction coefficients of linear, quadratic, and second-order terms,
and ei is the error.

A total number of 9 experimental runs were given (Table 4) and all
the coefficients were tested for their significance at 95 % confidence
using a Design expert statistical software package. After determining the
significant coefficients, the final models were developed using only
these coefficients and the final mathematical models were developed to
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Table 5
ANOVA results of the suggested quadratic model.
Source Sum of squares Degree of freedom Mean square F-value P-value
Model 0.0000 5 2.345E-06 24.63 0.0122 Significant
A-A 9.017E-07 1 9.017E-07 9.47 0.0542
B-B 1.373E-06 1 1.373E-06 14.43 0.0320
AB 4.423E-07 1 4.423E-07 4.65 0.1201
A? 3.104E-06 1 3.104E-06 32.62 0.0106
B? 4.811E-06 1 4.811E-06 50.55 0.0057
Residual 2.855E-07 3 9.517E-08
Cor Total 0.0000 8

Standard deviation: 0.0003, R 0.9762, adjusted R? 0.9366 and predicted R?% 0.7412.
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estimate the wear rate. For this study, the independent variables were
coded as A and B, and the mathematical expression for the wear rate
with A and B variables is shown in Eq. 2.

(R1) = + 0-0014 - 0-0004*A + 0-0005*B - 0-0003*AB + 0-0012*A> +
0-0018+*B* )

4.2. Residual analysis

Residual is the distinction of the responses between the experimental
and the predicted and is significantly used to ascertain the model ade-
quacy. Fig. 7 represents the residual analysis employed to validate the
hypothesis that they are independent of each other [46]. It is recognized
that the positive value of residual illustrates low prediction while the
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Fig. 11. 3D surface plots between graphite content and load on the wear rate.
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Fig. 12. 2D surface plot of interaction between applied load and graphite
content on the wear rate.

negative value represents high predictions. The invalidity of the
normality assumption is denoted by the dissemination of points along
the straight line, and if the points are diverged from the straight line,
then the normality assumptions are invalid. Fig. 7a shows the normal
probability plot of the residuals for wear rate drawn to evaluate the
normality of the data. It can be seen that the residuals fall along the
straight line, indicating that the error is normally distributed and that
the assumptions are valid. Fig. 7b shows residual vs number of runs and
the internally studentized residuals suggested by the model were used.
This plot is used to verify the hypothesis that the residuals are inde-
pendent of each other. It can be seen that there are no decreasing or
increasing patterns in the points obtained because all the run residual
lies on or amongst the levels of — 3 to 3.

4.3. Analysis of variance (ANOVA)

The ANOVA technique recommends whether the proposed regres-
sion model for optimising process variables is adequate and significant;
the correlation coefficient (R2) reveals the proper fit for the model. The
value of correlation (R?) for the regression model is 0.9762, which
demonstrates that 97.62 % of the experimental data fits into the
developed model and the predicted R? of 0.7412 is in good agreement
with the adjusted R20f0.9366 [47] [48]. The model F-value and P-value
are used to verify the significance of the model. A P-value less than
0.0500 indicates that the model terms (B, A% and B?) are significant,
while values greater than 0.1000 show they are insignificant. The coded
factors equation can be used to predict the response for given levels of
each factor. By default, the high levels of the factors are coded as + 1,
and the low levels are coded as — 1. The coded equation is useful for
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Table 6

Coefficients in terms of the coded factors for the wear rate.
Factor Coefficient Estimate Degree of freedom Standard Error 95 % CI Low 95 % CI High VIF
Intercept 0.0014 1 0.0003 0.0006 0.0023
A-A -0.0004 1 0.0001 -0.0008 0.0000 1.02
B-B 0.0005 1 0.0001 0.0001 0.0009 1.04
AB -0.0003 1 0.0002 -0.0008 0.0002 1.02
A? 0.0012 1 0.0002 0.0006 0.0019 1.0000
B2 0.0018 1 0.0002 0.0010 0.0026 1.04

with 0.5 wt% graphite content when a load of 10 N was applied.
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Fig. 13. Predicted vs actual plots for wear rate.

identifying the relative impact of the factors by comparing the factor
coefficients [25]. Based on the results observed in Table 5, the model
F-value is 24.63, whereas the P-value of 0.0122 is less than 0.05, which
indicates that the model is significant, making B, A% B? significant
model terms. Fig. 8 shows the distinct behaviour of the two factors used
to determine the wear resistance of TiCy 5Ng 5-Gr composites. Fig. 8a and
b represent the relationship between graphite content and applied load
as a function of the wear rate, respectively. In Fig. 8a, the wear rate is
seen to decrease with increased graphite content, whereas the wear rate
first decreases up to 10 N in Fig. 8b but increases as the load rises to
20 N. This behaviour agrees with the experimental results, which
recorded a noticeable decrease in the wear rate of specimen reinforced

HEEN I

0 1 5 20
AA =0.135714 B:B = 16.385
Desirability = 1.000
Solution 1 out of 100
1.864E-06 3.27E-05

R1 = 1.06016E-05

Fig. 14. Optimization results for wear rate.
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4.3.1. ANOVA analysis for model validation

ANOVA analysis was performed to summarize and develop the data
for the wear test results, including perturbation plot, interaction effect,
prediction vs. actual result, and a 3D response surface. These graphs are
used to look at the impact of applied load and graphite content on the
wear rate behaviour of TiCN ceramic composites.

4.3.2. Perturbation plot

The perturbation plot illustrates the effect of all the factors at optimal
experimental conditions and also assists in evaluating the impact of all
factors at a focal point in the design. This is represented by the sharpness
of the curve, where the factors tend to be significant in the response
[49]. A perturbation plot to assess the effect of all the process parameters
at the midpoint on the wear rate is displayed in Fig. 9. It can be observed
with an increase of applied load from a low level (—1) to a high level
(+1), the wear rate of TiCqsNos-Gr composite increases. It has been
reported that the load is one of the critical parameters influencing the
wear rate of the material [24]. As the content of graphite reinforcement
increased, the wear rate decreased, which can be attributed to the solid
lubricating properties of graphite [13].

4.3.3. Optimization and interaction effect of variables on wear rate.

RSM was used to optimize variables that appreciably affect the wear
rate of the TiCN composites. The optimization of the reinforcement
addition is crucial to ensure the composite meets the desired micro-
structural and mechanical properties of the final application for the
composite being fabricated. Fig. 10 represents the interactions of the
two variables (applied load and wt% of graphite) on the response (wear
rate) to determine the potential relationship. It can be established that
an increase in graphite reinforcement and decreased load will result in a
reduced wear rate. However, 0.5 wt% of graphite at an applied load of
10 N exhibits enhanced wear resistance of TiCysNgs-Gr composites
against the ruby ball counterface. The two independent variables are
plotted on the X and Y axis, and the relationship is illustrated by the 3D
and 2D contour plots as illustrated in Figs. 11 and 12, respectively. The
effect of these input variables can be noticeably identified in both con-
tour plots by different colours in Fig. 11. The blue colour in Fig. 12
represents the minimum value, the green depicts the average value, and
the red signifies the maximum value. From these plots, the wear rate is
maximum when the graphite content is 0 wt% under an applied load of
20 N. According to the plots, the 0.5 wt% graphite addition exhibited
the optimal experimental condition, with an enhanced wear resistance
at an applied load of 10 N, but optimal interactions are observed be-
tween 0.4 — 0.8 wt% graphite reinforcement and 8 — 14 N applied loads.

4.3.4. Validation of the model

From this study, the difference between the predicted R? (0.9366)
and the adjusted R?(0.7412) is 0.1954, which is less than 0.2; therefore,
the model can be considered as valid. The Adeq precision, which mea-
sures the signal to ratio, records a ratio value of 16.598 for the wear rate.
This is acceptable; hence, the model can be used for analysis in the
design space. Table 6 represents the coefficients in terms of the coded
factors and the predictability of the wear model, which is at a confidence
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Table 7
Report on the wear rate model.
Run Actual Predicted Residual Leverage Internally Studentized Externally Cook’s Influence on Fitted Value Standard
Order Value Value Residuals Studentized Distance DFFITS Order
Residuals

1 0.0024 0.0024 -0.0001 0.567 -0.313 0.031 -0.359 6
-0.375

2 0.0057 0.0057 0.0001 0.853 0.374 0.190 0.902 7
0.443

3 0.0044 0.0042 0.0001 0.853 1.381 1.418%) 3.328M) 9
1.210

4 0.0035 0.0037 -0.0002 0.556 -0.928 0.188 -1.037 8
-0.950

5 0.0038 0.0041 -0.0002 0.746 -3.373 1.249) -5.780%) 1
-1.597

6 0.0032 0.0030 0.0002 0.567 0.950 0.204 1.088 4
0.966

7 0.0031 0.0027 0.0003 0.556 2.690 0.490 3.007) 2
1.533

8 0.0039 0.0039 -0.0001 0.746 -0.363 0.091 -0.622 3
-0.431

9 0.0014 0.0015 -0.0001 0.556 -0.506 0.071 -0.565 5
-0.583

() Exceeds limits.

level of 95 %. Fig. 13 demonstrates a linear plot, which compares the
actual and the predicted response obtained for the wear rate. The ac-
curacy of the model is evident from the linear line seen in the plot, and
the predicted values correspond with the measured data obtained from
the laboratory experiments. Optimization studies were further per-
formed to determine the possible factors tht can be responsible for
achieving minimum wear rate for enhanced wear resistance of the
TiCo 5No.5 composites. From the results, the desirability of 1.00 and one
solution was achieved for the optimum level of factors and performance
(Fig. 14). The report of the wear rate model is presented in Table 7.

5. Conclusion

In this study, a mathematical model was adopted to predict the wear
properties of graphite-reinforced binderless TiCysNps in dry sliding
wear conditions against a ruby ball. The following are deduced from this
investigation:

e RSM (UDD approach) technique was effectively used to develop a
mathematical model to determine the effect of graphite content and
applied load on the wear rate.

There was good agreement between the experimental and the pre-
dicted value by RSM, P-value of 0.0122, R? = 0.9762 % and 95 %
confidence level was achieved. And this clearly indicates that the
model is significant and acceptable.

The 3D surface and contour plots in response surface methodology
indicated that the graphite content greatly influenced the wear rate.
As graphite reinforcement increased, minimal wear rate was
noticeable and optimal interaction between 0.4 and 0.8 wt%
graphite was observed at 8 — 14 N applied load.

Tribo-film formation was not present on the surface of a composite
with 0.5 wt% graphite content is owing to the higher friction and
higher applied load, which increases the COF.

Binderless TiCp s5No 5 showed enhanced wear resistance against ruby
ball, and the dominating wear mechanisms were identified as abra-
sion, adhesion and oxidative.
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