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This paper makes an investigation on the synthesis of tantalum carbide (TaC) based chromel
composites and their tribological behaviour using pin on disc under various load conditions. The
reinforced chromel alloy with TaC_was prepared at the rate of 0, 3 and 6 wt.% of TaC using stir casting
route. The wear resistance of composites was found to improve with the increase in weight percentage
of TaC. The wear properties of Chromel-TaC_ composite were enhanced due to the presence of 6%
TaC. The wear worn out surface of chromel composite was studied through microstructures. The
optimal process factors and their effect on responses have been analyzed through Response Surface
Methodology (RSM) and Analysis of Variance (ANOVA).
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1. Introduction

In recent days, nickel based chromium alloys are playing
an essential role in metal industries. The combination
of chromium with other alloys offers better substance
properties. Nickel based chromium alloys were used in
automotive industry, aero engines and nuclear reactors'.
Chromel alloy was generally used as thermocouple. Chromel
(K-type) thermocouple was applied to determine the outlet
temperature®. Tungsten-copper and iron based chromel
alloy were effectively utilized for temperature applications®.
In direct contact type heat exchanger, chromel thermocouple
was used to find the water temperature at the bottom of heat
exchanger to withstand corrosion®. Tantalum carbide (TaCx)
was used to enrich the carbon content of the material and
also to strengthen the interfacial alloying elements through
different compositions. The mechanical behaviors were also
gradually improved®. As a result, different applications were
suggested, including thermal heat insulation and vehicle
wear-resistant liners. High volume fraction of tantalum
carbide was applied for the improvement of fracture
toughness and tensile strength®. The different compounds
of tantalum carbide rich phases were used in alloy such as
TaC, Ta,C,, Ta,C, and Ta,C’. Due to superior properties like
high hardness, melting point, wear resistance and chemical
stability, TaCx was observed to have a great effect on the
substance properties®. The substance properties of MMC play
amajor role in the selection of material for any applications
and processes. The three types of manufacturing process
are (i) liquid state (ii) solid state, and (iii) solid-liquid’.
Among these processes, liquid state process was found to
be more economical. Stir casting was an example of liquid
state processing technique. The advantages of using this
process are better homogeneous material, cheap and uniform
distribution of reinforcement particles. By using computer
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simulation, the effect of the stirrer velocity on the flow of
material and possible distribution of reinforcement particles
in the molten matrix yield improved material structure'®.
Reinforcements such as oxides, carbides, borides and
nitrides with matrix usually minimize the wear of Al alloy"'.
The wear was increased due to the penetration of reinforcement
material into the matrix and the forceful removal of debris
material'?. The wear rate was minimized due to the addition
of reinforcement particles to the alloy and it was concluded
that load was the top most factors to affect the wear rate'.
AA 6082-T6 composite that was synthesized by reinforcing
with an assortment of silicon and boron carbides using a
stir casting process, subjected to a sliding wear test. Load,
sliding speed, reinforcement percentage and sliding distance
were selected as control factors. Variance analysis showed
that the wear increases with an increase of sliding distance
and load. However, a decrease in wear was observed with
an increase in reinforcement or sliding speed'. Sliding
wear test was performed on electroless Ni-P coating to
investigate the wear behaviour and the test revealed that
load and time have a major effect on two-way interaction'.
An attempt to minimize the wear rate of AI/AIB, composites
by employing L, Taguchi orthogonal array was done
by considering the control factors of dry sliding wear
behavior'®. In recent times, Design of experiments was the
most realistic statistical approach which was used in many
fields for process control, design optimization and product
performance prediction. The influence of input constraints
on dry sliding wear behavior of SiC and graphite particles
based reinforced aluminum composites were analyzed by
carrying out L, experiments under Taguchi DOE method.
Among other factors, sliding distance was found to be the
most significant factor!”.The experiments were performed
to obtain the wear data in accordance with the experimental
design of array. In particular, the impact of process factors


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-2513-0691

P Fazil et al.

on the wear and frictional force performance characteristics
in dry conditions were analyzed. The optimization was
carried out for multiple quality characteristics by using grey
relational analysis. The results of the wear analysis showed
that a load of 20 N, 7 wt. % SiC and sliding distance of
1.046 m generated less wear'®. An investigation was done
to determine the influence of chromium on high manganese
steel under different wear conditions. The study concluded
that the addition of Cr yielded an increase in wear resistance,
hardness and hardenability. High manganese steels alloyed
with chromium displayed superior wear resistance'”.

The chromel composite was considered as the work
material for this experiment due to its admirable properties
and application. The present investigation describes the
synthesis of tantalum carbide based chromel composite and
their tribological behaviour under various load conditions.
The optimal process factors and their effect of contribution
have been analyzed through RSM and ANOVA.

2. Methodology

2.1. Wear experimentation

The Chromel ~TaCx composite samples (0, 3 & 6% weight
fraction) were subjected to dry sliding wear investigation on a
pin-on-disc tribometer. The disc was made out of EN-31 steel
of 62HRC with the structural dimensions of 100mm diameter
and 10mm thickness. Cast samples were machined to form
cylindrical pins of 10mm diameter and height 40mm as per
ASTM G-99-95 standards®. By using acetone, the contact
surface of the pin-disc was properly polished to minimize
the errors. The specimens were finely polished by using
emery sheets of 200, 400, 600, 800 and 1200 grit followed
by 2000 grit in order to ensure the absence of debris. Then
the polished surface is again cleaned with acetone so that
oil particles or greasy particles would be removed. Three
numbers of replicas carried out for each tribological condition.
The applied load (10-30N), sliding distance (500-1500m)
and weight percentage (0-6%) were used to evaluate the
wear and frictional force. Totally 27 numbers of planned
experiments were developed using Taguchi approach?'.
The chemical elements of chromel composite are presented
in Table 1 while the wear experimental layout is shown in
Table 2. The wear resistant of chromel composite was applied
in bearings, drag liners and shaft.

2.2. Response Surface Modeling

Modeling and analyzing of engineering problems were
performed by applying RSM technique which comprises
of statistics and mathematical methods through different
variables. It also measures the correlation between the
control factors and the response factors. The advantages

Table 1. Chemical elements of chromel composite.

S.No Elements Wt.%
1 Ni 89.01
2 Cr 09.43
3 Ta 01.10
4 C 00.46
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of RSM method were the reduction of the operating cost
and the process variation. In addition, the RSM procedure
comprises of experimental design for adequate and dependable
quantity of the response and also forms an empirical model
in obtaining the optimal set of experimental parameters.
MINITAB Software was employed for the optimization
using RSM. The general form of statistic equation was
shown in Equation 1.

Y:f(xh X2, X34, ... ,xn) 1

Where, x,, X,, X, X, and x are the input process variables.
Y is the outcome and x, X, X, and x4 are the quantitative
variables. k , k., k, and k, represent the linear effects of x , x,,

) Eli
and k,, represent the quadratic

x, x,respectively, k, , k,,, ki,
k.., k,, and k,, represent

effects of x, x,, X, x,. k,, k5, kK,

the linear-by-linear interaction between x, and x,, x1 and x,,
xI and x,, x, and x,, X, and x,, X, and x, respectively. This
design fits well over defined design space. The response

with respect to input factors was derived through RSM as
shown in Equation 2.

y= Ky +kyxy +koxy +kaxy +kaxg + kg ]x]2 +k22x22 +k33x32 +k44x42 + (2)

kipx1xp +ky300x3 + ki 431 %4 + kp3xpx3 + kpaxpxy + k3axzxg

The predicted responses were plotted and the responses
were connected to obtain surface known as response surface
plot. Variance analysis was used to confirm the experiment
as well as to determine the contribution of the factors
towards responses.

3. Result and Discussion

3.1. Material preparation

Chromel alloy was reinforced with 0, 3 and 6 wt % TaC
through stir casting technique. One kg of chromel alloy
was heated at the rate of 50°C/ 5 minutes up to 1400°C.
The reinforcement particle of TaCx was preheated before
adding with matrix. Once the matrix attained the molten
state, reinforcement particles were added in graphite crucible.
The molten matrix was stirred through stirrer attachment.
The homogenous mixture was attained through double stirrer
mechanism. The stirring was done (30 minutes) to mix the
matrix and the reinforcement thoroughly to achieve the
isotropic property. The slurry of the composite was poured into
the preheated steel mould. The microstructure, composition
and distribution of particle were shown in Figure la-c.
The particle distribution on the surface of the material was
clearly observed from the SEM image. Nickel was the
major alloying element in chromel composite. The effect
of different reinforcement particles and stir casting factors
were investigated in Al composite®>. The wear resistance
increases with increase of load. The sliding velocity yield
less effect on wear rate?*?*. Nano hardness and wear rate
was improved on silicon carbide based copper composite®.
The investigation of multiple reinforcements and their effects
were studied in aluminium composite®. The investigation of
wear rate and bonding strength was conducted on composite
coating with lamellar structure®”.
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Figure 1. (a) SEM image and (b) EDAX image of chromel composite (c) Distribution of particles.

Table 2. Experimental layout.

Exp. No. Input Factors Responses
P (N) SD (m) W (wt.%) Wear (um) FF (N)
1 10 500 0 67.3 4.30
2 10 500 3 52.6 6.16
3 10 500 6 40.8 5.12
4 10 1000 0 77.8 5.32
5 10 1000 3 54.7 5.24
6 10 1000 6 42.5 5.82
7 10 1500 0 75.2 6.42
8 10 1500 3 70.5 6.24
9 10 1500 6 51.6 6.12
10 20 500 0 82.8 9.82
11 20 500 3 56.8 10.44
12 20 500 6 45.06 12.22
13 20 1000 0 87.65 14.2
14 20 1000 3 59.3 9.82
15 20 1000 6 63.3 12.12
16 20 1500 0 97.9 12.2
17 20 1500 3 89.5 10.92
18 20 1500 6 73.08 13.82
19 30 500 0 90.5 14.32
20 30 500 3 67.1 14.98
21 30 500 6 61.1 14.82
22 30 1000 0 92.6 17.64
23 30 1000 3 65.3 16.86
24 30 1000 6 61.8 17.92
25 30 1500 0 109.7 18.82
26 30 1500 3 99.5 19.88
27 30 1500 6 94.5 18.86

3.2. Dry sliding wear of Chromel-TaC composite

The objective of the present investigation was to find
the wear (um) and frictional force (N) for Chromel-TaC
composites using Response Surface Methodology (RSM).
For better performance, the outcomes were considered as lower
level. The obtained data for the two responses are presented
in Table 2. These data were used to develop empirical RSM
model in order to predict the output.

Figure 2 a-d shows the contour plot analysis for various input
constraints. From Figure 2a, it is evident that wear loss was low

for sliding distance range 500m to 1000m. Irrespective of the
sliding distance, frictional force was less than 10N for applied
load of 15N. It was not advisable to choose the applied load of
more than 20N as well as sliding distance of more than 750m
as shown in Figure 2b. Figure 2¢ shows that the unreinforced
alloy exhibit more loss of material due to wear for all the
combination of sliding distances. Figure 2d also revealed the
same phenomenon as observed in Figure 2¢ where unreinforced
alloy was subjected to high frictional force of 17.5N at 1000N.

The correlation between input factors and output factors
were shown in Figure 2a-d. The correlation between load,
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Figure 2. Correlation between (a) Load, SD and Wear (b) Load, SD and FF (c) SD, Wt % and Wear(d) SD, Wt % and FF.

SD and wear are shown in 2(a). The correlation between
load, SD and FF are shown in 2(b). From 2(a) and 2(b) the
wear and frictional force were highly increased at a load of
30N and SD of 1500m. The wear and frictional force were
decreased at a load of 10N and SD of 500m. The correlation
between SD, Wt % and wear are shown in Figure 2¢. From
2(c) the wear was highly increased at wt % of 2 and SD
of 1500 m. The correlation between SD, Wt % and FF are
shown in 2(d). The low level of wear was attained at wt %
of 1 and SD of 500 m.

3.3. Empirical model for wear and friction force

The empirical model, based on RSM for both wear
as well as friction force, was presented in Equation 3 and
Equation 4 respectively.

Wear = 79.3 +1.06C2 —0.0506C3 —9.94C4 —0.0198C2*C2 +
0.000026 C3*C3 +0.522C4*C4 +0.000807C2*C3 + 3)
0.0278C2*C4 +0.00167C3*C4

Friction Force = —5.22 +1.0331C2 +0.00158C3 +0.557C4 —
0.01710C2*C2 —0.0000032C3*C3—0.0734C4*C4 + 4)
0.000050C2*C3 +0.00300C2*C4 —0.000108C3* C4

Where, C2, C3 and C4 represent the respective input process
factors.

The mathematical equation was developed based on
square interaction effect. Applied load was the significant
parameter in deciding the wear as per the developed Equation
3. The square interaction effect of applied load and sliding

distance was most prevalent among other interactions. From
Equation 4, it was clear that applied load was the vital in
deciding friction force followed by interaction effect of
applied load and weight percentage of reinforcement. Wear
was increased with increase of contact pressure.

3.4. ANOVA for wear

Variance analysis was the statistical method used to
assess the contributory importance of input factors towards
output parameters. Since P-value was estimated at less than
0.05 for the three input parameters, these input parameters
have some contribution towards output parameters. ANOVA
results for wear are given in Table 3. The weight of the
reinforcement got a vital role in affecting the response,
followed by applied load and sliding speed. The contribution
of weight %, applied load, and sliding distance are 42.58%,
27.06%, and 30.35% respectively as shown in Table 3.
But interaction effect between parameters was not significant
when compared to individual parameter. The validity was
confirmed by R square value which is above 90% and it’s
shown in Equation 5.

R¥alue = 95.2%, adjusted R? = 93.5%, predicted R%=92.7% (5)

3.5. ANOVA for friction force

Variance analysis result for friction force is illustrated in
Table 4. From the table, it can be seen that the applied load
gives the largest effect on output followed by the sliding
speed. Further, it can be noticed that the weight percentage
of reinforcement has a negligible contribution in affecting
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Table 3. Factor contribution of wear.

Source DF Adj SS Adj MS F-Value P-Value Conz/roit())lition
Model 9 8685.58 965.06 27.94 <0.005
Linear 3 8003.21 2667.74 77.25 <0.005
Applied Load (C2) 1 2429.05 2429.05 70.33 <0.005 30.35%
Sliding speed (C3) 1 2165.26 2165.26 62.7 <0.005 27.06%
Wt.% (C4) 1 3408.9 3408.9 98.71 <0.005 42.58%
Square 3 403.72 134.57 3.9 0.027
C2*C2 1 23.58 23.58 0.68 0.42
C3*C3 1 247.64 247.64 7.17 0.016
C4*C4 1 132.51 132.51 3.84 0.067
2-Way Interaction 3 278.65 92.88 2.69 0.079
C2*C3 1 195.21 195.21 5.65 0.029
C2*C4 1 8.33 8.33 0.24 0.63
C3*C4 1 75.1 75.1 2.17 0.159
Error 17 587.1 34.54
Total 26 9272.68
Table 4. Factor contribution of frictional force.
Source DF Adj SS Adj MS F-Value P-Value %A of .
Contribution
Model 9 343.172 38.13 123.27 0.01
Linear 3 321.854 107.285 346.83 0.03
Applied Load (C2) 1 299.782 299.782 969.13 0.12 93.6
Sliding speed (C3) 1 21.303 21.303 68.87 0.011
Wt.% (C4) 1 0.769 0.769 2.49 0.133
Square 3 20.158 6.719 21.72 0.15
C2*C2 1 17.542 17.542 56.71 0.06
C3*C3 1 0.001 0.001 0 0.966
C4*C4 1 2.615 2.615 8.45 0.01
2-Way [ 3 1.16 0.387 1.25 0.323
C2*C3 1 0.749 0.749 2.42 0.138
C2*C4 1 0.097 0.097 0.31 0.582
C3*C4 1 0.314 0.314 1.01 0.328
Error 17 5.259 0.309
Total 26 348.431

the response. The contribution of apR? Value = 96.1%,
adjusted R? = 94.3%, predicted R*=97.6%plied load and
sliding distance are 93.3% and 6.6% respectively and shown
in Table 4. The experimental validity was also confirmed
by R square value which is above 90% and its shown in
Equation 6.

R¥Value = 96.1 %, adjusted R> = 94.3%, predicted R* =97.6% (6)

3.6. Worn surface morphology of Chromel-TaC
composites

Figure 3 shows the worn surface morphology of (a)
Chromel — 6 wt.% TaC at 30N (b) Chromel — 3 wt.% TaC
at 30N, and (c¢) Chromel — 0 wt.% TaC at 30N at higher
magnification.

The SEM images of the surface of the synthesized
composites, after wear investigation, are presented in
Figures 3a to 3c.

Figure 3a (stable state condition, applied load 30N;
sliding distance of 1000m) shows the sliding direction
and formation of wear debris on the rubbed surface of the
Chromel — 6 wt.% TaC composites. Formation of debris
was appeared due to the adhesion of TaC particle on the
chromel alloy. Addition of 6% TaC improve the material at
both high load and sliding velocity conditions. Figure 3b
shows the worn out surface of SEM that indicates ploughing
of material, which results in more removal of material. This
occurs due to enormous plastic deformation and subsurface
cracking?. As a result of ploughing, more pullout of material
takes place. Figure 3¢ shows the formation of grooves, due
to the transformation of nucleation crack into the fracture®.
The wear rate of the composite depends on the amount of
reinforcement particles®. The optimal coefficient of friction
and grain refinement was analyzed in magnesium alloy?'.
The tribological behaviors were enhanced through laser
treatment of the material surface®>.
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Unreinforced alloy exhibit lesser wear resistance which
resulted in more material removal due to wear. Thus deep
groove was formed as shown in Figure 3c.

4. Optimal Solution

A developed the “desirability technique function” that
can be commonly used in industrial sectors for multiple
concurrent optimizations®. This was based on the theory that
if it lies beyond the optimal limit, the output of a product or
process with several characteristics was fully undesirable.
Atthis juncture, it should be noted that “Minimum wear and
Minimum Friction force” are the criteria for optimization.
The minimization objective for wear and friction force was

“Adhesion of
wear debris
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represented by Equations 7 and 8. The desirability objective
functions for achieving minimum wear and minimum
friction force are represented by d, and d, respectively.
The composite desirability for the model is 0.9682.The
desirability plot is shown in Figure 4. Optimal solution was
shown in Table 5 using desirability function.
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Figure 3. Shows the worn surface morphology of (a) Chromel — 6 wt.% TaC at 30N (b) Chromel — 3 wt.% TaC at 30N, and (c)

Chromel — 0 wt.% TaC at 30N at higher magnification.
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Figure 4. Desirability function.
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Table 5.0ptimal Solution using Desirability function.

Response Goal Target Upper Weight Importance
Wear Minimum 43 15.28 1 1
Friction Force Minimum 40.8 109.7 1 1
Solution C2 C3 C4 Desirability
1 10 500 6 0.968152

5. Conclusions

e Tantalum carbide based chromel composite was
synthesized by stir casting route and its chemical
composition was validated through EDAX.

*  The wear behavior of synthesized chromel composite
has been analyzed with different input process
factors.

*  Applied load, sliding distance and weight percentage
were used as the essential factors to decide the
outcomes, which are wear and frictional force.

*  Response Surface Modeling (RSM) technique was
used to find the optimal factors.

e Prediction of the wear and frictional force were
done by developing the empirical model.

e The wear response factors and its effects were
studied through contour plot.

e The maximum effect on wear was achieved at the
weight percentage of 42.58%.

e The maximum effect on frictional force was attained
at the applied load of 93.6%.

e The wear worn surface of chromel composite was
observed through its microstructure.
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