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Abstract

The aim of the current work is to do an experimental study and investigation of the sliding wear behavior of carbon fiber
reinforced polymer (CFRP) hybrid nano composite with montmorillonite nanoclay and nanoZnO as fillers. The wear prop-
erties of CFRP hybrid nanocomposites were tested by using a pin-on-disc machine under various loads. Optimization of
the wear rate of CFRP hybrid nanocomposites was carried out by using the central composite design method, subset of the
response surface methodology. The mathematical model predicts the significance of the independent variables, i.e., wt% of
nanoZnO, nanoclay, and fiber orientation angle on the wear rate of CFRP hybrid nanocomposites. The lowest value obtained
for wear rate was 2.22 mg/Nm which appeared when actual values were nanoclay =3 %wt, nanoZnO =3 %wt, and fiber
orientation =45°, respectively. The results of optimization also showed that the wear rate at the optimum value was much
improved or minimized by about 3 times than that of the controlled sample. From the SEM micrographs, surface readings

also show the effective improvement in the wear resistance in CFRP with the addition of nanoparticles.
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1 Introduction

In modern decades, fiber-reinforced polymers are powerfully
used in tribological elements such as cams, brakes, bear-
ings, gears, etc., because of their improved wear resistance
and a capability of self-lubrication. Polymer composites
have a superior strength-to-weight ratio, which is useful in
arange of applications in automobiles, aerospace, and vari-
ous household appliances [3.9]. The deficiency of fiber-rein-
forced polymer (FRP) composites can be defeat productively
by using various fillers like nano- or micro-sized particles.
The effects of the addition of nanoparticles on these proper-
ties have been broadly studied and its usefulness is proved
by the various researchers. The adding up of a few percent
of nanoparticles by weight results in a major development
in the mechanical properties [1-9].
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The FRP composites always got a high mechanical per-
formance because of fiber as a most effective reinforcement
[12, 14]. It is found that carbon fiber reinforced composites
have better properties such as enhanced thermal conductiv-
ity, better strength, higher Young’s modulus, and brilliant
electrical properties [9-12]. By the use of inorganic nano-
particles, one can improve toughness, stiffness, other fric-
tion, and wear properties of FRP composites [1-3] and Deca
et al. found that there is an enhancement in the Ultraviolet
rays (UV) resistance and thermal stability of the polymers of
wood with the incorporation of nanoZnO and nanoclay [4].
Rashmi et al. and Li Chang et al. studied the improvement in
the wear resistance for short/regular-sized CFRP composites
with the nanoparticles effect [5, 6]. As mentioned by Shazed
et al., the carbon nanotubes are also supportive in convalesc-
ing the tensile and mechanical properties of carbon fibers
with different fiber orientations [7]. David et al. derived that
fracture toughness can be significantly improved by effect of
the nanoparticles in the CFRP composites [8]. With the addi-
tion of fillers such as carbon nanotubes (CNTs), nanoZnO
results in astonishing mechanical, electrical, and thermal
properties of the host matrix/composite materials [9, 10].

As per research, there is enhancement in wear resistance
and mechanical properties of polyester woven carbon fiber,
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jute fiber, and chopped carbon fiber with the additional effect
of nanoZnO [11-13]. By using surface-grown hydrothermal
ZnO, nanorods can be used to enhance the vibration damp-
ing of FRP as per Alipour et al. [14]. The characterization
processing of ZnO-incorporated polymer composites are
confirmed by Chuanggqi et al. and Kyungil Kong et al. [12,
15]. Yasser Rostamiyan et al. have found that there is an
improvement in the flexural strength, tensile, and impact
strength up to considerable higher amount of the glass fiber-
reinforced composite with addition of nanoclay as filler used
in epoxy resin [16, 17]. Tripathi et al. have derived a method
for optimal design of a FRP laminate by taking into account
different parameters like ply angle, ply thickness, and
focused on a procedure to get optimum composition of the
friction liners material [18, 19]. The studies are carried out
by using the RSM for the design of experiments. Sanes et al.
[20] found that using ZnO nanoparticles as a filler increases
the stiffness and the chain mobility enhances because of
the IL phase addition which results in a plasticizing effect.
Also, the friction coefficient gets reduced by 50% and the
rate of wear by a considerable order of magnitude because
of the IL lubricant effect. Bahadur et al. [21] focused on the
wear characteristics of polyphenylene sulfide (PPS) added
with inorganic nanoparticles like ZnO, CuO, TiO,, and SiC.
Yingke et al. have premeditated the tribological behavior of
nanosilica coating on epoxy resin composite, and coating
composition on the wear and friction behavior illustrated in
relation with their microstructure [22].

Friction and wear properties of aligned carbon nanotube
filled epoxy composites and short carbon fibers polyimide
composites filled with microSiO, and graphite were stud-
ied by Lei Yan et al. in their respective studies [23, 24].
Aluminum composites give an improved wear resistance
and hardness with a filling of ZrO, particles in an alu-
minum matrix as per the findings of Ramachandra et al.
[25]. Shadpour et al. highlighted the ZnO filler effect on
the morphology, thermal conductivity, and various prop-
erties of polymer nanocomposites [26]. Zhang et al. also
expressed that nanoparticles as a filler results in reduc-
tion of the wear rate and friction significantly, and they
can entail an improved tribological performance than the
sub-micron particles [27]. Rajasekhar et al. presented
their work on tribological behavior of Polyamide Jute
Fiber filled with nanoZnO and found that both, the wear
rate and friction coefficient of the nanocomposites, were
lowered significantly than pure polyamide [13]. Sudeepan
et al. studied friction/wear of polymer composite of ABS/
ZnO by using the Taguchi method and found that the spe-
cific wear rate and friction coefficient are influenced by
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the increase of load, speed, and filler content [28]. Zhao
et al. have focused on the micro/nanoparticles effect on the
wear and friction properties of CFRP [29]. Senthil Kumar
et al. have done a tribological analysis of nanoclay, epoxy,
and glass fiber by using Taguchi’s technique [30]. Many
researchers have focused on the effect of CNT/other nan-
oparticles on PEEK and other nanocomposites [31-34].
Shailesh Ambekar et al. successfully incorporated the use
of nanoclay and nanoZnO for the enhancement and optimi-
zation of the CFRP flexural strength [35]. Zhou et al. have
developed the fracture-based model to predict the wear
damage due to chipping, the model was able to predict
the size of the wear particles [36]. Liu, Zhou, and Wang
et al. have focused their study on modeling and proper-
ties of 2D graphene nanoparticles and grain size effect
on the mechanical properties of nanocrystalline carbon,
respectively [37, 38] As before stated in literature review,
the dry and sliding wear behavior of CFRP incorporated
with hybrid combination of clay and NanoZnO is not stud-
ied till date. So, in the current study, the focus is on the
experimental exploration of the influence of nanoparti-
cles like nanoZnO, fiber angle, and nanoclay on the wear
behavior of CFRP polymer composites. The new material,
i.e., CFRP hybrid nanocomposites with incorporation of
nanoclay and nanoZnO can be used in carbon—carbon disc
brakes, friction clutches, various parts of the space craft,
aeroplanes, and automotive gear box which nowadays are
being used in racing cars and in fabrication of automobile
variable transmission systems from these CFRP hybrid
nanocomposites. The fiber orientation angle, wt % of
nanoZnO and wt % of nanoclay montmorillonite nano-
clay are chosen as independent variables and the wear rate
performance carbon fiber reinforced polymers with the
mixture of nanoclay and nanoZnO, new material system
is derived with the application of fiber orientation angle
as third variable their effect of on the rate of wear hybrid
CFRP composite laminate has been investigated by using
CCD in RSM. Central composite design (CCD) is the part
of response surface design methodology that has been used
to derive models as a function in terms of factors to fore-
cast the wear rate of the newly fabricated CFRP hybrid
nanocomposite. It has also been used to derive a math-
ematical model so as to develop the optimum design or
structure of a new CFRP hybrid nanocomposite. The total
20 experiments were designed including six center point
replicates as per the MATLAB. Accordingly, the samples
were prepared and tested for wear rate of the CFRP hybrid
nanocomposites with different fiber orientation angles and
nanoclay, nanoZnO particles as filler.
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2 Materials and Experimental
Characterization

2.1 Materials

In the current study, Control sample was carbon fiber
reinforced (CFRP) composites. The carbon fiber of 200
GSM, standard modulus of 3 K, and HCU200 code are
used for the main reinforcement. Hinpoxy C epoxy resin
is bisphenol-A-based liquid-state material. HARDENER-
B is a modified amine hardener, low viscosity, colorless
liquid, with stoichiometric ratio of A:B =10:3; the carbon
fiber and the resin both were supplied by the Hindoostan
Mills Ltd. Mumbai, India. Nano zinc oxide (ZnO) parti-
cles and montmorillonite nanoclay were used, supplied by
Nano Research Lab. Jamshedpur, (Jharkhand), India. All
the details of the properties are as given in Table 1.

2.2 Sample Fabrication
The CFRP nanocomposite laminates were manufactured
by a hand layup method (as shown in Fig. 1a), succeeded

by vacuum bagging the unidirectional carbon fiber was the

Table 1 Material properties

Properties of carbon fiber

Properties Value

Density (g/cm?) 1.8

Tensile strength (MPa) 4000
Elongation (%) 1.7

Filament diameter (pm) 7

Tensile modulus (GPa) 240
Properties—Hinpoxy C resin

Viscosity at 25 °C, mPas 9000-12,000
Density at 25 °C, g/cc 1.15-1.20
Flash point, °X > 200
Properties—Hinpoxy C hardener

Viscosity at 25 °C, mPas <50

Density at 25 °C, g/cc 0.94-0.95
Flash point, °X >123

NanoZno properties

Purity 99.9%.

SSA 20-60 m%/g
Morphology Nearly spherical
True density 6 glem?
Average particles size 30-50 nm
Color Milky white
Bulk density 0.28-0.48 g/cm’
Nanoclay properties

Purity 99.9%.

Stack size 5-10 pm

Bulk density 37 to 56 lbs./ft3

Fig. 1 a Ultrasonication, b Magnetic stirring, ¢ Hand Lay up of
CFRP, d Vacuum bagging

main part of the reinforcement in the epoxy resin. Bisphenol
A (DGEBA) resin was mixed with a hardener at a ratio of
100:30 by weight. The clay and Zinc Oxide nanoparticles
were used as filler. For the suitable dispersion in the epoxy
resin clay and Zinc Oxide nanoparticles, nanoparticles
were dried prior to use for overnight at 75 °C in an oven.
For attainment of a uniform dispersion of the Montmoril-
lonite nanoclay and Zinc Oxide nanoparticles in the epoxy
resin, magnetic stirring (as shown in Fig. 1b) and ultrasoni-
cation (as shown in Fig. 1c) were done for better mixing.
The %wt of nanoparticle content was used in the range 1 to
5 %wt with the epoxy resin and hardener mixture as per the
results from OVAT analysis and previous research carried
out. Ultra-sonic method was then carried out for 40 min at
40° C for uniform mixing of the nanoparticles in the epoxy
resin. After ultrasonication, the said mixture was magneti-
cally stirred for one and a half hour. The prepared mixture
was then used for the composite preparation. The hand layup
Fig.1(c) and vacuum bagging process (as shown in Fig. 1d)
are used for the preparation test sample, the process of vac-
uum bagging is carried out for 4.5-5 h with application of
constant vacuum pr. of 720 mm Hg. Fourteen plies were
used and according to the coded levels, the combination of
three factors was varied. The specimen was kept within the
bag for 15-18 h at room temperature for curing. The post
curing of specimen was then done in an oven for 5 h at
80 °C. Then the round specimens were cut from the lami-
nates as per the required dimensions for wear test.

2.3 Experimental Procedure

For the wear test, a pin-on-disc tribo tester experimental
setup, DUCOM, made in Bangalore was used to test the
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wear behavior of CFRP hybrid nanocomposite accord-
ing to the ASTM G99 standard. The dry and sliding wear
behavior was tested in the performed experiments The disc
setup that was used was made from an alloy steel with
8 mm thickness and 165 mm diameter and of 62 HRC
hardness. A surface specimen of size 10 mm in diameter
and 3 mm thick was glued at the end of the pin of the mild
steel. The total height of the specimen pin along with the
sample piece was around 28 mm. Before start of the test,
the disc was use to cleaned with acetone. The specimen
was positioned in its holder normal to the steel disc. For
each individual specimen, three trials were conducted on
the pin-on-disc test setup and average reading values were
used. Tests performed for the sample combinations as per
the coded values given in Table 3. The weight of the pin
assembly with the specimen was measured in an electronic
balance of accuracy 0.0001 g. The weight loss was deter-
mined from initial wt and final wt after wear test of the
specimen was recorded. The wear rate can be calculated
from the ratio of weight loss and product of the sliding
distance and the normal load by using Eq. 1. The coef-
ficient of friction was taken directly from the setup. The
wear rate was calculated for three different weights; 10 N,
15 N, and 20 N and the sliding velocity was at 2.09 m/s.
According to the Archard equation, the model considers
adhesive wear and assumes the sliding spherical asperities
to deform fully plastically in contact. The area of contact
then is circular with the contact area equal to ra?, where
a is the radius. After the asperity slides, a distance of it
is released from the contact and there is a probability K.
The mean contact pressure in this case equals to hardness
of the softer material, and thus = P/za’. Then the wear
volume per sliding distance 2a, W= Kza®/3, na*=P/
HXxW=Px K/3H=kxP/H.

V,=Wxs=kXxP/H,
Vi/A=WXs=kxXP/A/H

weight loss

Wear rate = X sliding distance

normal load

__w
FnxL M

WR

Experimental conditions

Parameters Operating conditions

Temperature Ambient conditions (temperature:
29°C)

Relative humidity 55(x£5) %

Test disc Hardened ground steel (EN-31,

hardness 60 HRC
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Experimental conditions

Parameters Operating conditions
Roughness of EN-31 1.6 m Ra

Duration of rubbing 600 s

Surface condition Dry

Load ION,I5N,20N
Sliding speed 2.09 m/s

Sliding distance 1500 m

Pin size (ASTM G99 Std.) 30 mm X 10 mmx 10 mm
The average contact pressure 0.3 MPa

between the disc and specimen
surface

2.4 Design of Experiments

The design of experiments was carried out by Response
surface methodology (RSM), which is a mathematical and
statistical technique of data collection. This technique is
useful for design of experiments, to evaluate the effect of
independent variables on final response, optimizing the pro-
cesses and model building. In recent years, RSM has played
important role in various fields of chemistry, biotechnology,
nanotechnology, etc. It is important capability of RSM that
it can develop quite true relationship function between the
set of independent variables and response (Y) and following
is the first-order model polynomial equation, which is used
to describe a linear function between independent variables
and response (Fig. 2).

Y= 0o+ 01X +0,Xy+ oo oo 4. X, )

where the independent variables are X, X,...X, and f is the
linear of the K;, coefficient factor, f, is the constant coef-
ficient, and ¢ is the error observed. If there is curve in the

3

@  Factorial poinis
& ExEipeing
&tﬁ Central point

Fig.2 Central composite design for three design variables at two lev-
els
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system, then the second-order polynomial model should be
used. This model will take the form

k k
Y= Po+ 2 BXi D BiX] + D ByXiX + € 3)
i=1 i=1

i<j
2.4.1 Central Composites Design

Central composite design is RSM part set, which helps in
design for fitting second-order models. The total experiment
count for CCD is equal to 2 + 2k +1,, where 2% is the num-
ber of standard two-level factorial points, k is the number of
design factors, 2k points are the star points which are located
at “+a” from the center points of the domain of experiment,
and the center point is 1, of domain which is to be replicated
to estimate the “pure” experimental variance error. When
the variance of variables is constant at all distances from the
center point then the design is named as Rotatable central

composite design named CCRD. Rotatability can be calcu-
lated from the equation given below

a= (26" )

For statistical calculation, X; (experimental variables) has
been coded as x; with the following transformation.
X; — Xy

X =
! AXO (5)

here x; is coded the dimensionless value of the i variable of
experiment, X; stands for uncoded independent i variable,
X, stands for the magnitude of X situated at center point, and
AX; indicates the step change value for the real variable i.
In this experimental study, the Minitab software was used
to analyze the data evaluation and to get results using CCD
as methodology for experimental design. Here, nanoZnO
wt%, fiber angle in degrees were used as inputs and the
response was wear rate. Total 20 experimental levels for

Table 2 Actual and coded level

3 Factors Levels Star point Star point
of design parameter a=1.68179  a=—1.68179
Low (—1) Center (0) High (+1) - +a

(A) Content of clay (Wt%) 1.8 3 4.2 1 5

(B) Content of ZnO (wt%) 1.8 3 4.2 1 5

(C) Fiber angle 18.2° 45° 71.2° 0° 90°
Table 3 Coded and actual Code Sr.no  Coded value A Coded value B Coded value C  Weight loss (mg) Wear rate (g/Nm)
values of factors

1 1.681793 0 0 1.563 1.3028

2 0 0 —1.68179 0.319 0.2657

3 —1.68179 0 0 0.830 0.6917

4 -1 1 1 0.546 0.4546

5 1 1 1 0.937 0.7806

6 -1 -1 -1 0.526 0.4380

7 1 -1 0.907 0.7556

8 -1 -1 0.676 0.5630

9 1 -1 -1 0.796 0.6630

10 0 0 0 0.503 0.4194

11 0 0 0 0.267 0.2222

12 0 0 0 0.306 0.2546

13 0 —1.68179 0 0.621 0.5176

14 0 1.681793 0 0.373 0.3111

15 0 0 0 0.433 0.3611

16 1 -1 1 1.090 0.9083

17 0 0 1.681793 0.707 0.5889

18 0 0 0 0.481 0.4009

19 -1 -1 1 0.666 0.5546

20 0 0 0 0.314 0.2620
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Fig.3 Schematic diagram of pin-on-disc wear test setup

three factors were designed and at the center point with six
replicates. Tables 2 and 3 show coded level and actual level
of the design parameter and experiments generated and the
corresponding wear rate for each test (Fig. 3).

In this experiment, the software of Minitab was used
to interpret and analyze the data processing and to obtain
results, and for the design of experiments CCD was chosen.
Here, the input variables were nanoZnO wt%, nanoclay wt%,
and fiber orientation angle and the response was the weight
loss or wear rate. A total of 20 experimental levels were
designed for three factors with six replicates at the center
point. Tables 2 and 3 show the coded level and actual level
of the design parameter, the experiments generated, and the
corresponding wear results for each test.

3 Results and Analysis

As the input variables are nanoclay wt%, nanoZnO wt%,
and fiber orientation angle which are denoted as A, B, and C,
respectively, in analysis of variance, the response was wear
rate of CFRP filled with nanoclay and nanoZnO. In this step,
to evaluate the influence of these independent variables on
corresponding response, analysis of variance was carried
out by Minitab software according to the model of CCD
and results determined based on considering the confidence
level equals to 95% (a¢=0.05). According to probability, P
value significance of each term was evaluated. The prob-
ability value more than 95% (a <0.05) should be possessed
by the significant terms.

@ Springer

3.1 Analysis of Variance and Fitting Regression
Model

The ANOVA results of the analyses were as shown in
Table 4. As seen, the fiber orientation nano and clay wt%
angle had a significant value of P, probability greater than
95%. The wt% of nanoZnO was not significant probability,
with a value less than 95% on the wear rate. From Table 4, it
can also be seen that square values of the nanoclay wt% and
fiber angle/orientation were most effective having a prob-
ability value of P>95%. With a probability value less than
95% from the square of nanoZnO, the wt% had no significant
effect. It was observed that the interaction between nanoZnO
and fiber orientation is the main interaction with good effec-
tive probability value. With a P value of about 0.552, an
insignificant “lack of fit” indicates that the data satisfactorily
fitted for the model; therefore the CCD was a best choice for
the experiment design and the analysis of the results.

Regression Equation in uncoded units response surface
regression: Wear rate (Y) versus A, B, C (nanoclay wt%,
nanoZnO wt%, Fiber orientation angle)

Y =0.3198 + 0.1556A — 0.0262B + 0.0602C + 0.2413A>
+0.0352B% + 0.0398C? — 0.0075AB
+ 0.0328AC — 0.0557BC For initial analysis

Y = 0.3486 + 0.1556A — 0.0262B + 0.0602C + 0.23784 x A
+0.0363C x C —0.0557B x C  For final analysis

For the final analysis, the analysis process was then
repeated by eliminating terms which were non-effective
and the ANOVA results are displayed in Table 5. It is obvi-
ous that the P value of the significant terms and also the
““Lack of Fit’”” magnitude increased after eliminating the
insignificant terms. The above equation shows the reduced
fitted model after eliminating the insignificant terms. Table 5
indicates the regression coefficients of the three independent
variables, squares and interaction between factors.

Moreover, Tables 6 shows the determination coeffi-
cient (R?) which is generated for ability of evaluation of
the model in predicting the results, when this value is close
to a 100%, it is capable to give more accurate results. The
values of R? were 95.01 and 92.99% for the first one overall
model and the successor reduced model, respectively. These
higher R? values indicated that the model repressors could
not explain only about 6% of the total variable values. The
derived regression model is enabled for a good evaluation
of response for the studied range.

Figure 4a and b displays the normal residuals probability
plot for the initial and final analysis. These plots resolved
by comparing different sample distributions, whether a par-
ticular distribution fits or not for the collected data. The two
sections of this figure show that the closeness of points to the
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Table 4 Initial analysis of variance

Source DF Adj SS Adj MS F value P value
Model 9 1.26755 0.140838 21.16 0.000
Linear 3 0.38950 0.129832 19.51 0.000
A 1 0.33064 0.330644 49.68 0.000
B 1 0.00936 0.009355 1.41 0.263
C 1 0.04950 0.049497 7.44 0.003
Square 3 0.84422 0.281407 42.28 0.000

AXA 1 0.83914 0.839142 126.09 0.000
BxB 1 0.01789 0.017886 2.69 0.004
CxC 1 0.02284 0.022842 3.43 0.132

2-Way interaction 3 0.03383 0.011277 1.69 0.0231
AXxXB 1 0.00045 0.000453 0.07 0.800
AxC 1 0.00858 0.008583 1.29 0.283
BxC 1 0.02479 0.024794 3.73 0.082

Error 10 0.06655 0.006655

Lack-of-fit 0.03123 0.006246 0.88 0.552

Pure error 0.03532 0.007064

Total 19 1.33410

Model summary

s R R*(adj) R*(pred)

0.0815799 95.01% 90.52% 78.41%

DF The total degrees of freedom are the amount of information in your data. The analysis uses the information to estimate the values of
unknown population parameters. The total DF is determined by the number of observations in your sample. The DF for a term shows how much
information that term uses. Increasing your sample size provides more information about the population, which increases the total DF. Increas-
ing the number of terms in your model uses more information, which decreases the DF available to estimate the variability of the parameter esti-
mates, Adj SS adjusted sums of squares are measures of variation for different parts of the model, Adj MS adjusted mean squares measure how
much variation a term or a model explains, assuming that all other terms are in the model, F value is the test statistic used to determine whether
any term in the model is associated with the response, including blocks and factor terms, P value the p value is a probability that measures the
evidence against the null hypothesis. Lower probabilities provide stronger evidence against the null hypothesis, S represents the standard devia-
tion of the distance between the data values and the fitted values. S is measured in the units of the response, R-sg R? is the percentage of varia-
tion in the response that is explained by the model. It is calculated as 1 minus the ratio of the error sum of squares (which is the variation that
is not explained by model) to the total sum of squares (which is the total variation in the model), R-sq(adj) adjusted R is the percentage of the
variation in the response that is explained by the model, adjusted for the number of predictors in the model relative to the number of observa-
tions. Adjusted R? is calculated as 1 minus the ratio of the mean square error (MSE) to the mean square total (MS Total), R-sq(pred) predicted
R? is calculated with a formula that is equivalent to systematically removing each observation from the data set, estimating the regression equa-
tion, and determining how well the model predicts the removed observation. The value of predicted R? ranges between 0 and 100%

fitted distribution line, in both analyses, but it can be seen
that the points for the final analysis fall closer to the distri-
bution line than the points fitted for the initial one. So, for
both the models, the distribution of the wear rate was close
to normal distribution. The plot of residuals versus the fit-
ted values for the initial and the final analysis of variance as
shown in Fig. 5a and b indicate that the residuals on the plot
scattered randomly for both the analyses. However, it can be
observed that the tendency of the scattering in the first stage
of analysis is much superior than the further one. Hence, it
is found that the model proposed was satisfactory. Figure 6
shows the main effects plot of the variable inputs. This plot
gives the significance of linear terms on the response and

shows that the amount of the wear rate decreased with an
increase in the nanoclay wt% from 1 to 2 wt%. The wear rate
increased when the nanoclay wt% was between 3 and 4.2%.
The effect of the nanoZnO can be seen and it shows that the
wear rate decreased when the wt% of the ZnO was between
1 and 1.8%. The wear rate increased from 1.8 to 3% and then
a decreasing trend was followed by the wear rate from 3%
onwards. A similar kind of fashion trend is observed in the
outcome of fiber orientation angle effect on the wear rate
in the third part of the figure. From this, it can be consum-
mated that all the results were in conformity with what was
observed in the ANOVA tables and also an signal of the
fitted regression coefficients.
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Table 5 Final analysis of variance

Source DF AdjSS AdjMS Fvalue P value
Model 9 1.24062  0.206771  28.76 0.000
Linear 3 0.38950 0.129832  18.06 0.000
A 1 0.33064 0.330644 45.98 0.000
B 1 0.00936  0.009355 1.30 0.275
C 1 0.04950  0.049497 6.88 0.003
Square 3 0.82633  0.413167 57.46 0.000
AxXA 1 0.82310  0.823105 114.47  0.000
CxC 1 0.01919 0.019194  2.67 0.004
2-Way interaction 3 0.02479  0.024794  3.45 0.086
BxC 1 0.02479  0.024794  3.45 0.086
Error 13 0.09347  0.007190
Lack- of- fit 8 0.05815 0.007269 1.03 0.612
Pure error 5 0.03532  0.007064
Total 19 1.33410

DF The total degrees of freedom are the amount of information in
your data. The analysis uses that information to estimate the values
of unknown population parameters. The total DF is determined by
the number of observations in your sample. The DF for a term shows
how much information that term uses. Increasing your sample size
provides more information about the population, which increases the
total DF. Increasing the number of terms in your model uses more
information, which decreases the DF available to estimate the vari-
ability of the parameter estimates, Adj SS Adjusted sums of squares
are measures of variation for different parts of the model, Adj MS
Adjusted mean squares measure how much variation a term or a
model explains, assuming that all other terms are in the model, F
value is the test statistic used to determine whether any term in the
model is associated with the response, including blocks and fac-
tor terms, P value. The p value is a probability that measures the
evidence against the null hypothesis. Lower probabilities provide
stronger evidence against the null hypothesis

3.2 2D Contour and 3D Surface Graphs for the Wear
Behavior of CFRP Hybrid Nanocomposite

In this Section, 2D contour and 3D surface graphs have been
used to demonstrate the dependence of the wear rate on the
effectiveness of the parameters as design factors. Two of
the factors should be varied while one of the factors should
be held usually fixed or constant at zero level. Contours are
drawn as a function of the two factors. These plots are useful
for inspecting the effects of both, the interaction and main
effects of factors on the wear rate.

3.2.1 Effect of Nanoclay and NanoZnO on Wear Rate

Figure 7a and b displays the 3-D contour and 2-D surface
graphs for the nanoclay and the nanoZnO. The value of
fiber orientation angle was considered fixed at zero level
(45°). The contour graph shows that the value of the wear
rate increased with an increase in the nanoclay wt% from
coded design parameter level 0 to 1.6817 and gets decreased
from —1.6817 to 0 level wt% of the nanoclay. The effect
of nanoZnO wt% has a combined effect of increase and
decrease of the wear rate with the % variation of the
nanoZnO. The combined effect of these two variables dem-
onstrates a clear effect on the response at same time and
also interaction between them shows significant effect on the
wear rate. Similarly from the surface chart it can be under-
stood on which surface value of nanoclay wt% and nanoZnO
wt% one can get the lesser wear rate. The area under the
curve can be treated as the measure of the wear resistance
for the given conditions.

3.2.2 Effect of Nanoclay and Fiber Orientation on the Wear
Rate

2D contour and 3D surface graphs for fiber angle of orien-
tation and wt% of nanoclay are displayed in Fig. 8a and b
correspondingly. The value of wt% for nanoZnO was held
constant at the zero level (i.e., 3%). As seen in these plots,
the amount of the wear rate increased generally with an
increase in the level of fiber orientation angle; the wear rate
decreases until 3% wt of nanoclay, after which it increases
with wt% values of nanoclay. In addition, it is noticeable that
by varying the value of the two variables affected, the wear
rate at the same time is in increasing trend. Also, it shows
the mutual interaction effect between the nanoclay and the
fiber angle of orientation. Similarly from the surface chart it
can be understood on which surface value of nanoclay wt%
and fiber orientation angle one can get the lesser wear rate.
The area under the curve can be treated as the measure of
the wear resistance for the given conditions.

3.2.3 Effect of Fiber Orientation and NanoZnO on the Wear
Rate

Figure 8a and b describes the 3-D contour and 2-D surface
graphs between the fiber orientation angle and nanoZnO

Table 6 Regression coefficients and percentage of R? for both steps of analysis of variance for wear rate

Coefficients b, b, b, by by, by, by by, by, by, R %
Initial analyze 0.3198 0.1556 0.0262 0.0602 0.02413 0.0352 0.0398 0.0075 0.0328 0.0557 95.01
Final analyze 0.3486 0.1556 0.0262 0.02378 0.0363 . 0.0363 — B 0.0557 92.99

by, by, by, by by, by, b33, b1y, b3, byy are the coefficients of regression equation
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Fig. 6 Main Effects plot of for wear rate

and the nanoclay wt% was kept constant at zero level
(3%). According to the surface and contour graphs, with
an increase in the degree of the fiber angle of orientation,
the wear rate decreases until 3% and then there is a slight
increase in the wear rate. And the wt% nanoZnO increases
the wear rate with its value. It can be seen from the con-
tour graph that acceptable values of the wear rate can be
obtained in the mid-portion of the values of fiber angle ori-
entation and the wt% of nanoZnO displayed in the graph.
Similarly from the surface chart it can be understood on
which surface value of nanoZnO wt% and fiber orientation
angle one can get the lesser wear rate. The area under the
curve can be treated as the measure of the wear resistance
for the given conditions.

The lowest value obtained for the wear rate was
2.22 mg/Nm which appeared in run no. 11 at coded levels
nanoclay =0, nanoZnO =0, and fiber orientation angle =0.
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Fig. 7 a 3-D surface graph, b 2-D contour graphs, for effect of nanoclay and nanoZnO on wear rate
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Fig.8 a 3-D surface graph, b 2-D contour graphs, for the effect of nanoclay and Fiber angle on the wear rate

The respective actual values were nanoclay =3%,
nanoZnO =3%, and fiber orientation angle =45°,
respectively.

3.3 Optimization of Wear Rate

In the optimization stage, the wear rate was calculated by
using response optimizer in the Minitab software. For this,
the minimum value for the wear rate was targeted up to
3.0 mg/Nm with nanoclay, nanoZnO, and fiber orientation
values at 3 %wt, 2.9 %wt, and 9° correspondingly. By con-
sidering to these values for the fabricating the specimens,
which is optimzed variables value based sample. These
specimens are then tested for wear rate, the average value of
wear rate is obtained as 4.2 mg/Nm.

@ Springer

3.4 SEM Analysis of Worn Surfaces of CFRP Hybrid
Nanocomposites

Figure 9 shows the SEM morphologies of the worn sam-
ples of CFRP hybrid nanocomposites sliding against the
steel pin and at room temperature, with and without nano-
particles, tested under different loading conditions. The
exclusion of the fiber in the composite without nanopar-
ticles was also very much infuriated with an increase in
applied pressure as compared with the nano partcles filled
composite, which proves the enhancement in wear resist-
ance of the composites filled with nanoparticles. It is seen
that most of the carbon fibers are pulled out from the fab-
ric matrix on the worn surface. The surface was observed
to be rough and showed obvious signs of scuffing of the
unfilled carbon fabric composite (as shown in Fig. 10a),
which indicates that the pure carbon fabric composite
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Fig.9 SEM morphologies of
the worn surfaces of carbon fab-
ric composites reinforced with
different fillers a pure CFC; b
CF with nanoZnO 3% + nano-
clay 3%; ¢ CF with nanoZnO
4.2% +nanoclay 1.8%; d CF
with nanoZnO 3% + nanoclay
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Fig. 10 a 3-D surface graph, b 2-D contour graph, for effect of nanoZnO and Fiber angle on wear rate

undertook a large contact stress and experiences severe
peeling off as it slided against the steel at room tempera-
ture. Opposite to the above, the worn surface of the carbon
fabric composite filled with nanoparticles is smooth and
the pulling-out and exposure of the carbon fibers are nearly
invisible (as shown in Fig. 10b) at coded level 11, having
nanoclay 3 %wt and ZnO 3 %wt at fiber angle 45°.

This indicates that the nanoparticles included in the
carbon fabric composite effectively act to increase the
interface bonding strength between the carbon fiber and
the adhesive resin, and hence to increase the mechanical
strengths and wear resistance of the carbon fabric com-
posites filled with nanoparticles. Moreover, the worn sur-
face of the carbon fabric composite filled with wt 1.8%
nanoclay and 4.2% wt nanoZnO at coded level 8 and with
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wt 5% nanoclay and 3% wt of nanoZnO at coded level 1
is relatively smooth but still shows signs of carbon fiber
pull-out, more rough and signs of scuffing (as shown in
Fig. 10c and d), which agree well to the friction and wear
behaviors of the composites filled with nanoZnO and
nanoclay.

4 Conclusions

As in the studies of the past, it has been proved that the friction
coefficient and wear rate can be significantly lowered with the
application of nanoparticles [6—10]. In this study, the wear rate
of the CFRP new hybrid nanocomposite material system has
been investigated.

(1) The new material, i.e., CFRP hybrid nanocomposites
with incorporation of nanoclay and nanoZnO can be
used in carbon—carbon disc brakes, friction clutches,
various parts of the space craft, aeroplanes, and auto-
motive gear box which nowadays are being used in
racing cars and in fabrication of automobile variable
transmission systems from these CFRP hybrid nano-
composites.

(2) With the help of RSM and CCD design of experiments,
one can find the optimum composition for wear rate.

(3) The Analysis of variance (ANNOVA) results shows that
the nanoclay and nanoZnO had a direct, i.e., improved
effect on wear properties with the 2-3% of the each
nanoclay and nanoZnO, while the fiber orientation had
an undesirable effect on minimizing the wear rate.

(4) The optimization result indicated that a minimum value
for the wear rate from optimization given by the soft-
ware was 3.0 mg/Nm. After manufacture and testing of
the samples, the average value of the wear rate that was
obtained was 4.2 mg/Nm which occurred in 2.9 wt% of
nanoclay, 3 wt% of nanoZnO, and 0° of fiber angle of
orientation. The optimization results also showed that
the wear rate at the optimum value was much improved
or minimized (about three times) than the controlled
sample.

(5) The addition of or nanoZnO, and nanoclay with opti-
mum quantity can contribute to increase the resistance
of wear and friction-reducing capabilities of the car-
bon fabric composites. The carbon fabric composite
filled with nanoclay 3 %wt and ZnO 3 % demonstrates
the least friction coefficient and the smallest wear rate.
The differences in the wear and friction properties of
various nanoparticle-filled CFRP and pure CFRP com-
posites are related to their respective interfacial interac-
tions with the resin adhesive.

@ Springer
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