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Abstract

The processing technique utilized can improve the quality and properties of a material. This study investigates the impact of Spark Plasma Sintering (SPS)
process parameters on the densification and microhardness properties of Inconel 825 superalloy composites. To reduce the number of tests, a L9 orthogonal
array (OA) design is employed, and the experiments are evaluated using the Technique of Order Preference Similarity to the Ideal Solution approach. The
experimental variables for spark plasma sintering include composite weight percentage, sintering temperature, and pressure. ANOVA was performed to identify
the most influential factor on output performance. For optimal results, sintering at 1200°C and 40MPa is recommended. Based on the findings of ANOVA, the
estimated F-values suggest that the composition of Inconel 825 compounds is the most significant factor influencing density and hardness, accounting for

98.53%.
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1. INTRODUCTION

Nickel-based alloys are used in a variety of industries,
including aerospace and maritime applications. Nickel-based
alloys have good chemical and mechanical qualities such as
ductility, strength, toughness, and weldability. Sintering
various materials with favorable qualities produces new
materials that are used in a variety of engineering sectors.
Furthermore, in order to improve mechanical performance,
ceramics, particularly carbides, have been studied in recent
years, and significant success has been achieved with various
compounds, such as TiC, WC, or NbC. In recent years,
research on the sintering of various materials has been done
to increase thermal, mechanical, and chemical properties [1-
3]. Ogunbiyi et al. (2020) used a sintering procedure to
combine powders of super alloys. They improved the process
variables and identified the most important elements
affecting density and hardness. According to the study,
sintering at 1200°C and 50MPa produces good density and
toughness. Ogunbiyi et al. (2022) studied the microstructure,
tribological, and corrosion properties of Inconel reinforced

with spark plasma sintered (SPS) graphene nanoplatelets.
The inclusion of graphene nanoplatelets improves the friction
coefficient. Pakseresht et al. (2016) used SPS to stack layered
INCONEL 738 and NiCrAlY powder at 40 MPa under an 8
Pa vacuum environment. The sintered specimen was free of
interfacial fractures and big pores. Yan et al.2019 enhanced
the mechanical characteristics of Inconel 718 alloy produced
using the SPS technique. According to the study, the hardness
and compressive characteristics improve significantly when
manufactured using the SPS process. Rutkowski et al. 2023
used the SPS process to produce Inconel 625—(Ti,Zr)C0.85
composites and analyzed their properties. The rise in carbide
reinforcement reduces heat diffusivity and specimen
conductivity. Zhou et al. 2021 used laser cladding to create
Inconel composites with nano tungsten carbide. WC/Inconel
625 has an improved microhardness rating of 590 HV. Grabo$
et al 2021 developed Inconel 625-niobium carbide
composites for high-temperature applications. The analysis
showed that the specimen's hardness improves uniformly.
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Murakam et al. (2021) used SPS to blend TiC0.5N0.5, W, and
Mo powders of particle sizes <1 pum. The analysis showed
that the sintered specimen is very wear resistant. Zhang et al.
(2009) created fine-grained INCONEL 625 superalloy via
SPS and reported that the manufactured Inconel has
exceptional strength and ductility. Oglezneva et al. (2021)
used the SPS approach to create a homogenous binded
sublayer of PV-NiCrl6Al6Y and PV-Ni75A123W
composites. As a result, the following literatures demonstrate
that the SPS method is utilized to generate diverse metal
composites for a wide range of engineering applications. In
this study, Inconel 825, with tungsten carbide (WC), cobalt
(Co), and grapheme (Gr) powders are combined to
investigate the influence of composition and sintering on
relative density and microhardness. The composite
composition, sintering temperature, and sintering pressure
were all taken into account, and relative density and hardness
were assessed using the Lo Orthogonal Array (OA)
experimental design, while performance was assessed using
the Technique of Order Preference Similarity to the Ideal
Solution (TOPSIS). Furthermore, an analysis of variance is
performed to determine which factors have the greatest
influence on output performance.

2. SPECIMEN PREPARATION

Specimens with 3 different compositions (90.85 wt%
Inconel-7.5 wt% WC-0.5 wt% Co-1.15 wt% Gr, 50 wt%
Inconel-5 wt% WC-35 wt% Co-10 wt% Gr, and 85 wt%
Inconel-9 wt% WC—5 wt% Co—1 wt% Gr) were prepared at
different sintering temperature and pressure. The Dr Sinter

7

SPS machine shown in Figure 1 is used to sinter the
specimens as shown in figure 2 [11-12].

Figure 1: Spark sintering process

Figure 2: Prepared sample
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Figure 4: (a-c) Edax images of the all the specimens

Table 1 presents the parameters and levels considered for ~ relative density of the specimen and micro-hardness. The
the spark sintering process. The total numbers of parameters parameters are optimized using TOPSIS and most significant
are 3 and number of level is 3 and hence the degrees of  process parameters are calculated using analysis of variance
freedom is 3(3-1) is 6. The orthogonal array (OA) selected (ANOVA) [15-16].
should be more than 6, therefore Lo OA is selected [13-14].

Table 2 presents the output performance is measured as
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Table 1: Sintering parameters

Sample with different composition A B C

Sintering temperature (°C) 950 1000 1050

Pressure (MPa) 40 45 50
Table 2: Lo OA and performance characteristics

Expt Sample with different | Sinterin Pressure . o

rml: comlr:osition tempera%ure cC) | (Mpa) Relative density in % | Hardness (HV)

1 A 950 40 98 344

2 A 1150 45 96 341

3 A 1200 50 95 346

4 B 950 50 97 371

5 B 1150 40 98 377

6 B 1200 45 97 372

7 C 950 45 96 381

8 C 1150 50 97 379

9 C 1200 40 98 378
3. RESULTS AND DISCUSSION _ (9,-]-

. . O, = 7=1,2,3,...... m, i=1,2,3,.n

TOPSIS is used to address the various problems and helps to Zm 9>
make decision with different inputs. In the production sector, J=1"Y

decision-making on problems depends on various factors,
alternatives and their relations. Moreover, simultaneous
effect of the factors on process plays a major role. Hence the
application of the TOPSIS approach to such complicated
problems has proved it as capable and simple to assess and

pick the right set of factors from a available set of

alternatives. This method utilizes the relative value of the
estimation of the factors, in order to rise above various kinds
of decision-making problems, TOPSIS can be successfully
applied. TOPSIS is a multi-criteria optimization method
applied to locate a finite set of the most
suitable alternatives. The technique is based on the concept
that the criterion picked must be the furthest away from the
ideal positive outcome and the furthest away from the ideal
negative result, with the top option being the one with the
greatest relative closeness to the ideal answer.

TOPSIS processes can be summarized as follows.
TOPSIS's step-by-step procedure [14]:

1. Constructing of decision matrix consisting with m
alternatives and n criteria,

0, 6, . 0,
o o
Decision Matrix =| > > 2
Hml 0m2 emn
(1)

2. Normalization of decision matrix is performed using
equation 2, the normalized value o;; is calculated as

e

The weight for each criterion is calculated using the equation
3.

C, =X, 0,j=12,3,..m,i=123,...n.
3)

3. Obtain positive-ideal and negative-ideal outcome
from the following relations

I = (Cf,C;, ...... C ;)formaxvalues

4)
I~ :(Cl_,Cz_, ..... ,Cn_)formjnvalues
)
4. Separation measures are evaluated using the
following equations
+ _ n +)2 .
dj zizl(Cij -C; ) =1,2, m.
(6)
- n -2 .
a'j —,/zi:l(cy. -C, ) =1,2,.......m.

(7
5. The relative closeness coefficient is found using the
following equation
d;
R=ra
J J
(®)
6. The R; values are arranged in the descending order
for finding the most and the least preferred values.
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Table 3: Normalized, weighted normalized data, separation measures and closeness coefficient values

Normalized data Weighted Normalized data Separation Closene-ss
Expt measures Coefficient
No Relative density in | Hardness Relative density in | Hardness
% (HV) % (HV) d;* dy Ri
1 0.3371 0.3135 0.0707 0.2478 0.0267 0.0031 0.1029
2 0.3303 0.3107 0.0692 0.2456 0.0288 0.0007 0.0244
3 0.3268 0.3153 0.0685 0.2492 0.0253 0.0036 0.1246
4 0.3337 0.3381 0.0699 0.2672 0.0072 0.0217 0.7495
5 0.3371 0.3436 0.0707 0.2716 0.0029 0.0260 0.9003
6 0.3337 0.3390 0.0699 0.2680 0.0065 0.0224 0.7743
7 0.3303 0.3472 0.0692 0.2744 0.0014 0.0288 0.9524
8 0.3337 0.3454 0.0699 0.2730 0.0016 0.0274 0.9445
9 0.3371 0.3445 0.0707 0.2723 0.0022 0.0267 0.9252
Table 4: Result of ANOVA
Symbol | Factors DOF SS MS F % of contribution
A Composition of Inconel 825 | 2 1.2758 0.6379 1.4780 98.53
composite
B Sintering Temperature('C) 2 0.0007 0.0004 0.0008 0.05
C Pressure (MPa) 2 0.0130 0.0065 0.0150 1.00
F Error 3 1.2949 0.4316 0.41
Total 9 2.5844 0.2872 100.00

In this research the top alternative is found from 9
alternatives and based on the qualities, the decision matrix is
found. By the TOPSIS techniques the Normalized decision
matrix is evaluated. Weighted normalized decision matrix is
evaluated from the normalized decision matrix, by using the
weightage of 0.2096 and 0.7904 respectively for both the
attributes. The positive ideal and negative ideal outcomes are
established from weighted normalized decision matrix.
Separation measures for every substitute are obtained using
Equations 6 and 7. Then, the comparative nearness of a
specific alternative were calculated using Equation 8. The
maximum closeness coefficient is graded as number 1 among
these values; it is obtained from the table 3 that the alternative
7 is best choice for relative density and hardness. The
sintering temperature of 1200°C and 40MPa is best level to
obtain the best output performance. Next best closeness
coefficient is 0.9445 which is 8" experiment and the 9™
experiment is the 3" best alternative for the output responses.
The relative density and hardness for the optimal parameter
combination level is 99% and 381HV.

4. RESULTS OF ANOVA

The TOPSIS technique preference data are statistically
evaluated using ANOVA to examine the influence of process
variables on the output response. The F-test is used to
examine the most significant parameter that influences
performance characteristics. As per the outcome of ANOVA
in Table 4, the estimated F-values show that the composition
of Inconel 825 composition is the best important factor that

effects the density and the hardness with the contribution of
98.53%. The next influencing factor is pressure whose
contribution is 1%.

5. CONCLUSIONS

1. Four specimens with different weight percentage
composition of Inconel 825, tungsten carbide (WC),
cobalt (Co) and graphene powders are successfully
sintered to study the effect of composition and
sintering process on relative density and micro-
hardness.

2. The performance is evaluated using OA experimental
design and (TOPSIS) method.

3. The calculated weightage of relative density and
micro-hardness is 0.2096 and 0.7904 respectively. The
sintering temperature of 1200°C and 40MPa is the best
level to obtain the best output performance. Next best
closeness coefficient is 0.9445, the relative density and
hardness for the optimal parameter combination level
s 99% and 381HV.

4. Asper the ANOVA the assessed F-values illustrate that
the composition of Inconel 825 composition is the best
important factor that effects the density and the
hardness with the impact of 98.53%. The subsequent
influencing factor is pressuring whose contribution is
1%.
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