Trans Indian Inst Met (2019) 72(1):73-84
https://doi.org/10.1007/s12666-018-1463-0

T

allurg
s~ Materials Engineering

=
@ CrossMark

TECHNICAL PAPER

Wear Study of Chicken Eggshell-Reinforced Al6061 Matrix

Composites

Surendra Kumar Dwiwedi' - Ashok Kumar Srivastava® - Manoj Kumar Chopkar’

Received: 31 July 2018/ Accepted: 4 November 2018 /Published online: 30 November 2018

© The Indian Institute of Metals - [IM 2018

Abstract The present work deals with conduction of wear
test on Al6061/eggshell composites with load, reinforce-
ment and sliding distance as control factors and its
regression analysis. Chicken eggshell is one of the most
abundant natural waste products generated in large amount
by food processing industry due to its everyday con-
sumption. This material is simply disposed in nature thus
constituting environmental hazards. Commercial use of
eggshells can produce lightweight materials at low cost.
Therefore, being complemented with less dense calcium
carbonate, it can be used as reinforcement to develop metal
matrix composite using stir casting process. Reinforcement
is added in the range of 2-10 wt% at an interval of 2%.
Optical microstructural characterization indicated fair dis-
tribution of particles in the matrix, and 4 wt% composite
exhibited best properties among all. Further addition of
particles proved to be detrimental due to increase in
porosity and agglomeration of particles. Wear track and
debris were examined with scanning electron microscope
to explain the wear process. Regression analysis helped in
establishing the relationship between the control factors.
Reinforcement of eggshell particles improved the wear
resistance of matrix significantly as suggested by analysis
of variance.
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1 Introduction

Focusing improvement in fuel economy, Al6061 alloy is
being explored as candidate material for application in
automobile components such as piston and its components,
connecting rod, brake drums where sliding- and rolling-
type motion is the key factor [1, 2]. This alloy demonstrates
excellent mechanical properties, castability, formability
and poor wear resistance in contrast [3, 4], resulting in
seizure failure of mating components having relative
motion. Researchers reinforced the alloy with hard and
brittle ceramic materials such as SiC, Al,O3, B4C, TiO, [5]
which improved the mentioned properties considerably.
But these reinforcements are associated with constraints of
high density and cost [6], and the developed composites
have been put on brakes for limited use. Therefore, to serve
the automobile industry better, there is a need for searching
or developing materials which have combined upgraded
properties and low cost altogether.

Metal matrix composites have been fabricated via var-
ious routes but stir casting method tops the list in terms of
cost-effectiveness, mass production, manufacturing sim-
plicity, flexibility in handling raw materials and process
parameter control [7-9]. Moreover, the particulate metal
matrix composites developed via liquid metallurgy route
are isotropic in nature [10]. Another way to decrease the
cost of production of composite is to focus on waste
materials from different fields such as agriculture and
poultry, ensuring natural availability in bulk at low cost.
Nowadays, fly ash [11, 12], rice husk ash [13] and chicken
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eggshell are being investigated for their suitability as
reinforcements.

Any type of waste becomes a threat to environment if its
concentration increases excessively. Eggshell is a widely
produced waste product whose use in the society is not
explained much. As a result, this waste is simply discarded
in the nature, contributing to pollution. The best way to
utilize eggshell waste is to convert it into useful products,
aiming waste management with value addition and sus-
tainable development. It contains 95% of calcium carbon-
ate and 5% of other organic materials [14, 15]. Researchers
have highlighted the potential use of chicken eggshell in
various applications, for instance, as catalyst, adsorbent
and coating pigments. Al-Ghouti and Salih [16] investi-
gated the removal of boron from aqueous solution using
waste eggshell as an adsorbent material and found that
functional groups C=0 and Ca—-O present on the surface of
eggshell, were responsible for complexation with boron
and its removal from water. Lunge et al. [17] utilized
eggshell waste as calcium source and synthesized “Eg-
gshell Composite” (EC) and reported it as indigenous and
economic adsorbent material for fluoride removal from
water. Chouhan and Sarma [18] reported that waste egg-
shell-derived calcium oxide was found to be an effective
catalyst for the transesterification of soybean oil and
resulted in 97-98% biodiesel yield at 65 °C with alcohol/
oil ratio of 9:1. Ayodeji et al. [19] carried out transesteri-
fication process for the production of biodiesel from soy-
abean oil using pure calcium oxide and calcium oxide
obtained from eggshell as heterogeneous catalysts. On
comparison, it was found that the yielded biodiesel
revealed similar performance patterns for both the calcined
eggshell catalyst and the pure CaO catalyst. Chen et al. [20]
investigated the solar photo-catalytic activity of the TiO,/
eggshell composite. Yew et al. [21] calculated adhesion
strength and thermal stability of acrylic coatings while
using chicken eggshell (ES) as a bio-filler and concluded
that even distribution of ES particles and better ES/matrix
interface caused the enhancement in coating properties. It
was also reported that eggshell could be used as a bio-filler
in the manufacturing of low-cost polymer composites due
to its bulk availability, low density and renewable aspects.
Bootklad et al. [22] prepared thermoplastic starch (TPS)
using compression molding in which eggshell powder (EP)
was used as filler material. The properties of TPS with
eggshell filler and commercial calcium carbonate (CC)
filler were compared, and it was found that TPS/EP
biodegraded rapidly than TPS/CC composite. Also, TPS/
EP composite was better in terms of water resistance and
thermal stability of the TPS than TPS/CC composite. Toro
et al. [23] fabricated polypropylene-based polymer matrix
composites using commercial calcium carbonate and egg-
shell as bio-filler. It was concluded that the latter dispersed
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well in the polymer matrix due to larger surface/volume
ratio as compared to the former. Young’s modulus (E) of
the polymer composite improved considerably with the
increment of ES content. Hassan and Aigbodion [24] fab-
ricated Al-Cu-Mg/ES particulate composites and reported
that carbonized eggshell reinforcement in the Al-Cu-Mg
alloy gave better combination of properties as compared to
uncarbonized ES particles. It was also concluded that ES
particles up to 12 wt% could be used to enhance the
properties. Chaithanyasai et al. [25] fabricated Al6061/
eggshell composites by powder metallurgy route and
reported improvement in mechanical properties due to
good bonding between matrix and reinforcement. Buchar
and Severa [26] described the nano-indentation method for
determining micromechanical properties of hen’s eggshell.
Balaz [27] emphasized the green and sustainable utiliza-
tion of ball-milled eggshell in different fields. It was
reviewed that eggshells could be used as an agent for
bioceramic synthesis, drug delivery system and composite
manufacturing. Sharma and Dwivedi [28] fabricated low-
cost AA2014/SiC/carbonized eggshell hybrid green metal
matrix composites and studied the physical behavior,
specific strength and thermal expansion of hybrid com-
posite. Anantha and Kota [29] developed eggshell-based
bio-composites and studied the sorption capability of these
bio-composites to remove copper from water. Boronat
et al. [30] reported the fabrication of composites using bio-
based polyethylene matrix and eggshell as filler material.
The filler adhesion was improved through chemical treat-
ment, and then its potential to replace commercial calcium
carbonate mineral as filler material was evaluated.

Based on the literature survey, it is clear that eggshell
has been potentially used in different fields but very limited
attention has been paid towards its engineering application,
despite the fact that it is complemented with less dense
calcium carbonate [17]. Utilization of eggshell for the
production of lightweight material will also serve elimi-
nation of the waste from the environment.

In the present study, dry sliding friction and wear
behavior of Al6061/ES composites have been carried out
with load, sliding distance and reinforcement as wear
control factors. In order to estimate the wear output for a
given set of control factors, a regression model has been
developed. It is combined with analysis of variance
(ANOVA) to find out the merit of control factors, affecting
the wear output significantly.

2 Materials and Methods

Al6061 alloy and chicken eggshell powder were used as
matrix and reinforcement, respectively. Alloy 6061 T6
grade was purchased from Perfect Metal Works
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Corporation (PMC), Bangalore, India, while eggshell
wastes were collected from local market. Table 1 provides
the elemental composition of aluminum alloy by weight
percentage. Eggshell contains network of protein fibers,
calcium phosphate, magnesium carbonate, calcium car-
bonate, organic substances and water [27]. The composites
were fabricated by liquid metallurgy process using stir
casting machine, containing 2—-10 wt% of reinforcement at
an interval of 2%. Thoroughly cleaned and sun-dried
eggshells were pulverized using RETSCH PM400 high
energy ball milling machine. The powder size analysis
was done by sieve analysis, and particle size of 100-120
microns was used. All the melt-contacting surfaces were
coated with high-temperature non-sticky paint. Matrix
alloy was heated at 750 °C and was allowed to melt.
Eggshell powder was preheated at 500 °C for 1 h before it
was added into the vortex melt. The stirrer was set to rotate
at 500 rpm for 10 min wherein the eggshell powder
was incorporated in a controlled manner to ensure fair
distribution of particles in the melt. Thereafter, the melt
was casted in a preheated steel mold to produce a cast of
20 mm diameter and 200 mm length. Specimens for vari-
ous tests were achieved from the core part of the cast after
machining. All the composites were prepared by the same
route. Sample without reinforcement was also prepared by
simply melting and casting which was termed as 0 wt%
composite. Schematic view and process flowchart of stir
casting technique are shown in Fig. la, b, respectively.

The microstructural characterizations were performed
on cylindrical specimens measuring 12 mm diameter and
10 mm height, obtained from core part of the machined
cast. The metallographic specimen was polished mechan-
ically using emery paper of grades 1-5. It was then sub-
jected to velvet polishing and diamond polishing followed
by etching using Keller’s reagent (solution of 95 ml dis-
tilled water + 2.5 ml nitric acid + 1.5 ml hydrochloric
acid 4+ 1 ml hydrofluoric acid) where the polished speci-
men was immersed for 30 s in the solution. The micro-
graphs were captured on optical microscope (model:
AxioCam ERcS5 s, ZEISS).

The H scale hardness value of composites was recorded
directly from Rockwell tester (model: 7005 RHT-D) with a
3.175 mm steel ball indenter. ASTM G99-standardized dry
sliding wear tests were conducted on computerized pin-on-

Table 1 Elemental composition of Al6061 by weight percentage

disk machine (model: DUCOM TR20), which is shown in
Fig. lc. It recorded wear as height loss in micron, frictional
force and coefficient of friction (CoF) directly in the form
of screen outputs. Figure le, f portrays wear test specimens
of 10 mm diameter and 25 mm height, which were tested
against 220 grit silicon carbide (SiC) emery paper, adhered
to the steel disk using a paper holder arrangement as shown
in Fig. 1d. The tests were performed in ambient room
conditions at different loads of 10 N, 20 N and 30 N, track
of 65 mm diameter and speed of 300 rpm. The pin was
pressed against the emery paper under the load for a period
of 120 s. Wear loss was expressed as volume loss (mm3)
which was calculated by multiplying height loss with
cross-sectional area (mm?) of pin. Wear rate was taken as
ratio of volume loss to the sliding distance. The graphs of
cumulative volume loss (CVL) and wear rate (WR) were
plotted against sliding distance. The wear surfaces and
wear debris were analyzed using scanning electron
microscopy (model: X-max 20, ZEISS) equipped with
Oxford Instrument Energy Dispersive Spectroscopy (EDS).

3 Results and Discussion
3.1 Microstructural and Mechanical Analysis

The details of microstructural and mechanical characteri-
zation of the fabricated composites have already been
reported in our previous work [31]. The optical images of
matrix alloy and different composites are shown in
Fig. 2a—d, respectively.

Figure 2a reveals the microstructure of unreinforced
alloy matrix, marked with grain boundaries and precipita-
tion along grain boundaries. Figure 2b  depicts
microstructure of 4 wt% composites which illustrates uni-
form distribution of eggshell particles in the matrix along
with some porosity. These pores are developed due to gas
entrapment and are attributed to time and speed for which
stirring has been carried out [32]. Greater time and speed
cause the turbulent effect of atmospheric gases over the
melt and force them to get entrapped. Further, the porosity
effect becomes dominant in the composites due to
agglomeration and low wettability effect at increased
reinforcement content [12], as demonstrated in Fig. 2c, d.

Element Si Fe Cu Mn

Mg Cr Zn Ti Al

Percentage 0.663 0.543 0.347 0.058

0.881 0.273 0.069 0.052 Balance

@ Springer



76 Trans Indian Inst Met (2019) 72(1):73-84

Al6061 1kg

{

Melted at 750 °C

[l Remove Dross and other
impurites

|

Screw Start Stirring the melt
driver

Motor _>

Stirrer

Reinforcing

Add preheated eggshell
powderinthe melt

le—
e

Stir the mixture at 500 rpm for

Furnace .
10 minutes

.

Crucible pourthe meltinto preheated
mould

,,,,, Molten metal l

Al6061/Eggshell Cast
l:|<—_Melt ejection mechanism comrg)isites

(Bottom pouring)

(a) (b)

Emery Paper with Paper
Holder arrangement

sl

|‘||‘1|1I|l‘\v\y\\\\v\\\\\\\\\\\\\w\\\\\\\“

\\\u\ﬁm

@ Springer



Trans Indian Inst Met (2019) 72(1):73-84 77

«Fig. 1 a Schematic view of stir casting machine, b stir casting  test attempt. Final hardness value is taken as an average of

process flowchart, ¢ pin-on-disk wear testing machine, d disk five attempts. Figure 3 shows the variation of hardness of
facilitated with emery paper holder arrangement e and f wear 1L tri d diff t it
cylindrical samples alloy matrix an 1rrerent composites.

3.2 Wear Analysis

The hardness value of alloy matrix and composites has '
been captured directly on Rockwell hardness testing Dry wear tests have been conducted against constant speed

machine. Table 2 shows the recorded values against each ~ ©f 300 rpm, single track diameter of 65 mm to get sliding

Fig. 2 Optical micrographs of a 0 wt%, b 4 wt%, ¢ 6 wt.% and d 10 wt% composites [31]

Table 2 Rockwell hardness test results

Material Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average value
Alloy + 0 wt% 62 56 62 60 66 61
Alloy + 2 wt% 68 76 73 79 81 75
Alloy + 4 wt% 78 74 80 84 76 78
Alloy + 6 wt% 65 68 75 77 74 72
Alloy + 8 wt% 64 71 74 67 62 68
Alloy + 10 wt% 60 70 58 72 63 65
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Fig. 3 Variation of hardness for different composites

velocity of 1.021 m/s and sliding distance of 122 m when
rotated for 120 s.

Figure 4a—f exemplifies the graphs plotted for cumula-
tive volume loss (mm®) and wear rate (mm’/m) versus
sliding distance (m), respectively, for different wt% com-
posites at three different loads. Clearly, the volumetric
wear loss (Fig. 4a) increases with increase in sliding dis-
tance for both matrix and composites at a given load. It is
due to the fact that sliding action between contacting sur-
faces of sample pin and abrasive SiC particles for longer
time causes rise in temperature of matrix material. It is
reported that increase in surface temperature causes matrix
softening which is responsible for enhanced volume loss
[33, 34]. The volumetric wear loss and wear rate are
highest for the matrix while lowest for 4 wt% composite.
This can be attributed to increase in hardness of composite
and reduction in effective contact between abrasive parti-
cles and matrix due to presence of hard reinforcement. Rao
et al. [2] explained the contacting mechanism between two
sliding surfaces, which leads to the formation of mechan-
ically mixed layer (MML). This layer strongly shields the
composite surface from severe wear. As a result, effective
contact between surfaces is reduced and wear loss of
composites is significantly less than unreinforced alloy.
Mondal et al. [35] reported that increase in hardness due to
particle addition causes reduction in sticking tendency of
composite surfaces with counter-surface as compared to
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Fig. 4 Variation of cumulative volume loss (a—c) and wear rate (d—»
f) at 10, 20 and 30 N, respectively, for different composites as a
function of sliding distance

alloy. Therefore, addition of reinforcement particles have
improved the wear resistance of matrix alloy considerably.

Figure 4d—f represents the wear rate variation of com-
posites with sliding distance at different loads. Initially, the
wear rate is very high for matrix and composites but later it
decreases sharply and varies almost steadily. High wear
rate can be attributed to hardness difference between hard
SiC abrasive particle and soft matrix which causes easy
penetration of hard particles under load. However, in later
stage, wear rate varies steadily and this can be attributed to
surface hardening effect and presence of wear debris. The
excessive plastic deformation with increase in sliding dis-
tance results in strain hardening of the surface due to which
wear rate decreases [36]. The presence of wear debris
between contacting surfaces plays significant role in
reducing the wear rate in two ways. Firstly, their presence
reduces effective contact between specimen and abrasive
particles. Secondly, these wear debris act as third-body
abrasive which undergoes rolling effect and makes the
wear process steady [34, 37].

The volumetric wear loss with variation in load is shown
in Fig. 5. Volumetric loss increases with increase in load
for matrix and all composites. Increase in load has caused
more smearing effect of hard SiC particles in the soft
matrix and thus brought delamination and plowing. As the
load increases, the fine scratches have converted into deep
grooves, indicating increased volumetric wear loss and
wear rate.

SEM micrographs of worn surfaces are shown in
Fig. 6a—f, representing morphology of wear surface at
loads 10 N and 30 N. It is evident from the images that
morphology has changed from gentle to severe plastic
deformation with increase in load, either due to plowing or
delamination. Figure 6a, b reveals that matrix material has
undergone finer to deeper abrasive grooving when load has
increased. However, Fig. 6¢c, d illustrates that the wear
morphology has changed for 4 wt% composites from
plowing to delamination and damaged spots to craters. It is
attributed to increase in hardness and brittleness of the
composite. The morphology of 10 wt% composite 1is
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Fig. 5 Variation of volumetric loss (wear) with load for different
composites

similar to matrix alloy. Figure 6e portrays excessive par-
ticle detachment and debonding, attributed to poor bonding
of reinforcement with matrix and inability to bear load,
while Fig. 6f shows deep plowing effect of matrix. It is
clear that severity of plowing and delamination depends
upon the load and hardness of material and explains the
most suitable reason for low wear rates of composites.

A dry tribological study covers both wear and friction;
wear by far is most significant. However extensive studies
on friction and wear often lack the depth [38]. In general,
both wear resistance and friction coefficient are not con-
sidered as intrinsic material properties due to their depen-
dence on many external factors. Coefficient of friction
measures the frictional force which is responsible for heat
generation at the contacting surfaces. This leads to rise in
temperature and softening of materials ultimately leading to
increased wear loss. CoF is expected to be low in the con-
text of automotive application where power generation and
transmission are of prime objectives. Figure 7a—c shows the
variation in coefficient of friction of alloy and composites
with sliding distance at different loads. The coefficient of
friction decreases with increase in load. Increase in load
results in high wear rate of composites which suggests that
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surface grip between specimen and abrasive particles stay
active for very less time before it breaks. This explains that
the wear rate and frictional resistance are inversely corre-
lated. Similar findings have been reported by researchers in
their previous work [36, 39].

Composite with 0 wt% and 4 wt% reinforcement exhi-
bit maximum and minimum values of CoF at all testing
loads. The possible reason for this is the hardness differ-
ence among the composites. Softer surface permits more
smearing effect of abrasive particles, suggesting restricted
motion with higher CoF value. The outcome is just oppo-
site in case of hard surface as smearing effect is reduced
due to the presence of hard reinforcing particles. It is also
observed that CoF first increases, remains steady in the
middle stage and decreases later. The effective number of
abrasive particles participating in the wear process
decreases remarkably either due to debonding of SiC par-
ticles or dullness of sharp edges of the abrasives. Such
particles does not offer any resistance and thus CoF
decreases.

Figure 8a, b represents the SEM micrograph and EDX
of wear debris collected after wear test. The SEM micro-
graph illustrates that wear debris consists of mixture of fine
particles and ribbons of composite. Fine particles have
resulted due to continuous rubbing action of surface while
ribbons are produced due to plowing of matrix by hard
abrasive SiC particles. EDX represents the elemental
analysis of wear debris which consists of composite com-
ponents and loose SiC particles and thus confirms the
debonding of abrasive particles from the emery paper.

3.3 Regression Modeling

Experimental results show that wear performance of com-
posites depend on weight percentage of reinforcement (R),
load (L) and sliding distance (SD). However, it is not clearly
determined that which parameter is affecting the perfor-
mance significantly and in which order. Therefore, these
control parameters have been analyzed through Minitab 17
software using ANOVA and regression analysis.

ANOVA is helpful in determining the factors affecting
the response significantly. Generally, decision is made on
the basis of calculated Fisher’s value (F) and the factor is
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Fig. 6 SEM images of wear track of a, b 0 wt% ¢, d 4 wt% e, f 10 wt% composite at 10 N and 30 N, respectively, after sliding distance of

122 m

said to be significant, if F >4 [40]. Here, cumulative
volume loss (V) and wear rate (WR) are taken as wear
response. ANOVA analysis demonstrated in Tables 3 and 4
shows that the wear responses are significantly affected by
all the parameters; load and sliding distance top the rank-
ing, respectively, for wear rate and volume loss. The value
under the column head “Contribution” gives an idea of
percentage by which the factor affects the response. This
analysis evidences that reinforcement of eggshell has

significant impact on the wear performance of composites
as its registered values of F for responses for V and WR are
16.66 and 61.54, respectively.

Linear multiple regression analysis has been carried out
to develop a model in order to establish the correlation
among control factors. The model has been developed for
both the wear responses which are as follows:
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Table 3 Analysis of variance for volume loss (V)

Source DF Seq SS Contribution (%) Adj SS Adj MS F-value P value
Regression 3 54167 91.88 54167 18055.6 154.66 0.000
R 1 1944 3.30 1944 1944.5 16.66 0.000
L 1 22238 37.72 22238 22238.2 190.48 0.000
SD 1 29984 50.86 29984 29984.3 256.83 0.000
Error 41 4787 8.12 4787 116.7

Total 44 58954 100.00

Table 4 Analysis of variance for wear rate (WR)

Source DF Seq SS Contribution (%) Adj SS Adj MS F-value P value
Regression 3 4.2367 94.66 4.2367 1.41223 242.03 0.000
R 1 0.3591 8.02 0.3591 0.35909 61.54 0.000
L 1 3.4608 77.31 3.4608 3.46049 593.06 0.000
SD 1 0.4171 9.32 0.4171 0.41711 71.49 0.000
Error 41 0.2392 5.34 0.2392 0.00583

Total 44 4.4759 100.00

Table 5 Confirmation test

Exp. Reinforcement % Load Sliding distance Exp. volume Model volume Error % Exp. Model Error
no (R) (L) (SD) loss loss WR WR %

1 2 20 122 99.65 102.336 —2.69 08133 0.7694 5.40
2 2 30 122 140.456 129.566 7.75 1.1463  1.1090 3.26
3 4 20 122 95.291 106.98 — 12.27 0.7757 0.8325 — 7.05
4 6 30 122 149.94 138.862 7.38 1.2282  1.2353 —0.58
5 8 20 100 101.105 98.892 2.18 1.0112  1.0237 —2.26
6 10 30 100 141.294 130.77 7.44 14306  1.4265 0.29

V = —=53.20 + 2.324R + 2.723L 4 0.7904SD
WR = 0.3867 + 0.03158R + 0.03396L — 0.002948SD

The correlation coefficient (R?) for cumulative volume loss
(V) and wear rate (WR) is 0.9188 and 0.9466. The devel-
oped regression models are further validated by conducting
confirmation tests, and both model and experimental values
have been compared for error calculation with a set of
different control factors mentioned in Table 5. The model
and experimental wear responses have been compared for
error calculation. It is observed that both the models are
comparable and responses are close in values with mini-
mum errors.

4 Conclusion

The present paper reports the investigation results of dry
sliding wear test of A16061/eggshell composites, fabricated
by simple stir casting process. Experimental work reveals
that wear resistance and coefficient of friction decreases
with increase in load. Reinforcement of eggshell particles
improves the wear resistance of matrix material. 4 wt%
composite displays best wear resistance properties among
all. Regression analysis reveals that the volumetric loss is
highly affected by load followed by sliding distance and
reinforcement in order. The wear rate is also dominated by
load but reinforcement evolves out as more significant
parameter than sliding distance. Confirmation test validates
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the regression model with error falling in the range of
— 12% to + 10%.
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