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Abstract: Bone grafting is a surgical restructuring procedure of replacing broken bones and reconstructing missing bone pieces so that complex bone fractures can be repaired to avoid any serious health risk as well as permanent bone disfiguration. Normally, human bones tend to regenerate and heal completely from fracture. But it needs a small scaffold to provide the necessary space to grow. Bone implants allow a broken bone to grow seamlessly. Traditionally, non-corrosive metal alloys are used for fixing broken bones. A metal plate is fastened between two ends of broken bones to join them. However, issues like high weight, high cost, low wear resistance, etc. led to the emergence of ceramics and ceramic-based composites in surgical engineering. Recent trends indicate the usage of organic ceramics and their associated composites as biomimetic materials for prostheses and other biomedical applications. This research paper deals with the fabrication of one such type of ceramic matrix composite (CMC) specimen with sea sponge and cuttlebone using powder metallurgy process by varying composition of cuttlebone, the particle size of the ceramics and sintering temperature of green compacts. Evaluation of thermo-mechanical properties and optimization of process parameters is carried out using the preferential selection index (PSI) method. The results obtained from this technique are further validated using Multi-Level General Factorial Design (MLGFD).
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1  Introduction

Composites find numerous applications in a wide range of domains such as engineering, marine, medical, space sciences, domestic multi-purpose commodities, aircraft exterior and interior structures due to their attractive properties and characteristic superiority over conventional materials. A wide range of metal matrix, polymer matrix and ceramic matrix composites are extensively used in biomedical as well as surgical applications such as orthopaedic implants, teeth and bone prostheses and fixation, hip joint replacements, curing femoral and collar bone fractures, treating minor maxillofacial irregularities etc. due to their chemical inertness, speedy and uniform crack growth propagation, corrosion resistance and biodegradability. Ibrahim et al. [1] in their paper reviewed various literature regarding the usage of bio-metals, bio-ceramics and bio-polymers and described various fabrication techniques to enhance the tribological, mechanical and biomedical properties of orthopaedic implants. They also indicated that some commonly used metals like stainless steel, Ti-alloys and Co-alloys failed to prove long-term durability and did not provide sufficient bond with human bone. Agarwal et al. [2] conducted a literature survey based on the corrosion behaviour, biocompatibility and surface modifications of biodegradable magnesium alloys for orthopaedic applications.

Ceramic matrix composites (CMCs) find enormous use in fixing broken orthopaedic structures. This is because they mimic the structural and decomposition properties of original bones. Their non-reactance with blood as well as their absorbance in natural bones as bones grow spontaneously in the fractured area makes them robust and most sought after. Moreover, there is no need to remove these synthetic composites after the growth of natural bone in the concerned body part. These are often preferred over corrosion-resistant metals and their alloys like chromium, stainless steel, copper etc. The main disadvantages of using metals in orthopaedic joints are their uneasiness in a normal lifestyle and the necessity to remove metal plates after the growth and fixing of normal bones at the localized area inside the body part [3].

The use of natural, synthetic, and organic ceramics like alumina, zirconia, calcium phosphate, bioactive glass, bone skeletons of dead marine animals, etc. has increased in biomedical surgeries in the form of collagen and chitosan. Choi and Nissan, in their book, elaborated the preparation methods, synthesis and applications of marine-based bio-ceramics such as corals, sea sponges, sea urchins, crab shells and oyster shells in bone tissue engineering [4]. Pallela and Ehrlich, in their book, briefed the biological and chemical structure of sea sponge fossils. This book concentrated more on the DNA functionality and biological drug derivatives of sea sponges [5].

Cadman et al. [6] have dealt with the characterization, development and application of a lightweight coral-like structure called cuttlebone. It is extracted from a marine organism called cuttlefish. Their work gave immense details about the porous filled cellulose structure, biological nature and mechanical behaviour of cuttlebone. The use of a marine-derived biomaterial called cuttlebone and its associated composites as biomimetic materials for bone growth and bone tissue engineering is on the verge of increasing in the modern world, according to Palaveniene et al. [7]. In their research article, they determined the essential properties of cuttlefish-based bio composites such as porosity, modulus of elasticity, biocompatibility, strength and non-toxicity through various experiments by conducting various tests.

The use of any such natural source as reinforcement for CMC would require a good understanding of the various parameters involved. Determining the optimal combination of the various parameters can be carried out by using any global optimization approach. In this regard, an attempt has been made in this paper to use multi-criteria decision making (MCDM) methods to provide an efficient and inexpensive alternative. Preferential selection index (PSI), a popularly used MCDM technique developed by Maniya and Bhatt in 2010 is used in the current work. The main advantage of this method is that there is no necessity to assign any relative importance (weightage) between attributes [8]. Further, general factorial design (GFD), a type of factorial design of experiments, that initiates the optimization procedure by identifying the number of experimental runs based on the types and the levels of process parameters [9] is also used in form of MLGFD. Multi-level general factorial design (MLGFD) is a novel category in GFD, which is more flexible and user-friendly when compared to other design of experiments. Its adaptability and flexibility lie in selecting a varying number of levels for every factor. Different levels can be chosen for each factor in the same experimental design. The factors, as well as the levels, need not be uniform.

2  Materials and Methods

The selection of matrix and reinforcement materials for CMC is the preliminary step in this type of research [10]. In the current work, sea sponge is selected as the matrix and Cuttlebone is selected as the reinforcement.

2.1 Matrix

Matrix is the major constituent, which is present at a larger proportion in the composite. It provides rigidity to the composite and protects it from dissociation. The matrix material selected for the present research work is sea sponge. Sea sponge is a deep-sea marine multi-cellular organism, belonging to the phylum Porifera, which has a porous body. It is a hard and brittle organic ceramic, whose body is full of fatty acids of hydrocarbons with significant metal concentration. Its properties like high refractoriness, high oxidation, high decomposition temperature and high-pressure withstanding ability make it a perfect choice for composites [11].

2.2 Reinforcement

Reinforcement is the minor constituent, which is dispersed inside the matrix at a comparatively lesser proportion in the form of particles, fibres or flakes. It provides binding strength and integrity to the composite. The reinforcement material selected for the present research work is Cuttlebone [12]. Cuttlebone is the hard and brittle internal structure of Cuttlefish shell. It belongs to the phylum Sepia Officinalis of the family Sepiidae. It is primarily composed of Aragonite, one of the common natural carbonate materials. As it is rich in calcium carbonate, it can be widely used to replace broken bones and enhance bone density [13].

2.3 Fabrication Method

The CMCs are fabricated by powder metallurgy technique, which is very precise and produces a good surface finish in composites [3]. This technique consists of five steps namely, preparation of ceramic powders, pulverization, blending, compaction and sintering.

In the first step, sea sponges and cuttlebones are washed, cleaned, dried and weighed. In the second step, both sea sponges and cuttlebones are put together in a ball mill and broken into uniform-sized microparticles [14]. Fine particulate powder can be obtained by passing the mixture through a set of sieves that are arranged from top to bottom in decreasing mesh size. In the next step, sea sponge powder along with cuttlebone powder is mixed evenly and thoroughly with the application of a bio-inert binder PVC. Then, the blended powders (40 g in total) are charged inside the die. Pressure is exerted on the powders using a plunger, which is pressed against the die using the compression section of a universal testing machine (UTM). The resultant green compact has a length of 100 mm and a diameter of 15 mm. Finally, the green compact is removed from the punch and is kept inside a closed chamber muffle furnace for sintering. The sintering temperature is always below the melting point of ceramic powders [15]. After heating, the composite specimens are taken out and cooled in open air [16]. The process parameters for powder metallurgy and their associated values are given in Tab. 1 below.
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A total of 18 specimens are required based on the following experimental runs [17] derived from GFD as shown in Tab. 2. Four samples are prepared for each of the 18 specimen combinations to account for experimental error and check the repeatability of experiments [18].

2.4 Mechanical and Thermal Tests

Various tests are conducted to experimentally investigate the mechanical and thermal properties as per ASTM standard testing procedures [19].

2.4.1 Mechanical Tests

These tests are conducted to observe the mechanical characteristics of the specimens. In this work, compression test and hardness test are carried out to identify compressive strength and microhardness. A material used for bone implants should have a high load-bearing capacity [20]. Compression tests for all the 18 specimens are done at the compression section of UTM and the respective compressive strength is tabulated in Tab. 2 below. The diameter of the specimens is 15 mm.

[image: images]

Hardness is the ability of a material to withstand load in the form of scratch, abrasion or indentation without deformation. Normally, ceramics exhibit a high degree of hardness, as they are tough and brittle [21]. All the specimens are subjected to Vickers hardness, by applying a point load using an indenter tip. Point load exerted on the specimen by diamond indenter is 10 gf and the time taken for applying load is 10 s. The results for Vickers hardness are tabulated in Tab. 2.

2.4.2 Thermal Tests

These tests are conducted to observe the behaviour of the specimens when heat is applied to them. In this work, flammability test and thermal analysis are carried out to measure the heat retention and heat-resisting capacity of the specimens. A bone implant material necessarily should be heat resistant so that it can withstand high temperature without deformation [22]. Flammability test methods measure how easily materials ignite, how quickly they burn and how they react when burned. A flammability test is done to observe the flame retardance tendency of a material. During this test, a material is observed for the length of time it burns after the igniting flame is removed. How much of the specimen burns and whether it drips flaming particles are also studied. In this test, 2 samples each of equal mass are taken from all the 18 composite specimens and are made to burn continuously for 5 min in horizontal as well as vertical positions. Then, the mass loss resulted due to burning is noted. The test results are represented in Tab. 3.
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Thermal analysis is a branch of material science where the properties of materials are studied as they change with respect to temperature. Here, the composite specimens are kept in an electrical oven and heated at a temperature of 50°C and the weight loss with respect to time is measured. When the specimens are heated, the gas and air bubbles, previously entrapped inside the micropores of the specimen will get evaporated and the resultant weight is reduced [23]. Tab. 4 represents the results obtained from the thermal analysis of composite samples.

2.5 Optimization of Process Parameters

Optimization is the process of selecting the best possible specimen from a set of given alternatives by evaluating various properties associated with those specimens and the effect of process parameters over the properties. In this study, an experimental investigation is done on thermo-mechanical properties namely flammability, heat retention capacity, compressive strength and microhardness. The process parameters and the corresponding properties are optimized by Preferential Selection Index (PSI). The results obtained from PSI are further validated using Multi-Level General Factorial Design (MLGFD).
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2.5.1 Multi-Criteria Decision Making (MCDM) using Preferential Selection Index (PSI)

Multi-Criteria Decision Making is an optimization methodology in which the best alternative is chosen from a set of combinations [24]. In MCDM, the different thermo-mechanical properties are considered as criteria or attributes.

Preferential Selection Index (PSI) is a recently developed MCDM technique in which ranking of the best alternative is done without considering the weight factor of different criteria [25]. In this research work, the optimal composite specimen is identified by carrying out optimization using PSI. The procedural steps, as well as formulae for each step, are given below:

Step 1: Design of experiments table consisting of the parameters and properties of all the 18 specimens as presented in Tab. 5 is considered.

Step 2: Next the type of criteria is determined.

Step 3: Next, a decision matrix is constructed in which each row comprises one alternative (i.e., experimental run) and each column represents one attribute (i.e., criterion) [26]. Therefore, an element ‘xij’ of decision matrix D gives the value of the jth attribute for the ith experimental run. If the number of alternatives is m and the number of criteria is n, then the decision matrix can be represented as follows.


D=[x11x12⋯x1nx21x22⋯x2n⋮⋮⋱⋮xm1xm2⋯xmn]
(1)

[image: images]

Step 4: Normalization of criteria elements is done to maintain uniformity by keeping the values between 0 and 1 [27].

If the criterion is of beneficial type, then the normalization can be done as per Eq. (2):


nij=xijxjmax
(2)

If the criterion is of non-beneficial type, then the normalization can be done as per Eq. (3):


nij=xjminxij
(3)

where, xij is the individual element in each attribute (i = 1, 2, 3, … , n and j = 1, 2, … , m).

Step 5: Next, the mean value of the normalized data of every attribute is computed as per Eq. (4):


N=∑i=1nnijn
(4)

Step 6: In this step, a preference variation value between the values of every attribute is computed as per Eq. (5):


ϕj=∑i=1n[nij−n]2
(5)

Step 7: The deviation in the preference value is then computed for every attribute using Eq. (6):


Ωj=[1−ϕj]
(6)

Step 8: The overall preference value for every attribute is then determined using Eq. (7):


ωj=Ωj∑j=1mΩj such that∑j=1mωj=1
(7)

Step 9: Finally, the preference selection index is calculated for each alternative as per Eq. (8):


Θj=∑j=1mXij(ωj)
(8)

2.5.2 Multi-Level General Factorial Design (MLGFD)

General Factorial Design (GFD) or Full Factorial Design is one of the widely used forms of optimizing methodologies, in which the experimental run values are formed with the help of factorial of several trials [28]. MLGFD is a novel sub-category in GFD. It is very flexible as the variation in levels of each factor doesn’t need equal intervals. Moreover, the number of levels need not be uniform and can vary between the factors, [29,30] which is evident from the following work. The various process parameters and their corresponding levels are shown below in Tab. 1. Design of Experiments (DoE) with 18 experimental runs showing 3 factors and 4 responses are represented as Tab. 2.

3  Results and Discussion

3.1 Mechanical Tests

From Tab. 2, it is clear that the compressive strength of the composite specimens is inversely proportional to the particle size of the powders. Fine powders produce good binding strength and hence produce more strength. The compressive strength reduces with increased particle size. It is also noted that the other two parameters—composition and sintering temperature have very little effect on compressive strength.

The results in Tab. 2, indicate that the Vickers hardness increases with a decrease in particle size. They also show that the Vickers hardness values are directly proportional to the composition of cuttlebone and sintering temperature.

3.2 Thermal Tests

The results presented in Tab. 3, infer that the flammability of the composite specimens is more in vertical position than in horizontal position. The average mass loss is less in composite samples having small particle size and more in composite samples having larger particle size. The composition and sintering temperature have a direct effect on average mass loss resulting due to flammability.

From the results presented in Tab. 4, it is evident that the combined influence of process parameters is considerably high when compared to the individual effect. The weight reduction due to the application of heat is less in specimens having small particle size and vice versa. The weight loss due to thermal exposure reduces with an increase in % composition of cuttlebone as well as sintering temperature.

3.3 Optimal Process Parameter Selection with PSI

Based on the steps illustrated in Section 2.5.1, optimal process parameters are identified using PSI. The consolidated experimental dataset consisting of the process parameters and the four responses is presented in Tab. 5. Compressive strength, Vickers hardness, average mass loss and reduction in weight are considered as the four responses that act as the criteria in the MCDM process for the selection of the best alternative. The best alternative represents the optimal solution among the carried-out experiments. Compressive strength and Vickers hardness are considered as the beneficial type objectives i.e., a higher value is desired. On the other hand, average mass loss and weight reduction are the cost type criteria i.e., lower values are desired. The decision matrix in original form and the normalized form is presented in Tab. 6.
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Tab. 7 represents the sum of squares of deviation (preference variation value) (Φj), negation (deviation in the preference value) (Ωj) and overall preference value (ωj). The PSI-based ranks of the alternatives are presented in Fig. 1. The best alternative as per the PSI methodology is highlighted in Tab. 8.
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Figure 1: PSI based ranks of the specimens
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3.4 Optimal Process Parameter Prediction with MLGFD and Polynomial Regression

Initially full quadratic models are developed for each response using a polynomial regression approach. ANOVA is then applied to the models and the insignificant terms are removed based on p-value > 0.1. The following regression model is developed for expressing compressive strength as a function of particle size of ceramic powders, the composition of Cuttlebone and sintering temperature.


CS=58.892857−0.149524.Sp+0.085714.Cc+0.01125.T+0.004952.SpCc
(9)

The ANOVA table for compressive strength is shown in Tab. 9. It is seen that all the terms in the selected regression model have a p-value less than 0.1, indicating that they are statistically significant. The model is further probed using various statistical measurements. The externally standardized residuals for the model are plotted as a normal probability plot in Fig. 2a. It is seen that the data points do not cross the lower and upper percentile reference lines and thus, don't show the presence of an outlier or anomaly.
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Figure 2: Normal probability plot of externally standardized residuals for (a) Compressive strength (b) Vickers hardness (c) Average mass loss (d) Reduction in weight

Similarly, the externally standardized residuals are plotted against the predicted values in Fig. 3a. Here the scatter is seen to be random and no clusters of datapoints are seen. This indicates the model is not biased. Finally, the predicted compressive strength is plotted vs. the actual compressive strength in Fig. 4a. Here, most of the data points are seen to be hugging the diagonal or the identity line indicating that the predictions are very accurate. The accuracy of the model is further assessed by using R2-based metrics in Tab. 10.
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Figure 3: Predicted vs. externally standardized residuals for (a) Compressive strength (b) Vickers hardness (c) Average mass loss (d) Reduction in weight

The R2 of the compressive strength regression model is 0.9768, indicating that 97.68% of the variance in the data is successfully explained by the model. The R2pred. of 0.9515 is in reasonable agreement with the R2adj. of 0.9697. 3D surface interaction plot showing the effect of various factors on compressive strength are given in Fig. 5. It is seen that as the composition of cuttlebone increases in general the compression strength increases.
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Figure 4: Actual vs. predicted responses for (a) Compressive strength (b) Vickers hardness (c) Average mass loss (d) Reduction in weight
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Similarly, a regression model for the Vickers hardness is fitted based on the experimental dataset.


VH=109.797619−0.084286.Sp+0.688889.Cc+0.07875.T−0.00004375.T2
(10)

The ANOVA table for Vickers hardness is shown in Tab. 9. The normal probability plot of externally standardized residuals for Vickers hardness is shown in Fig. 2b. The predicted Vickers hardness vs. externally standardized residuals and the predicted Vickers hardness vs. the actual Vickers hardness is shown in Figs. 3b and 4b respectively. The R2 of the Vickers hardness regression model is 0.9191 whereas the R2adj. and R2pred. of the Vickers hardness regression model are 0.8943 and 0.8396 respectively. Though there is approximately 6% deviation in the R2adj. and R2pred. values, the difference is well within the acceptable limit of 20%. The effect of particle size of ceramic powders and sintering temperature on Vickers hardness is shown in Fig. 6.
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Figure 5: 3D surface interaction plot showing the effect of the particle size of ceramic powders and sintering temperature on compressive strength
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Figure 6: 3D surface interaction plot showing the effect of particle size of ceramic powders and sintering temperature on Vickers hardness

The regression model for average mass loss and reduction in weight is presented in Eqs. (11) and (12) respectively. The ANOVA for average mass loss and reduction in weight regression models are presented in Tab. 11.


Mloss=0.133333+0.007667.Sp−0.033333.Cc−0.000458.T
(11)


Wred.=0.768254+0.007524.Sp+0.048095.Cc−0.00316.T−0.000629.SpCc+0.00000208.T2
(12)

The 3D surface interaction plot showing the effect of particle size of ceramic powders and sintering temperature on average mass loss and reduction in weight is presented in Figs. 7 and 8 respectively. Based on the developed regression models presented in Eqs. (9)–(12) and optimization study is carried out using desirability analysis concept. The constraints are tabulated in Tab. 12. Tab. 13 provides the overall optimized solution for 18 combinations of factor levels.
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Figure 7: 3D surface interaction plot showing the effect of particle size of ceramic powders and sintering temperature on average mass loss
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Figure 8: 3D surface interaction plot showing the effect of particle size of ceramic powders and sintering temperature on reduction in weight

[image: images]

[image: images]

4  Conclusion

•   Bio-ceramics and their associated composites obtained from the body parts of dead marine organisms prove to promising materials to be used as implants in bone replacement.

•   Ceramic Matrix Composite with sea sponge as matrix and cuttlebone reinforcement provides excellent thermo-mechanical properties.

•   Powder metallurgy is a reliable technique for fabricating CMCs.

•   For replacing broken natural bones in the skull, hip or femoral region with synthetic bones formed by CMCs, they should be mechanically as well as thermally stable and inert.

•   The Preferential Selection Index is a reliable MCDM technique that can be used to determine the best process parameters.

•   The results obtained from PSI are validated by Multi-Level General Factorial Design. The optimized specimen combination obtained from PSI and MLGFD is the same.
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Horizontal position

Vertical position

Average mass

Initial Final ~Mass loss Initial  Final ~Mass loss loss Dot My
mass  mass  (mp=mjp—mpg) mass mass  (mp—mj,—mg;) 2
(mip)  (mpm) (myy)  (mp)

g g g g g g g
9.5 9.4 0.1 102 10 0.2 0.15
9.4 9.3 0.1 103 101 02 0.15
10 9.8 0.2 102 99 0.3 0.25
102 9.7 0.5 9.7 9.1 0.6 0.55
102 95 0.7 9.8 9.2 0.6 0.65
9.8 9.6 0.2 9.4 9.2 0.2 0.2
9.8 9.1 0.7 9.6 8.8 0.8 0.75
9.4 9.1 0.3 10.4 10 0.4 0.35
9.7 9.4 03 107 104 03 0.3
103 101 02 9.3 9.1 0.2 0.2
10.5 10.4 0.1 10.5 10.4 0.1 0.1
9.7 9.4 03 105 103 02 0.25
106 98 0.8 9.6 89 0.7 0.75
105 99 0.6 9.8 9 0.8 0.7
9.6 9.2 0.4 9.2 8.7 0.5 0.45
104 102 02 107 104 03 0.25
9.6 8.5 1.1 9.4 8.5 0.9 1
9.4 8.5 0.9 106 9.8 0.8 0.85
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Table 8: Best alternative as predicted by PSI
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Table 13: Optimized process parameters and the responses
Specimen no. Sp C. T cs VH M s W red. Desirability
1 75 10 800 61.778 148.278 0.158 0.117 0.974
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Table 4: Thermal analysis results

Specimen no. Weight before Weight after Reduction in weight
heating (Wy) heating (W) (Wi— Wg)

g g g
1 10 9.9 0.1
2 9.9 9.7 0.2
3 10.2 9.9 0.3
4 10.1 9.8 0.3
5 10.2 9.6 0.6
6 10.1 10 0.1
7 10 9.5 0.5
8 10 9.8 0.2
9 9.8 9.4 0.4
10 10 9.7 0.3
11 9.8 9.6 0.2
12 9.8 9.5 0.3
13 10.1 9.6 0.5
14 10.2 10 0.2
15 10.3 10 0.3
16 9.9 9.5 0.4
17 9.8 9 0.8
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Table 9: ANOVA for compressive strength and Vickers hardness

Compressive strength

Sum of squares

328.004
221.0159
45.67669
60.75
2.68254

7.77381
335.7778

F value

137.1288
369.6008
76.3843

101.5911
4.485962

p-value
1.72E-10
6.25E—11
8.38E—07
1.64E-07
0.054016

Vickers hardness
Sum of squares

520.7103
124.3214
53.38889
330.75
12.25
45.78968
566.5

F value

36.95829
35.29569
15.15747
93.90216

3.477858

p-value
5.53E-07
4.9E—-05
0.00185
2.59E-07

0.084924
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0.537841
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Table 12: Constraints applied for process optimization

Goal

is in range

maximize

minimize

Lower
limit
75

5

400

44

125
0.1

0.1

Upper
limit
150
10
800

62

148

1

0.8

Lower
weight

Upper
weight

Importance

WL W W W WL
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Table 11: ANOVA for average mass loss and reduction in weight

Average mass loss Reduction in weight
Source  Sumof squares Fvalue  p-valueprob>F  Sumof squares Fvalue  p-value prob > F
Model 1254444 7473286 7.41E-09 0.46746 14.89568  8.66E—05

Sp 1.028611 183.8369  1.92E-09 0.138135 22.00843  0.000522

Ce 0.125 22.34043  0.000324 0.056548 9.009484  0.011034

T 0.100833 18.02128  0.000816 0.213333 33.98946  8.09E—05

8,Ce 0043214 6885142 0.022222

T2 0.027778 4.425711  0.057164
Residual 0078333 0075317

Cor total ~ 1.332778 0.542778
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Table 1: Process parameters and their values

Parameters

PM die type

PM die diameter/area of cross section
Binder material

Binder volume

Compaction pressure

Ball milling time for powders
Composition of Sea sponge
Composition of SiO;

Particle size of powders

Sintering temperature

Type
Constant
Constant
Constant
Constant
Constant
Constant
Variable
Variable
Variable
Variable

Values

Cylindrical

15 mm/706.5 mm?

PVC

2 ml

50 MPa

Ih

90% to 95% (i.e., 36 to 38 gms)
5% to 10% (i.e., 2 to 4 gms)
75, 100, 150 p

400, 600, 800°C
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Table 6: Decision matrix in actual and normalized form

Alternatives Criteria
(specimens) Actual Normalized
cs VH — M Wia. — CS VH Mg Wrea.
MPa Hvy g g

1 62 148 0.15 0.1 1.0000 1.0000 0.6667 1.0000
2 60 140 0.15 0.2 0.9677 0.9459 0.6667 0.5000
3 56 140 0.25 0.3 0.9032 0.9459 0.4000 0.3333
4 53 138 0.55 0.3 0.8548 0.9324 0.1818 0.3333
5 52 130 0.65 0.6 0.8387 0.8784 0.1538 0.1667
6 59 145 0.2 0.1 0.9516 0.9797 0.5000 1.0000
7 50 134 0.75 0.5 0.8065 0.9054 0.1333 0.2000
8 55 138 0.35 0.2 0.8871 0.9324 0.2857 0.5000
9 54 132 0.3 0.4 0.8710 0.8919 0.3333 0.2500
10 57 136 0.2 0.3 0.9194 0.9189 0.5000 0.3333
11 58 142 0.1 0.2 0.9355 0.9595 1.0000 0.5000
12 54 132 0.25 0.3 0.8710 0.8919 0.4000 0.3333
13 50 128 0.75 0.5 0.8065 0.8649 0.1333 0.2000
14 52 138 0.7 0.2 0.8387 0.9324 0.1429 0.5000
15 54 136 0.45 0.3 0.8710 0.9189 0.2222 0.3333
16 56 135 0.25 0.4 0.9032 0.9122 0.4000 0.2500
17 44 125 1 0.8 0.7097 0.8446 0.1000 0.1250

18 48 134 0.85 0.4 0.7742 0.9054 0.1176 0.2500
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Table 2: Compression test and Vickers hardness test results

Specimen no. Process parameters Compression test Vickers hardness test
Particle  Composition ~ Sintering ~ Load exerted Compressive  Diameter of  Vickers
size of of Si0y temperature on specimen  strength impression hardness
powders  (Cc) (M (P) (PIA) (D) (0.1891 %
(Sp) (L/D?))
" W% °c KN MPa mm Hy

1 75 10 800 095 134 0.113 148

2 75 10 600 0.90 127 0.116 140

3 100 10 600 0.70 0.99 0.116 140

4 150 10 800 0.55 0.77 0.117 138

5 100 5 400 0.50 0.70 0.121 130

6 75 5 800 085 120 0.114 145

7 150 5 800 045 0.64 0.119 134

8 100 5 800 0.65 0.92 0.117 138

9 100 10 400 0.60 0.85 0.120 132

10 75 5 600 0.75 1.06 0.118 136

1 100 10 800 0.80 L3 0.115 142

12 75 5 400 0.60 0.85 0.120 132

13 150 10 400 045 0.64 0.122 128

14 150 10 600 0.50 0.70 0.117 138

15 100 5 600 0.60 0.85 0.118 136

16 75 10 400 0.70 0.99 0.118 136

17 150 5 400 035 0.49 0.123 125

18 150 5 600 0.40 0.56 0.119 134
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Table 10:
Metric
R
Rzm/j.

R pred.

: Performance of the
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Table 5: Consolidated experimental data set consisting of process parameters and responses

Specimen no.

Sp C. T cs VH M s Wrea.
microns wt % °C MPa Hy g g
75 10 800 62 148 0.15 0.1
75 10 600 60 140 0.15 0.2
100 10 600 56 140 0.25 0.3
150 10 800 53 138 0.55 0.3
100 5 400 52 130 0.65 0.6
75 5 800 59 145 0.2 0.1
150 5 800 50 134 0.75 0.5
100 5 800 55 138 0.35 0.2
100 10 400 54 132 0.3 0.4
75 5 600 57 136 0.2 0.3
100 10 800 58 142 0.1 0.2
75 5 400 54 132 0.25 0.3
150 10 400 50 128 0.75 0.5
150 10 600 52 138 0.7 0.2
100 5 600 54 136 0.45 0.3
75 10 400 56 135 0.25 04
150 5 400 44 125 1 0.8
150 5 600 48 134 0.85 0.4
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