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ABSTRACT

Present work utilizes agricultural by-product, walnut shell, as reinforcing filler
in epoxy matrix for investigating dry sliding wear behavior using a pin-on disc
wear-testing machine. Effects of sliding velocity (0.5-1.5m/s), normal load
(10-50 N), sliding distance (1000-3000 m) and filler content (10-30 wt. %) on
wear rate (W), specific wear rate (Ws) and coefficient of friction (u) are
investigated. The experiments were planned as per design of the experiments
scheme and the wear characteristics were analyzed through response surface
modeling (RSM) method. The lowest W, of 1.1 mm*/km was noted for 1.5 m/s
sliding velocity with 30-wt. % filler content. Sliding distance did not have a
significant influence on W; above a critical load of 40 N. The minimum p was
observed at 1-m/s sliding velocity, 40-N load, 1000-m sliding distance, and
30-wt. % filler. Lower values of W; and p at higher walnut-shell loadings
support feasibility of using such composites in wear-prone applications. The
wear mechanism was determined in the composites using extensive scanning
electron microscopic observations.
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walnut shell, wear, design of experiments, friction, response surface methodology

Copyright © 2017 by ASTM International, 100 Barr Harbor Drive, P.O. Box C700, West Conshohocken, PA 19428-2959 55

Copyright by ASTM Int'l (al rights reserved); Tue Feb 28 06:28:21 EST 2017
Downloaded/printed by
Singapore National Univ (Singapore National Univ) pursuant to License Agreement. No further reproductions authorized.



56 DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY

Introduction

A variety of filler micro- and nano-scale materials that can result in low-cost compo-
sites with high mechanical properties and performance are being explored [1-3].
Use of agricultural by-products as fillers can help in developing low-cost polymer
matrix composites (PMCs) [4]. Natural filler reinforced PMCs have been developed
with attractive properties, such as high specific strengths and modulus, impact
strength, and ballistic performance [5,6]. Increased use of lignocelluloses as reinforc-
ing fillers is reported in applications in automotive, siding, and decking industries
[7]. Walnut shell is one such naturally available agricultural by-product that can be
utilized in engineering applications.

The main characteristic of walnut-shell microstructure is the highly lignified
stone cells [8]. This structure is accredited to the relatively short and isodiametric
cells of nutshells known as scelereids whose secondary walls are lignified and vary in
thickness. Cell walls accounting to 90 % of total volume result in higher strength
and stiffness [9]. Walnut-reinforced PMCs may have competitive advantage over
wood in outdoor applications requiring a high dimensional stability, such as deck
flooring or siding, because of lower hygroscopic content (cellulose and hemicellu-
lose) and higher hydrophobic content (lignin and extractives) [10,11]. Many of these
applications require high wear resistance for long product life. Such applications
have also motived studies on tribological properties of PMCs [12,13]. Incorporation
of organic and inorganic fillers, as well as fly ash cenospheres [14,15], glass [16], car-
bon [17], and aramid fibers, has evolved to improve the wear performance of poly-
mers. The wear resistance of polymers was found to improve with the addition of
nano SiC, CuO, TiO,, ZnO, and ZrO, [18], even at low filler contents [19].

Walnut-shell powder has been used as a reinforcement in PMCs and their phys-
ical and mechanical properties have been investigated [20]. It was noted that the
properties of PMCs can be enhanced with the help of a coupling agent between wal-
nut particles and the polymer matrix [21]. Walnut-reinforced (10-40 wt. %) epoxy
matrix composites showed increased compressive strength with increasing
walnut particle content, but the moisture uptake also increased [22]. Addition of
walnut-shell powder to polypropylene resulted in increased tensile, flexural, and
moisture-absorption characteristics with a decline in impact strength [23]. Qi et al.
[24] addressed utilization of 0-14.6 vol. % alkaline-treated walnut-shell powders as a
functional filler in five non-asbestos materials containing jute fibers from biomass,
including several from natural resources, such as wollastonite, basalt fibers, zircon,
barite, and vermiculite. The coefficient of friction (COF) and wear rate of these
hybrid samples found to be effectively improved. Surface modifications of fillers and
hybridization effect of multiple fillers might increase the processing complexity
increasing cost factor. Thereby, it would be worthwhile to discuss the wear investiga-
tions of walnut-reinforced epoxy composites at higher filler loadings.

The present work studies the walnut-shell-reinforced epoxy matrix composites
for wear-resistant applications. A pin-on-disc tribometer is used to conduct the
experiments using full factorial design (FFD). Sliding velocity, normal load, sliding
distance, and filler content are the study variables. Further, based on experimental
values of response surface modeling (RSM), mathematical expressions are proposed

for wear rate (W,), specific wear rate (W), and coefficient of friction (). For
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interpolation between the scarce experimental data, these expressions are used to
capture the overall trend. Analysis of variance (ANOVA) is used to find the most
influential parameter on the response. Use of such statistical tools allows the study
of interactions among the process parameters.

Materials and Methods

MATERIALS

The matrix used in the present investigation comprises a diglycidyl ether of
bisphenol A (DGEBA) epoxy resin (LAPOX L-12) and a room temperature curing
polyamine hardener (K-6) containing a tetra-amine functional group supplied by
Yuje Marketing (Bangalore, Karnataka, India). The filler material used in this study
was as-received walnut shell supplied by Super Minerals Corporation (Mumbai,
Mabharashtra, India). The densities of walnut-shell powder and cured neat epoxy
resin were found to be 1522.5 and 1192.6 kg/m’, respectively. Walnut shell contains
cellulose (60 %), lignin (30 %), methoxyl (6.5 %), ash (1.5 %), cutin (1 %), fatty acids
(0.2 %), nitrogen (0.1 %), and chlorine (0.1 %) [23,25].

SAMPLE PREPARATION

The composite fabrication procedure consists of mixing walnut-shell particles in
desired weight fraction (10, 20, and 30 wt. %) with the resin and hardener. The proc-
essing is carried out at room temperature. The mixture is gently stirred to obtain
homogeneous slurry, which is degassed for 10 min and then cast in aluminum molds
of dimensions 100 x 100 x 16 mm?>. The cast slabs are cured at room temperature
for 24 h and post cured at 100°C for 3 h. Neat resin specimens are also fabricated for
comparison. The mold was coated with a silicone release agent for easy removal of
cast slabs. Wear-test specimens of dimension 12 x 12 x 25 mm® were cut from the
cast slabs using a diamond saw.

EXPERIMENTAL PROCEDURE

Process parameters identified in the present work are sliding velocity (v), normal
load (F), sliding distance (d), and filler weight fraction (R) affecting the responses
W,, W, and L. Pilot experiments were conducted to freeze the range of the process
parameters. Three levels for each of the four parameters were selected to study the
influence of parameters on friction and sliding wear behavior through FFD of
experiments. Accordingly, 81 trials based on FFD were planned [26,27] with five

replicates each. Process parameters and their levels are presented in Table 1. The

Process parameters and their levels.

Level
Parameter 1 2 3
Sliding velocity (v), m/s 0.5 1 1.5
Applied normal load (F), N 10 30 50
Sliding distance (d), m 1000 2000 3000
Filler content (R), wt. % 10 20 30
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58 DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY

TABLE 2

Density and void content of the neat resin and walnut-shell-reinforced epoxy composites.

R (wt. %) Par (g/em?) Pee (glem?) V, (vol. %)
0 1.19 1.19 + 0.01 037
10 123 1.20 + 0.03 1.68
20 1.26 1.22 + 0.04 2.03
30 1.29 1.25+ 0.06 235

12 x 12 mm? face of the specimens was loaded against the disc with the loads of 10,
30, and 50 N corresponding to initial contact pressures of 0.07, 0.21, and 0.35 MPa,
respectively. The sliding velocity is limited to 1.5m/s to avoid issues related to
strain-rate sensitivity of the resin [28].

DENSITY MEASUREMENT
Experimental density (p,,) is evaluated using Archimedes principle by weighing the
specimens first in air and then in water. The theoretical density (p.) is calculated

using rule of mixtures as,

1
Pet _%—’_%

(6%}

where:
M and p = the weight fraction and density, respectively,
the suffixes fand m = filler and matrix, respectively, and
the density of the epoxy matrix = 1192.6 kg/m”.
The volume fraction of matrix porosity (V,) in the composite is determined by,

Vv _ Pet = Pee )

Pet
Theoretical and experimental densities of the composites and matrix porosities are
presented in Table 2. The matrix porosity is observed to increase with increasing
filler content in the specimen. However, in all cases the matrix porosity content is
below 2.35 %.

DRY SLIDING WEAR TEST
Wear tests in dry sliding mode were carried out at ambient temperature using a
pin-on-disc wear tester (DUCOM, India) as per ASTM G99-05 (2016) standard
[29]. A disc made of hardened chromium steel (EN-31, hardness 62 HRC) was used
as the counter body against the pin. The tests were conducted at 240 rpm on tracks
of different diameters (40, 80, and 120 mm). With the proposed design of experi-
ments test duration, load, and sliding speed were varied. Normal force was applied
through a lever mechanism. The dead weight (load), which is mounted on the pan
of the lever mechanism, ensures constant normal force during the test.

Both pin and disc were polished against 600-grit SiC paper before the test for
keeping the initial surface roughness parameter (R, =0.11 um) constant for all the

tests. Further, it ensures proper contact between the sample and the counter face.

Materials Performance and Characterization

Copyright by ASTM Int'l (al rights reserved); Tue Feb 28 06:28:21 EST 2017

Downloaded/printed by

Singapore National Univ (Singapore National Univ) pursuant to License Agreement. No further reproductions authorized.


http://www.astm.org/Standards/G99

DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY 59

Height loss and frictional force were recorded by a computer-aided data-acquisition
system. Using the pin cross-section area, height loss is converted to volume loss. The
wear rate is defined as the volume loss per unit sliding distance. From sliding speed
and time elapsed, sliding distance is computed. W, is estimated by

V- Vg

We= dc — dp

(3)
where:

V = the wear volume,

d = the sliding distance, and

subscripts B and C = beginning and end of steady-state wear, respectively.

The wear rate varies with the applied normal load and is independent of sliding
distance. Reciprocal of wear rate is wear resistance, which is given by

Wi =Ww,"! @
W accounts for the load bearing ability of the material and is represented by

W,
W, = ?t ©)

where:
F = the normal load applied during wear test.
W is defined as

Fr

= ©
Fy

n
where:

Fr=the tangential force required to produce sliding and is obtained from the
steady-state wear regime, and

Fy = the normal force between the mating surfaces.

SCANNING ELECTRON MICROSCOPY

The walnut-shell powder, as-fabricated specimens, and wear surfaces are investi-
gated using a field emission scanning electron micrograph (Hitachi S-4300, Tokyo,
Japan). The microscope is equipped with secondary electron and back-scattered
electron detectors. The specimens were sputter coated with a conducting layer of
gold before imaging (JEOL JFC-1200 Fine Coater, Tokyo, Japan).

Results and Discussion

Fig. 1a and 1b presents micrographs of walnut-shell powder in as-received condition.
Composite with 30-wt. % loading is presented in Fig. 1c. Walnut-shell powder is
highly irregular in shape with 40-50 pm size (Fig. 1a). Higher magnification (Fig. 1b)
reveals porous flaky structure, which acts as an effective interlock with the epoxy
resin. Fig. 2a present experimental setup of wear test. A representative set of results
obtained from the wear testing is presented in Fig. 2b and 2c. Height loss (Fig. 2b)
and frictional force (Fig. 2c) are plotted with respect to the time. These representa-

tive results are obtained on a specimen reinforced with 30 wt. % filler under the
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60 DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY

FIG.1 Micrographs of walnut-shell powder at (a) lower magnification, (b) higher magnification, and (c) epoxy resin reinforced
with 30-wt. % filler.

B

conditions of F=50N, d=3000m, and v=1.5m/s. An initial transition period is
observed after which the wear achieves a steady state as observed in Fig. 2b. A similar
behavior is demonstrated by composites as well, although the transient region is less
pronounced. Further, height loss in neat resin specimens is twice that in composite
specimens at 2000 s time as observed in Fig. 2b. This observation implies that the
walnut shell is effective in reducing the wear of composites. Further, frictional force
shows decreasing trend in composite with increasing time after reaching the peak
value, whereas a plateau is observed in case of neat resin specimens. Frictional force
in composite specimens drops by 14 % compared to neat resin for the same time
interval, which highlights the effectiveness of walnut shell in these composites for
wear applications.

EFFECTS OF INDIVIDUAL PARAMETERS

Tables 3-5 present the experimental results of W;, W, and p for sliding velocities of
0.5, 1, and 1.5m/s, respectively. The values reported in these tables are averages of
four replicates. ANOVA results based on these tables are presented in Table 6. The
developed RSM models were also tested through coefficient of determination (CoD)
(Table 6), which is the proportion of variation in the parameter explained by the
model. CoD value is found to be high in case of W, and W,, indicating a good
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DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY 61

FIG. 2 (a) Experimental wear-test setup. A representative set of graphs obtained from the wear test: (b) height loss, and (¢)
frictional force for F=50N, d=3000m, and v=15m/s.
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correlation between the predicted and the experimental values, which is desirable.
The p is found to fluctuate with time, which is common for the dry sliding wear of
composites. This fluctuation in p is attributed to the formation of a lubricating
film, mainly of the matrix material during dry sliding wear of composites [30]. To
accommodate these fluctuations with respect to time, 95 % confidence interval for pt
is chosen in Table 6 instead of 99 % set for the other parameters.

ANALYTICAL MODELS

Based on the independent parameters (v, F, d, and R), RSM based expressions are
proposed for the dependent variables (W,, W, and ). The quadratic equation con-
sidering two-factor interactions is given in previous studies [26,27] as,

Y= b() + bIV + sz + b3d + b4R + b11V2 -+ b22F2 + b33d2 + b44R2
+ blva + b131/d + b14VR + b23Fd + b24FR + b34dR )

where:
Y = the desired characteristic, and
b,, by.... bzy=the regression coefficients to be determined.
The regression coefficients of the quadratic model are estimated by [26,31]:

b=(x"x)"'xTy ®
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62 DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY

TABLE 3

Experimentally measured W;, W, and p for different £, d, and R, at v=0.5m/s.

Process Parameter Settings Outcome
F(N) d (m) R (wt. %) W, (mm®/km) W, (mm®/N-km) n
10 1000 10 4.40 0.4400 0.431
20 3.98 0.3980 0.575
30 2.82 0.2824 0.483
2000 10 3.27 0.3270 0.622
20 242 0.2420 0.705
30 218 0.2180 0.890
3000 10 2.80 0.2800 0.579
20 1.95 0.1948 0.666
30 1.78 0.1782 0.468
30 1000 10 4.98 0.1660 0.456
20 4.36 0.1453 0.494
30 3.02 0.1008 0.553
2000 10 3.76 0.1253 0.562
20 2.73 0.0910 0.597
30 247 0.0824 0.333
3000 10 3.06 0.1020 0.454
20 2.32 0.0773 0.605
30 2.25 0.0750 0.283
50 1000 10 7.23 0.1446 0.575
20 6.24 0.1248 0.496
30 3.95 0.0790 0.410
2000 10 4.21 0.0842 0.542
20 3.68 0.0736 0.661
30 3.24 0.0648 0.367
3000 10 3.40 0.0680 0.527
20 3.44 0.0688 0.596
30 343 0.0686 0.602
where:

b = the matrix of parameter estimates,

X = the calculation matrix that includes linear, quadratic, and interaction terms,

and

X" = the transpose of X.
The quadratic expressions as determined by multiple regression analysis of the

experimental results to predict W,, W, and p1 are given by,

W, =6.65— (1.92 x v) + (1.6 x 1072 x F) — (9.3 x 10* x d)

— (857 x 1072 x R) + (4.25 x 107" x v*) + (6.65 x 107 x F?)
—(93%x 1078 x d*) 4+ (7.19 x 107> x R*) — (2.69 x 107> x v x F)

+

(
(
(

3.08 x 107* x v x d) — (0.001.08 x 10> x v x R)
—(54x107° x Fxd)— (48 x 107" x Fx R) 4+ (1.85 x 107> x d x R)

9
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DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY 63
TABLE 4
Experimentally measured W;, W, and p for different £, d, and R, at v=1m/s.
Process Parameter Settings Outcome
F(N) d (m) R (wt.%) W, (mm®/km) W, (mm®/N-km) n
10 1000 10 3.84 0.3840 0.815
20 3.41 0.3410 0.594
30 2.43 0.2430 0.305
2000 10 3.29 0.3290 0.601
20 2.83 0.2834 0.570
30 2.51 0.2510 0.574
3000 10 1.87 0.1870 0.670
20 1.29 0.1297 0.436
30 1.82 0.1816 0.600
30 1000 10 4.29 0.1430 0.309
20 3.73 0.1243 0.400
30 2.71 0.0903 0.255
2000 10 3.34 0.1113 0.634
20 3.06 0.1020 0.611
30 2.92 0.0973 0.552
3000 10 3.19 0.1063 0.612
20 1.52 0.0507 0.398
30 1.70 0.0567 0.671
50 1000 10 4.82 0.0964 0.443
20 4.89 0.0978 0.530
30 3.67 0.0734 0.526
2000 10 5.27 0.1054 0.157
20 3.76 0.0752 0.483
30 3.41 0.0682 0.534
3000 10 2.90 0.0580 0.394
20 1.91 0.0382 0.439
30 2.67 0.0534 0.472

W, =0.78 — (0.1 x v) — (2.04 x 107> x F) — (8.8 x 10> x d)
—(8.66 x 107* x R) + (7.79 x 107 x v?) + (1.72 x 10~* x F?)
—(49%x1077 x d*) + (2.63 x 107> x R*) + (1.03 x 107> x v x F)

+
+
+

p=0.57— (291 x 10" x v) — (8.39 x 10 x F) + (1.93 x 10 * x d)
+(8.72x 107 x R) + (3.77 x 1072 x v*) + (5.68 x 107> x F?)
53x 1078 xd*) — (4 x107* x R?) + (1.84 x 107> x v x F)

(
(
(
(

111 X107 xvxd)+(21x107* x v xR)

0.000001.36 x 107® x F x d) + (9.18 x 107> x F x R)

8.92x 1077 x d x R)

(10)

—(
+(4.86 x 107° xvxd)+ (639 x 107" x v x R) — (3.5x 1077 x F x d)
+(1.08 x 107* x F x R) + (1.06 x 107 x d x R)

(11)
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64 DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY

TABLE 5
Experimentally measured W;, W, and p for different /£, d, and R, at v=15m/s.

Process Parameter Settings Outcome
F(N) d (m) R (wt.%) W, (mm>/km) W, (mm*/N-km) u
10 1000 10 3.43 0.3430 0.338
20 2.92 0.2920 0.340
30 2.26 0.2260 0.461
2000 10 3.14 0.3140 0.407
20 221 0.2214 0.636
30 1.98 0.1980 0.380
3000 10 1.97 0.1970 0.591
20 1.72 0.1720 0.680
30 1.10 0.1100 0.448
30 1000 10 3.79 0.1263 0.551
20 3.15 0.1050 0.522
30 2.63 0.0876 0.306
2000 10 3.48 0.1160 0.489
20 292 0.0973 0.546
30 241 0.0803 0.667
3000 10 2.80 0.0933 0.564
20 2.39 0.0797 0.550
30 1.20 0.0400 0.372
50 1000 10 4.73 0.0946 0.488
20 438 0.0876 0.286
30 331 0.0662 0.330
2000 10 4.51 0.0902 0.450
20 4.83 0.0966 0.537
30 2.81 0.0562 0.610
3000 10 3.81 0.0762 0.508
20 2.79 0.0558 0.522
30 1.81 0.0362 0.568
TABLE 6

Summary of ANOVA results and coefficient of determination (CoD) values for the regression model.

Sum of Squares Degrees of Freedom Mean Square
Parameter Regression Residual Regression Residual Regression Residual CoD F-Ratio
\A 85.587 13.377 14 66 6.113 0.2027 0.865 30.16"
Wi 0.7038 0.0328 14 66 0.0502 0.0005 0.955 101.02*
u 0.3282 0.9738 14 66 0.0234 0.0147 0.252 1.59°

“F-table = 2.36. Significance at 99 % confidence interval.
PF-table = 1.46. Significance at 95 % confidence interval.
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DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY 65

where:
v=represented in m/s, Fin N, d in m, R in (wt. %), W, in mm>/km, and W; in
mm?/N-km.

The adequacy of these constructed models/expressions is confirmed through
analysis of variance (ANOVA) [26,31]. As per ANOVA, the computed value of
F-ratio of developed model/expression should be more than the corresponding value
in F-table (Table 6) for the model to be adequate for a specified confidence interval.
F-ratio is mathematically expressed as the ratio of mean square of regression model
to the mean square of residual error.

The RSM based models 9-11 are used to predict W,, W, and p by substitut-
ing appropriate values of v, F, d, and R to identify the parameter that has
the most dominant influence. Results of the parametric study are presented in
Figs. 3-5 by considering two parameters at a time. These plots can be helpful in
understanding the general trends between various parameters. It can be observed
from Fig. 3a that W, increases with increasing F but decreases with increasing v.
Similarly, Fig. 3b shows that the W, tends to decrease with increasing both R
and v. Fig. 4 shows that the W, decreases with v, F, R, and d. p decreases
with increasing F and v (Fig. 5a). Fig. 5b shows that | increases with increasing
R and d up to 20wt. % of the filler content. Surface roughness, which is not a
parameter for the present work, may also influence the wear behavior of
materials.

Residual analysis is used to check the accuracy of the proposed models
(Eqs 9-11). For regression analysis to be valid, it is essential that residuals should be
normally distributed. Normal probability plots of the residuals for W,, W, and . are
presented in Fig. 6. As seen from these plots, residual errors are normally distributed
except for a few points. The proposed models adequately support least square fit of
measured and predicted values for W,, W, and [ (Fig. 7). The developed models can
be used to predict the intermediate wear parameters of walnut-shell/epoxy
composites.

FIG.3 The trend of W, with respect to individual parameters estimated by the model: (a) Fand vand (b) d and R.

v(m/s) R (%)

it
n

W; (mms3/km)
w
W; (mms3/km)

3-5 1 o
d=2000m,R=20% \‘. v=1m/s,F=30N
4 10 20 3Io 4|o 5'0 4 10 1I5 20 2|5 3'0
F(N) d (m) x 102
(a) (b)
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FIG. 4 The trend of W, plotted with respect to individual parameters estimated by the model: (a) Fand vand (b) d and R.
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EFFECTS OF TWO-PARAMETER INTERACTIONS

Equations 9-11 are used to develop the interaction plots as presented in Figs. 8-10
based on the matrix of Table 7. These graphs were drawn considering two parame-
ters at a time, whereas the other two parameters were kept at the middle value.

Wear Rate
Interaction effect of process parameters on W, are presented in Fig. 8. W, is observed
to decrease monotonically for any specified value of F, d, and R (Fig. 8a-8c). Fig. 8a
shows that W, increases with F. W, decreases with increase in d (Fig. 8b) and R
(Fig. 8c). These graphs can be useful in selecting a combination of parameters that
can provide desired wear characteristics.

At higher loads, higher frictional thrust could result in increased debonding of
particles from the epoxy resin leading to higher wear rate [32,33]. Similar effect of

normal load on volumetric wear rate during the wear testing of epoxy composites

FIG.5 The trend of u plotted with respect to individual parameters estimated by the model: (a) Fand vand (b) d and R.
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FIG. 6 Normal probability plot of residuals for (a) W;, (b) Wi, and (¢) p.
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was observed by Kanchanomai et al. [34]. The estimated W, as a function of v and d
is presented in Fig. 8b. For increasing v from 0.5 to 1.5m/s and d of 1000-3000 m,
W, decrease by 19.8 % and 38.2 %, respectively. High initial wear rate at lower
sliding velocities is because of the fracture of irregular asperities of walnut-shell par-
ticles. However, with increasing sliding velocity, wear progresses with smoothening
of asperities of both epoxy and irregular walnut-shell particles leading to enhanced
wear resistance. Rao and Das [35] found that surface quality and surface chemistry
vary with increased sliding distance resulting in divergence in wear rate with sliding
distance.

Fig. 8c shows that the W, decreases with the increasing v and R. Formation of
transfer film on the counter face at higher sliding velocities is likely the reason for
such an observation [18,32,36]. W, decreases with increase in R, drop being more
prominent at higher filler content (30 wt. %) owing to presence of higher volume of
hard walnut-shell particles. Chauhan and Thakur [33] also reported that higher filler
loading could reduce the wear rate to a large extent. In the present investigation,
the minimum wear rate of 1.1 mm’/km was obtained for a combination of higher
sliding velocity (1.5 m/s) with 30 wt. % filler content.

The W, as a function of R at different F is presented in Fig. 8d. W, decreases
drastically with increased R and F. It is known that, the W, decreases with increased
R because of lower content of matrix and thus preventing massive scale damage of
matrix. Siddhartha and Gupta [37] reported that with increase in normal load, the

load is distributed to overall asperities and every asperity pierces deeper into the
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FIG. 7 Comparison between measured and predicted values for (a) W, (b) Ws, and (¢) p.
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surface and thus higher W, is obtained owing to deep grooving. Fig. 8e shows the W,
trend similar to Fig. 8d. W, decreases with increased d and F. At higher F, wear
debris assists wear mechanism in addition to frictional heating leading to localized
fusion resulting in higher W, [38]. Decline in W, was noticed when the R is
increased from 10 to 30 wt. % as seen in Fig. 8f.

Specific Wear Rate
Normalizing W, with the applied load can provide further clarity in the trends. W;
with respect to v for F, d, and R is plotted in Fig. 9a-9¢c. W, decreases with increasing
v, d, and remains almost constant after 40 N. Chauhan and Thakur [33] indicated
that with increased F, W, decreases because of steadiness of transfer film on counter
surface. Considerable decrease in W, was noticed when F increased from 10 to 30 N.
The effects of d and R on W; are similar to those observed on W,. It is observed that
the combination of higher v and F is helpful for the W, reduction. Fig. 9d shows that
there is reduction of W, with increase in R, which further implies that higher R is
desirable for both W, and W..

A comparison of Fig. 8d and Fig. 9d reveals that the load normalized W;
reduces as the F is increased. It can be observed that for 40 and 50 N loads, W, is
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FIG. 8 Model predictions for W, with respect to v for different (a) £, (b) d, (c) R, (d) W, with respect to R at different £ W, with
respect to d at different, (e) £, and (f) R.
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almost unchanged up to filler content of 20 wt. %. Above this value, the R is high
enough to play a significant role [33,39-41]. Fig. 9d provides further insight that d
does not have a significant influence on W, above a critical load, which for this

material seems to be 40N. A comparison of Fig. 9d and 9f reveals that a
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FIG. 9 Model predictions for W, with v for different (a) £, (b) d, (c) R, (d) Wi with respect to R at different ~. W, with respect to
d at different, (e) F, and (f) R.
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combination of higher R and F is useful in obtaining lower W,. W, is drastically
reduced with increasing F as seen from Fig. 9e. Shielding film forms because of
thermal softening of the matrix at higher loads [32]. W increases with further
increase in d as the temperature rise results in breakage of shielding film that was
providing lubrication.
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FIG. 10 Model predictions for p with v for different (a) F (b) d, (c) R, (d) p with respect to R at different £ p with respect to d at

different, (e) £, and (f) R.
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The variation of 1 is presented in Fig. 10. It can be observed that the behavior of 1 is
non-linear and even non-monotonic with respect to some parameters such as R and
d. Fig. 10a presents the trend of | with v for specified F. | decreases with increased v
for loads in the range 10-40 N. However, for higher applied load of 50 N, n decreases
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TABLE 7

Two-way interaction parameters used in the study.

Interaction

Parameter 1 Parameter 2 Property Investigated
v F,d,and R W,

d F, R Wi

R F n

with sliding velocity up to 1 m/s and later increases. | decreases with increased F.
Lowest | was observed for 1.6 m/s sliding velocity with load of 40 N. Some of the
constituents such as cellulose and wax may provide lubricating effect. However, the
formation of the transfer film is not an intrinsic property of cellulose but is the result
of complex phenomena. The transfer film is composed of fragmented walnut-shell
particles, which agglomerate and adhere to the disc. On the other hand, adhesion is
strongly affected by surface chemical effects: the presence of specific chemical com-
ponents within the particles may promote adhesion and cohesion of walnut-shell
fragments, thus facilitating the formation of the transfer film [42]. The present find-
ings on above phenomenon of i closely match with the experimental investigations
reported in the published literature [36,43-45].

Fig. 10b depicts the divergence of n with d. The p decreases with v for sliding
distances up to 2000 m. Lower [t was noted at 1.6 m/s sliding velocity and 1000 m
sliding distance. Micro-level fluctuations might prevail in the friction coefficient
with sliding distance, which is mainly attributed to the interaction of asperities
between the counter surfaces during testing [35]. Fig. 10c exhibits the influence of fil-
ler on p at different v. 1 decreases with v for all values of R. Conversely, the p
increases with increasing R from 10 to 20 wt. % and later shows a decreasing trend.
At lower R, higher volume fraction of epoxy may cause formation of a lubricating
film because of its lower stiffness. Higher walnut-shell content leads to higher p
owing to presence of higher amount of deboned particles. Difference in the mecha-
nisms of friction is likely the reason for decreasing trend of 1 beyond 20 wt. % filler.
The localized heat generation at higher v and subsequent matrix adhesion play a
prominent role. Investigation of optimum conditions is useful for designing materi-
als and operating conditions for the components experiencing dry sliding wear.
Lowest [ was observed at sliding velocity of 1.5 m/s with R of 30 wt. %.

Irrespective of the F, pL increases with R, reaches the maximum and subsequently
decreases (Fig. 10d). It was observed that, |l is extremely receptive to F at lower R.
The minimum p was observed at 30 wt. % and 40 N applied load. Mondal et al. [38]
found that at higher load, coarser debris have greater affinity to be accumulated and
compacted at craters because of the combined effect of frictional heating, material
flow and applied load. It results in smoother surface and easier sliding action.
Fig. 10e shows | as a function of d for different F values. For any specified load, p
increases with d and decreases after reaching the peak value. Jia et al. [45] also
reported the similar observation. Lower p was observed at higher v and F. It is likely
that this cycle would repeat again if the wear test is continued for longer distances.

The variation in p with filler content for different sliding distances is presented in
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Fig. 10f. For given filler content, |t increases with d and decreases after reaching a
peak at 2400 m. The minimum [t was observed at R of 30 wt. % for d of 1000 m.

Micrographic Analysis

To obtain an insight into the possible wear mechanisms during the dry sliding wear
testing of walnut-shell-reinforced composites, wear surfaces of the specimens are
investigated using SEM. The micrographs of representative wear-tested composites
containing 10-30 wt. % walnut shells are presented in Fig. 11. Numerous grooves and
shallow scratches can be observed in the sliding direction resembling abrasive wear
[46]. At lower loads for all the filler contents, transfer film is not visible. Transfer
film is prominently seen for higher filler content and loads. Presence of a higher
amount of wear debris at higher values of load and filler content indicates that possi-
ble three body abrasive condition, resulting in higher wear rate.

The increase in the applied normal load causes an increase in the adhesion
forces. It increases ploughing and dislodges walnut-shell particles from the surface,
creating more debris (Fig. 12a-12¢), which has been observed in composites previ-
ously [32]. Therefore, at higher normal load wear behavior changes from mild to
severe and consequently, the depth and width of the grooves because of ploughing is
increased. This increased wear rate has a direct influence on p. The direct contact
between surfaces of the specimen and disc is minimized by the presence of transfer

film acting as an intermediate lubricating layer.

FIG. 11 Micrographs of the wear surfaces of representative specimens at a sliding velocity of 0.5m/s and sliding distance of
3000 m. All micrographs are acquired at the same magnification.

10N

10

wt. %

20
wt. %

30
wt. %

30N 50N

()

Copyright by ASTM Int'l (all rights reserved); Tue
Downloaded/printed by

Materials Performance and Characterization
Feb 28 06:28:21 EST 2017

Singapore National Univ (Singapore National Univ) pursuant to License Agreement. No further reproductions authorized.



74 DODDAMANI ET AL. ON WALNUT-SHELL-REINFORCED EPOXY

FIG. 12 Micrographs of wear surfaces of 10 wt. % walnut-shell composites at (a) 10-N, (b) 30-N, and (c) 50-N loads at sliding
velocity of 0.5m/s and sliding distance of 3000 m.
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Fig. 13 shows that the dominant wear mechanism in 10 wt. % walnut shell-epoxy
composite is adhesion because of presence of plastic deformation marks. Increasing
the walnut-shell particle content results in higher particle debris on the contact sur-
face. These broken particles act as third body abrasive. Adhesion and abrasion

]
FIG.13 Micrographs of wear surfaces of (a) R=10-wt. %, and (b) R = 30-wt. % walnut-shell composites at F=30N, v=0.5m/s,
and d=3000m.
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FIG. 14

Debris collected in a microvoid
in the wear surface of a
representative specimen at
v=15m/s, F=30N,
d=1000m, and R=30 wt. %.

mechanisms are the prevailing wear mechanisms for 30 wt. % composite specimens
owing to the presence of deformation marks and a large amount of wear debris.
Presence of microvoids is indicated in Fig. 13b. Table 2 shows that the amount of
such voids is very small in the composites but their presence may play a role in wear
mechanism. Fig. 14 shows that the debris present on the wear surface may accumu-
late in such voids and result in lowering the wear rate. Because the void content in
composites is very small in this study, this is not likely a dominant factor. However,
in composites where significant porosity is present, role of voids should be investi-
gated in greater detail.

Conclusions

Epoxy matrix composites filled with 10, 20, and 30 wt. % of walnut-shell powder
were fabricated and tested for dry sliding wear test as per full factorial design (FFD)
of experiments. The effects of sliding velocity, normal load, sliding distance and filler
content were evaluated on wear rate, specific wear rate and coefficient of friction
through RSM. Based on the experimental results and analysis the following conclu-
sions were drawn within the selected ranges of the parameters:

* Addition of walnut shell as a filler in epoxy is effective in improving the wear
resistance of composites. The composites filled with 30 wt. % walnut-shell par-
ticles showed higher W, and lower p than composites with lower particle
content.

* W, increases with increased F, whereas W and n decrease.

* W, and W, decreased with increase in R, whereas  increases.

* W, W, and p decreased with increased v and d.

e For the range of input parameters used in this study, F is the governing
parameter on the wear and friction behavior of the composites as compared
to the other parameters.

Use of low-cost industrial waste fillers in developing useful composites can help
in reducing the cost of composites and improving their properties as observed in
this study.
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