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ABSTRACT: The interaction of process parameters in the production of polyvinyl chloride-grass composite
poses great challenges in the polymeric industries. Most manufacturing processes of injection moulded polyvinyl
chloride-grass composite products have been by trial and error due to inadequate knowledge in process
parameters and their interactions. This study investigates the effects of process parameters such as percentage by
volume of material, material type, barrel temperature and their interactions on the mechanical properties of the
produced polyvinyl chloride-grass composite using split-split plot design. The results of the calculated Fisher’s
ratio (F_cal) at significant value of 0.05 for the process parameters and their interactions ranges from -855.35 to
1.00, and were presented on ANOVA table. The results obtained shows that these process parameters contribute
significantly to the production of Polyvinyl chloride-grass composite in polymeric industries.

Keywords: Mechanical properties, Polyvinyl Chloride-Grass composite, Process parameters, Split-Split Plot
Design.

1. INTRODUCTION

A qualitative analysis of the influence of process parameters such as barrel temperature,
percentage by volume of material and material type on the mechanical properties of injection
moulded part will be helpful in gaining better insight into PVC-Grass composite processing
methods. Moreover, inadequate investigation of the effects of the interaction of process
parameters in the production of PVC-grass composites had resulted to most failure in the
manufacture of these composite. The utilization of process control and process monitoring are
rarely fully implemented for the production of injection moulded products. This may be due
to a poor scientific understanding of the moulding process based on the complexities of the
process containing multiple variables affecting the final part.

Split plot designs initially developed by Fisher in 1925 were use in agricultural experiments,
and are basically the modified form of randomized block designs. These designs are used in
situations where complete randomization of runs within block is not possible. These designs
are used widely in industrial experiments, experiments where one set of factors may require a
large amount of experimental materials (Whole Plot factors), while another set of factors
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might be applied to smaller experimental materials (Sub Plot factors) [1]. Olodu and
Osarenmwinda [2] examined the effect of process parameters such as temperature in the
production of polypropylene-grass composite using split-split plot experimental design, their
results shows that temperature contributes significantly to the production of composites in
polymeric industries. Aviles and Pinheiro [3] examined the experiments that have complete
randomization order of runs which was not feasible or might be too expensive to use when
performed. They concluded from their study that the use of split-plot designs and models are
feasible, efficient and cheap. Goldsmith and Gaylor [1] carried out extensive investigation on
optimal designs for estimating variance components in a completely random nested
classification. Loeza-Serrano and Donev [4] constructed D-Optimal design for variance
components estimation in a three stage crossed and nested classification. For experiments that
include both crossed and nested factor in the same model, no assumption of a complete
random model has been made. Ankenman et al; Aviles and Pinheiro [5,3] investigations
indicates that experiments involving complete randomization of order of runs which is not
feasible or too expensive to use is performed using split plot models. Chunping et al [6]
carried out a study aimed to model fundamental bonding characteristics and performance of
wood composite. In their work, mathematical model and a computer simulation model were
developed to predict the variation of inter-element (strand) contact during mat consolidation.
The mathematical predictions and the computer simulations agree well with each other. Their
results showed that the relationship between the inter-element contact and the mat density was
highly nonlinear and was significantly affected by the wood density and the element
thickness.

This study therefore focused on the split-split plot analysis of the effects of process
parameters in the production of polyvinyl chloride-grass composite.

2. MATERIALS AND METHODS
2.1. Preparation and Processing of Grass

The harvested grass was washed and soaked with dilute Sodium Hydroxide (NaOH) of
concentration 0.10mol/dm? for 6 hours to ensure effective bonding between the grass and
Polyvinyl chloride materials. The grass was ground to granules using crushing machine. The
grasses were first air dried in the sun and later transferred to an oven and dried at 105°C. It
was continuously monitored until moisture content of about 4+ 0.2% was obtained [7]. The
ground grass was screened to a particle size of 300um diameters using vibrating sieve
machine.

2.2 Mixing, Compounding and Production of Composites

Polyvinyl Chloride (PVC) was mixed with ground grass in the proportion of 20:80, 30:70,
40:60, 50:50, 60:40, 70:30 and 80:20 percentages by volume respectively. The prepared
Polyvinyl chloride-grass composite was blended in a cylindrical container until a homogenous
mixture was obtained in the composite. The homogenous mixture of the composite was feed
into the hopper of injection moulding machine and were produced at various barrel
temperature ranging from 210°C to 310°C respectively at an interval of 10°C [8].
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2.3. Evaluation of Polyvinyl Chloride-Grass Composite for Mechanical Strength

The produced polyvinyl chloride-grass composite was evaluated for mechanical strength
(tensile strength, proof stress, percentage elongation and flexural strength) using Equation 1 to
4 respectively [9].

Tensile strength = Maximum Load D

_Original Cross - Sectional Area

The original cross-sectional area of the specimen is 18.9mm?,

Force at yield
Proof stress =—— o at¥e 2)

"~ Cross - Sectional Area

The Cross-sectional area of specimen =18.9 mm?

_ Force atyield

Hence, proof stress
18.9

N/mm?

0 . - Extension
Percentage (%) Elongation Gange Length x100% 3)

PL3
El =25, (4)

Where y is the deflection in mm, P= Load, L= Length of test specimen
2.4. The Split-Split Plot Designs

The split-split plot design which is an experimental design was used to investigate the
interaction between material type, percentage by volume of material and barrel temperature on
the mechanical properties of the produced PVC-Grass composite. In simple terms, a split-split
plot experiment is a blocked experiment, where the blocks themselves serve as experimental
units for a subset of the factors. Analytical and numerical designs using split-split plot design
was carryout to investigate the effect of process parameters in the developed PVC-Grass
composite.

2.5. The F-test

The F-test was used for comparing the factors of the total deviation (using Equation 5). The
statistical significance was tested by comparing the F test statistic.

_Variance between treatments (5)
Variance within treatments

F_MSTreatments _ SSTTeatments/(I—l)

MSEgrror SSError/(nT—1)

2.6. The Interactive Model Developed for PVC-Grass Composite

Equation 6 shows the Interactive model developed and is depicted as:
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i = W+ Vi + B+ 6 +yi +vBij + vy + BYji + vy + BSji + Yoy + vBYiji + VYB6iji
+yYbis + BYSjii + YB8Yijii + Eijia (6)

Where:

p= Mean response; y1= Block variable (mechanical properties); pj= Block variable (barrel
temperature); 6= Treatment Variable (percentage by volume of material); yx= Treatment
Variable (type of material); yBij = Block interaction (mechanical properties and barrel
temperature interaction); yyik= Block and Treatment interaction (mechanical properties and
type of material interaction);Byjk= Treatment Interaction (barrel temperature and type of
material interaction); y&i = Block and Treatment interaction (mechanical properties and
percentage by volume of material interaction); Bdj = Block and Treatment interaction (barrel
temperature and percentage by volume of material interaction); y&i = Treatment Interaction
(percentage by volume of material and type of material interaction); yByij« = Block and
Treatment interaction (mechanical properties, barrel temperature and type of material
interaction); yBdijy = Block and Treatment interaction (mechanical properties, barrel
temperature and Percentage by volume of material interaction); yydik = Block and Treatment
interaction (mechanical properties, type of material and Percentage by volume of material
interaction)Bydii = Block and Treatment interaction (barrel temperature, type of material
and Percentage by volume of material interaction); ypBdyix= Block and Treatment interaction
(mechanical properties, barrel temperature, type of material and percentage by volume of
material interaction); Xij«u = Response Variable; €ijx= Error term.

2.7. Statistical Computations for PVC-Grass Composite
Equation 7 to 22 was used to calculate for the sum of squares for the process parameters and
their interactions which was used to investigate the effects of process parameters using split-

split plot designs analysis. The obtained results were presented on Table 2

A) Total Sum of Squares (SSt)

—4 /=11 ¢K=2 W= X
S50 = DI T BT T i K

Where 1=4, J=11, K=2, L=7

B) Sum of squares for materials (SSa)

— VK=2 XZ_K .
SSa = 2k=1 L IJLK (8)

C) Sum of squares for the percentage by volume of materials (SSg)

_yi=7 X2 X2,
SSp = XiZ1 1JK IJLK ()

D) Sum of squares for mechanical strength (SSc)

4 X X2
SS, = [:4 i... A
¢ = 2ot JKL IJLK

(10)

E) Sum of squares for temperature (SSp)
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X2, X2

J= 11 i
SSp = Z IKL IJLK (11)
F) (Material type) X (percentage by volume of material) Interaction (SSag)
_ L7X k1 K= _vi=7 X%, X2
SSaB = Xhor Bioq — Yk= I]K ot K + LK (12)
G) (Material type) X (Mechanical Strength) Interaction (SSac)
Xl x? X2 X2
SSAC Z{ 411-21( 2 k ZI 4 ]KL. _ZK I]Lk. + 1]7 (13)
H) (Material type) X (Temperature) Interaction (SSap)
K=2 111X jk._ yk=2 X J=11 Xtio X2
SSap = X1 Xj= 1 k=1 ,]'L — - T LK (14)
I) (Percentage by Volume of material) X (Mechanical Strength) Interaction (SSgc)
SS =Z ZL 7X . ZI =4 XZ _ZL 2l +& (15)
BC ]KL IJK IJLK
J) (Percentage by volume of material) X (Temperature) Interaction (SSep)
J=11 yL= J=11 X. _yL=7 X2 X2
SSgp = 2j— Z — 2= )y K + LK (16)
K) (Mechanical Strength) X (Temperature) Interaction (SScp)
_ J= 11X11 I=4 =1 X2, X2
SScp = XiZ Z 21’:1 ]KL — 2= L + 1JLK (17)
L) (Material type) X (Percentage by volume of material) X (Mechanical Strength)
Interaction (SSagc)
2 2
SSasc =TIt ZIT BI okt — pistpis i el Sk 4 phz Tk

(18)

M)(Material type) X (Percentage by volume of material) X (Temperature) Interaction
(SSaeD)

X% ik k. x? X2
SSABD—Zj k12 lL17 ] 25 ZKZ ] —Z 2L7 I]kl+ZK2 k.

IjL
(19)

N) (Material type) X (Mechanical strength) X (Temperature) Interaction (SSacp)
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— yi= Z] 11Xl, 25 ZK: Z] 11 L

IKL

SSacp =Z Z] “ZK 42
(20)

O) (Percentage by volume of material) X (Mechanical strength) X (Temperature)
Interaction (SSgcp)

SSacp = Rzt pITyher K groayuet X yumtigng X et K0
(21)

P) Error Sums of Squares SSg = SSt - SSp — SSg — SS¢ — SSp — SSag - SSac
— SSap — SSgc — SScp - SSac — SSaBp — SSacp- (22)

2.8. Hypothesis

The null hypothesis with its alternative were formulated for the PVC-Grass composite as
follows:

Null Hypothesis(H,): The percentage by volume of material, material type, barrel
temperature and their interactions contributes significantly to the mechanical properties of the
composite produced at a-value of 0.05.

Alternate Hypothesis (H;): The percentage by volume of material, material type, barrel
temperature and their interactions does not contributes significantly to the mechanical
properties of the composite produced at a-value of 0.05.

3. RESULTS AND DISCUSSION

Table 1 shows the effects of barrel temperature on mechanical properties of PVC-Grass
composites while Table 2 shows ANOVA result for the effects of process parameters and
their interactions on produced PVC-grass composite. Figure 1-4 shows the split-split plot
analytical design of the effects of barrel temperature on tensile strength, proof stress,
percentage elongation and flexural strength respectively. Figure 5-8 shows the Split-split plot
numerical design of the effects of barrel temperature on tensile strength, proof stress,
percentage elongation and flexural strength respectively.
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Analytical Abstract of effects of Barrel Temperature on PVC - Grass using spiit-spit plot design
k=1 PVC K=2 _GRIND

GRASSES

L1 12 1,3 -4 IS5 L6 L7 111 =2 =3 L4 =5 =6 |L=7

80 70 60 50 40 30 20 20 30 40 50 60 70 80

F1 20 X Yoo Koo Xos X X | X Xer Xz X X Xow Xew X
P2 20 ot Yo X e Kot Ko Mo ™ Moy X Yo Mot Ko Mo X
53 230 Xon Xou Xon Xou Xus Xou Xen e T o [ e [ [ [ 2] o L
T;:Epwxmxmzxm,xmxmxmxmx“ X K Ko Ko K X Ko 22
S o Ko X X Kot Kor Ko Ko M X X Kl Ko K Ky
6 260 X Xeu Xes Xeuw Xos Xoo Xor M X X K X K X X 2R
FT 210 Xon Xow Xow Xou Xow Xow Xow o T i [ X [ o 2
F8 280 Xow Yo X Ko Ko Yo Kod ™ X X K Kot Ko K Ky
F9 290 Xon Xou Xoo Xew Xou Xee X, o xmxmxmxwxwxﬁxmx“w
FI0300 X Ko Koo Ko Ko X Ko ™ o Ko Ko Ko Ko X Ko 2 22
FH 310 X Ko X Ko Ko Ko X ™ X Ko X X Ko Ko Ko
Xt K Ko K Kg Ko Koy B A A AAANA A, e D
b A X, b A X, X,

» X,

Figure 1. Split-split plot Analytical Design of the Effect of Barrel Temperature on Tensile Strength.
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Figure 2. Split-split plot Analytical Design of the Effect of Barrel Temperature on Proof Stress.
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Numerical Abstract for effect of Bamrel temperature on PVC-Grass
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Figure 5: Split-split plot Numerical Design of the Effect of Barrel Temperature on Tensile Strength.
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Figure 6: Split-split plot Numerical Design of the Effect of Barrel Temperature on Proof Stress.
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Figure 7. Split-split Plot Numerical Design of the Effect of Barrel Temperature on Percentage Elongation.
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Figure 8. Split-split Plot Numerical Design of the Effect of Barrel Temperature on Flexural Strength.
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Table 1. Effects of Barrel Temperature on Mechanical Properties of PVVC-Grass Composites.

TEMPERATURE (°C)
PERCENTAGE
PERCENTAGE BY
MECHANICAL | BY VOLUME OF VOLUME OF 210 | 220 230 240 250 260 270 280 290 300 310
PROPERTY PVC GRASS  {K)
(™M)
80 20 120 | 375 | 500 | 595 | 660 | 7.85 | 870 | 820 | 810 | 770 | 7.30
70 30 130 | 3.87 | 510 | 6.05 | 672 | 800 | 885 | 835 | 815 | 7.76 | 7.36
TENSILE 60 40 227 | 484 | 610 | 7.03 | 770 | 899 | 9.85 | 9.37 | 9.28 | 8.88 | 850
STRENGTH 50 50 150 | 407 | 535 | 628 | 7.00 | 828 | 9.14 | 865 | 856 | 815 | 7.76
(N/mm?) 40 60 190 | 447 | 570 | 660 | 7.25 | 855 | 9.41 | 890 | 880 | 842 | 8.00
30 70 160 | 420 | 546 | 640 | 7.10 | 840 | 925 | 876 | 865 | 825 | 7.87
20 80 0.80 | 335 | 460 | 553 | 6.22 | 7.55 | 840 | 790 | 7.82 | 7.45 | 7.08
80 20 090 | 1.90 | 1.85 | 2.86 | 3.03 | 3.12 ﬁ: 250 | 220 | 2.05 | 1.08
70 30 120 | 220 | 215 | 314 | 332 | 341 | O i.ig zzlii i.gg ;.3:
60 40 1.82 | 2.88 | 3.84 | 4.83 | 5.00 | 5.10 . . . .
PRC(’:I’/FmS:S;ESS 50 50 1.60 | 2.60 | 2.53 | 3.50 | 3.70 | 3.81 :iz 330 | 3.05 | 291 | 1.90
40 60 150 | 251 | 245 | 3.44 | 364 | 373 | o0 | 310 | 282 | 267 | 165
30 70 140 | 240 | 233 | 331 | 350 | 361 | O | 3.00 | 275 | 262 | 1.60
20 80 130 | 232 | 225 | 323 | 3.41 | 3.52 290 | 260 | 244 | 1.42
80 20 005 | 035 | 068 | 098 | 1.18 | 1.47 | 158 | 138 | 1.28 | 1.13 | 0.98
70 30 008 | 039 | 072 | 1.00 | 122 | 151 | 1.62 | 1.44 | 1.35 | 1.20 | 1.05
PERCENTAGE 60 40 020 | 057 | 090 | 120 | 140 | 170 | 1.80 | 1.60 | 1.50 | 1.35 | 1.20
ELONGATION 50 50 015 | 046 | 079 | 1.08 | 1.28 | 1.60 | 172 | 1.52 | 1.40 | 1.25 | 1.10
(%) 40 60 012 | 043 | 073 | 1.06 | 125 | 155 | 1.64 | 1.45 | 1.34 | 1.18 | 1.05
30 70 011 | 040 | 070 | 1.04 | 122 | 151 | 162 | 142 | 130 | 1.16 | 1.02
20 80 0.0 | 038 | 064 | 094 | 1.14 | 143 | 154 | 135 | 1.24 | 1.10 | 0.95
80 20 870 | 880 | 865 | 870 | 8.67 | 860 | 887 | 867 | 888 | 867 | 8.64
70 30 987 | 9.64 | 937 | 921 | 9.11 | 9.00 | 9.08 | 9.15 | 931 | 9.44 | 9.66
AVERAGE 60 40 811 | 795 | 7.77 | 766 | 7.59 | 752 | 757 | 762 | 7.74 | 7.83 | 7.68
DEFLECTION 50 50 831 | 834 | 795 | 7.83 | 7.77 | 768 | 774 | 7.79 | 7.90 | 7.99 | 8.14
(mm) 40 60 864 | 847 | 826 | 813 | 8.09 | 801 | 810 | 814 | 826 | 835 | 8.21
30 70 889 | 869 | 848 | 837 | 830 | 821 | 829 | 836 | 848 | 858 | 8.41
20 80 9..08 | 889 | 865 | 852 | 844 | 834 | 844 | 851 | 865 | 875 | 8.93
80 20 18.80 | 19.32 | 19.93 | 20.30 | 20.50 | 20.78 | 20.58 | 20.30 | 19.92 | 19.63 | 20.10
FLEXURAL 70 30 20.70 | 21.20 | 21.81 | 22.20 | 22.43 | 22.71 | 22.51 | 22.33 | 21.95 | 21.64 | 21.16
STRENGTH 60 40 25.20 | 25.70 | 26.30 | 26.70 | 26.92 | 27.20 | 27.00 | 26.82 | 26.40 | 26.10 | 26.60
X10(N/mm2) 50 50 24.60 | 25.10 | 25.70 | 26.10 | 26.31 | 26.60 | 26.41 | 26.23 | 25.87 | 25.58 | 25.10
40 60 23.65 | 24.13 | 24.73 | 25.15 | 25.25 | 25.53 | 25.24 | 25.10 | 24.73 | 24.47 | 24.90
30 70 23.00 | 23.51 | 24.11 | 24.41 | 24.62 | 24.91 | 24.64 | 24.46 | 24.10 | 23.82 | 24.30
20 80 22.50 | 23.00 | 23.62 | 24.00 | 24.22 | 24.51 | 24.21 | 24.02 | 23.64 | 23.36 | 22.90

Table 2. Anova Result Table for Effects of Barrel Temperature on PVC-Grass Composite.

Sources of Sum of Degree of freedom Mean of Fisher’s Ratio F, Fisher’s Ratio
Variation Squares (SS) Squares (MS) a=0.05 Frable
SSa 0.00 K-1=1 0.00 0.00 5.99
SSg 331.30 L-1=6 55.22 0.00 4.28
SSc 50,049.04 1-1=3 16683.01 0.00 9.28
SSp 522.56 J-1=10 52.28 0.00 2.98
SSas -0.00001 (K-1)(L-1)=6 -1.67X10¢ 0.00 8.94
SSac -0.000018 (K-1)(1-1)=3 -1.60X10¢ 0.00 3.16
SSap 0.00 (K-1)(J-1)=10 0.00 0.00 1.99
SSec 406.65 (L-1)(1-1)=18 22.59 1.00 2.01
SSep -7697.86 (L-1)(J-1)=60 128.30 -855.35 0.51
SSco 392.25 (1-1)()-1)=30 13.07 0.00 1.37
SSasc 406.65 (K-1)(L-1)(1-1)=18 22.59 0.43 2.98
SSasp -9.03 (K-1)(L-1)(1-1)=60 -0.15 -0.01 0.17
SSacp -0.000027 (K-1)(1-1)()-1)=30 -0.00 0.00 1.93
SSecp 8070.08 (L-1)(1-1)(J-1)=180 44.83 -135.85 6.57
SSe -60.27 (1-1)(J-1)(K-1)(L-1)=180 -0.33
SSt 51707.85 JKL-1=615

3.1. Interpretation of the Results

Figure 1-4 shows the split-split plot analytical design of the effects of barrel temperature on
tensile strength, proof stress, percentage elongation and flexural strength respectively. The
values in Table 1 was input into the analytical split-split plot design which resulted to the
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Split-split plot numerical design of the effects of barrel temperature on tensile strength, proof
stress, percentage elongation and flexural strength respectively (Figure 5-8). Equation 7 to 22
was used to evaluate for the sum of squares for the process parameters and their interactions,
the values obtained were presented on Table 2.

The investigation of treatment effect of materials (SSa), percentage by volume of materials
(SSg), mechanical strength (SSc) and barrel temperature (SSp) respectively shows that the
calculated Fisher’s ratio values were less than the Fisher ratio values obtained from the table
at a-value of 0.05 (Table 2). The results compared favourably with the results obtained by
Goos, and Vandebroek [10] using D-optimal Split-Plot Designs with given numbers and sizes
of whole plots. From the results obtained, it shows that the experimental data do not furnish
enough evidence to reject the null hypothesis H, treatment at a-value of 0.05. This shows that
the treatment effect and the block effect of process parameters contribute significantly to the
mechanical property of the produced PVC-Grass composite in industries.

Furthermore, the interaction of the process parameters obtained from treatment effect such as
Material type and percentage by volume of material Interaction (SSag); Material type and
Mechanical Strength Interaction (SSac); Material type and Temperature Interaction (SSap);
Percentage by VVolume of material and Mechanical Strength Interaction (SSec); Percentage by
volume of material and Temperature Interaction (SSep); Mechanical Strength and
Temperature Interaction (SScp); Material type, Percentage by volume of material and
Temperature Interaction (SSasp); Material type, Mechanical strength and Temperature
Interaction (SSacp); Percentage by volume of material, Mechanical strength and Temperature
Interaction (SSecp); Material type, Percentage by volume of material and Mechanical
Strength Interaction (SSagc) respectively shows that the calculated Fisher’s ratio value is less
than the Fisher ratio obtained from the table at a-value of 0.05 (Table 2). The results compare
favourably with the results obtained by Goos and Vandebroek[10]; Loeza and Donev [4];
Edelugo [12] . The experimental data do not furnish enough evidence to reject the null
hypothesis H, treatment at a-value of 0.05. This shows that the treatment effect and the block
effect interaction of these process parameters contribute significantly to the mechanical
property of the produced PVC-Grass composite in industries.

4. CONCLUSION

The results obtained from the interactive model developed using the split-split plot design
indicates that there were strong interaction between barrel temperature, type of material and
percentage by volume of material on mechanical properties (Tensile Strength, Proof Stress,
Percentage Elongation and Flexural Strength) for the produced PVC-Grass composites.
Hence, these process parameters contributes significantly to the produced injection moulded
PVC-Grass composite. Decisions made based on the hypothesis statements shows that there
were no enough evidence to reject the null hypothesis at a-value of 0.05 for PVC-Grass
composite. The developed interactive model will also be useful to researcher, industrialist and
small scale manufacturer to ease the production of plastic-grass composite in polymeric
industries.
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