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Abstract
The current work demonstrates the mechanical, thermal, and morphological characteristics of green composites processed 
by injection moulding. Bamboo fibre (BF) was chemically treated with 2% sodium hydroxide (NaOH) for 4 h to develop 
eco-friendly bamboo fibre-reinforced polylactic acid (BF/PLA) composites. Initially, the effect of fabrication parameters 
namely fibre length (2, 3, 4, 5, and 6 mm) and fibre loading (10, 20, and 30 wt%) on the tensile and flexural properties of the 
BF/PLA composite was investigated. Then the effect of the injection parameters namely injection pressure (70, 90, and 110 
bars), injection speed (40, 50, and 60 mm/s), and injection temperature (165, 175, and 185 °C) on the mechanical properties 
was investigated by evaluating the tensile, flexural, compression, and shear properties of the developed BF/PLA composite. 
The significance of the fabrication and injection parameters was statistically analyzed using the grey relation analysis (GRA) 
technique. The thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) were also performed to 
investigate the thermal performance of the developed composites. Furthermore, the morphology of the mechanically failed 
specimens was studied using a Field-Emission Scanning Electron Microscope (FE-SEM). The fibre dispersion, fibre orienta-
tion, and fibre length retention were also investigated to assess the characteristics of fibre during injection moulding of the 
developed composites. The optimum injection parameters to achieve better mechanical properties were found as A2–B3–C1 
(injection pressure: 90 bars, injection speed: 60 mm/s, and injection temperature: 165 °C). The thermal stability of pure PLA 
was found better than the BF (20%)/PLA composite. The original fibre length retention in the Rank 1 composite was 59.3%.

Keywords Bamboo fibre · Fibre length · Fibre loading · Injection parameters · Mechanical Properties · Thermal analysis · 
Morphology · Grey relational analysis · Fibre characteristics

1 Introduction

Sustainability is a major concern in present days because 
of the limited resources and adverse effects posed by syn-
thetic composites. Much effort has been given to replacing 
synthetic composite with green composite. Green com-
posites are contemplated as the next-generation materials 
that can satisfy global needs due to their sustainable char-
acteristic. The surface modification of fibre and the selec-
tion of a suitable fabrication process are the key factors to 
develop high-quality green composites. Green composites 
have many applications in structural, packaging, marine, 
sports, electronics, and automotive industries. Joseph et al. 

[1] examined the influence of fibre loading and length on 
the mechanical characteristics of natural rubber-reinforced 
palm fibre-based injection-moulded green composite. The 
authors found that 6 mm was the optimum fibre length. The 
tensile strength of the green composite dropped as the fibre 
loading was increased. Negawo et al. [2] explored the role of 
fibre loading on the physical, mechanical, and morphologi-
cal characteristics of ensete fibre-reinforced with HDPE. The 
composite consisted of 25% fibre loading had ultimate ten-
sile strength and tensile modulus of 19.3 MPa and 2.15 GPa. 
The ultimate flexural strength and modulus were found as 
44 MPa and 445 MPa, respectively. Arao et al. [3] evalu-
ated the mechanical characteristics of short and long fibre 
pellets of a jute/PLA produced by twin-screw extruder sup-
plemented by injection moulding. The short fibre pelletized 
composite performed better than long fibre pelletized com-
posite. The twin-screw extruder helped to achieve proper 
fibre distribution throughout the green composite of jute/
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PLA. Lemaire et al. [4] studied the mechanical properties of 
miscanthus fibre/PHBV-based green composite by varying 
the fibre loading. The increment in fibre loading from 0 to 
30% reduced the tensile strength by 23% compared to the 
neat PHBV matrix. Sirichalarmkul and Kaewpirom [5] stud-
ied the influence of rice husk (RH) content on the mechani-
cal properties of RH/PLA/PBS-based injection-moulded 
composite. The tensile strength and modulus of PLA/RH 
30% composite decreased by 19% and 29% when compared 
with pure PLA samples. However, percentage elongation 
and impact strength were improved by 55% and 7.1%. Barc-
zewski et al. [6] analyzed the mechanical and morphologi-
cal properties of sunflower husk/PP-based injection-moulded 
composite by varying the particle size and content. At 20% 
fibre loading, the peak tensile strength and modulus were 
29.9 MPa and 1.30 GPa. Kucuk et al. [7] varied the con-
tent of kieselguhr (KG) in injection-moulded TPU-based 
green composites to improve their mechanical and thermal 
properties. The mechanical and thermal characteristics of 
TPU/KG-based composite were enhanced by 30% due to 
the inclusion of KG. The mechanical and thermal properties 
gradually deteriorated as the KG content increased further. 
Zindani et al. [8] examined the influence of short punica gra-
natum fibre (SPGF) loading on the mechanical and physical 
characteristics of SPGF/bio-epoxy-based green composite. 
The ultimate tensile strength and modulus were 29.93 MPa 
and 3.2 GPa, at 30% SPGF fibre loading. However, the 
maximum flexural strength and modulus were found as 
54.86 MPa and 4.46 GPa. Sun et al. [9] evaluated and com-
pared the mechanical and thermal characteristics of a sisal/
jute/PP-based injection-moulded composite at varying fibre 
loading. The tensile strength and modulus of PP/30% sisal 
fibre composite were increased by 56% and 147% as com-
pared to neat PP. In addition, the flexural strength and modu-
lus improved by 90% and 217%, respectively. The findings 
reveal that sisal fibre-based composites had higher thermal 
stability than jute fibre-based composites. Zhang et al. [10] 
explored the impact of injection parameters on the mechani-
cal and morphological characteristics of injection-moulded 
PBS/PBAT/PHBV-miscanthus-based green composites. The 
optimal melting and mould temperatures were 165℃ and 
45℃ to achieve better mechanical properties. Muthuraj et al. 
[11] investigated the effect of miscanthus fibre (MF) loading 
on the tensile, flexural, and impact properties of PBS/MF-
based green composite. The addition of 50% MF improved 
the tensile, flexural, and impact strength by 22, 139, and 
47% compared to neat PBS. Subyakto et al. [12] varied the 
fibre loading of bamboo and sisal fibre to examine the tensile 
and bending properties of PLA-based bio-composite. The 
composite of 30% SF/PLA attained ultimate tensile strength 
and modulus as 48.18 MPa and 1.13 GPa. Meanwhile, the 
maximum flexural strength and modulus were noticed as 
67.83 MPa and 4.43 GPa. The maximum tensile strength 

and modulus of 20% BF/PLA-based green composite was 
44.55 MPa and 1.2 GPa. The ultimate flexural strength and 
modulus were noted as 62.3 MPa and 3.89 GPa, respec-
tively. Bax and Mussig [13] studied the mechanical char-
acteristics of the injection-moulded PLA/cordenka fibre 
(CF) and PLA/flax fibre (FF)-based green composites by 
varying the fibre loading. Both the developed composites 
showed superior mechanical properties at 30% fibre loading. 
The ultimate tensile strength and modulus of PLA/CF were 
57.94 MPa and 4.76 GPa. The maximum tensile strength 
and modulus were estimated as 54.15 MPa and 6.31 GPa for 
PLA/FF-based composite. Chaitanya and Singh [14] evalu-
ated the mechanical performance of 30% sisal fibre/PLA 
composite fabricated by both direct injection and extrusion 
injection. The authors revealed that the direct injection was 
more suitable than the extrusion injection in attaining better 
mechanical properties. The short sisal fibre-based biocom-
posite showed improvement in tensile and flexural strengths 
at 34.7% and 15.9% through direct injection. Koffi et al. [15] 
investigated the effect of birch fibre loading on the tensile 
properties of injection-moulded HDPE-based composite. 
The addition of 40% birch fibre resulted in achieving the 
maximum tensile strength and modulus of 45.54 MPa and 
4.39 GPa, respectively. The authors reported that more addi-
tion of birch fibre resulted in an increase in the composite 
stiffness. Aliotta et al. [16] studied the effect of fibre loading 
on the mechanical, thermal, and morphological properties 
of sisal fibre (SF)/PLA-based green composite developed by 
injection moulding. The addition of 20% SF helped to attain 
the maximum stress of 66 MPa for the SF/PLA composite. 
Moreover, PLA’s glass transition temperature was enhanced 
up to the addition of 20% SF. Rodriguez et al. [17] optimized 
the influence of process parameters on the mechanical prop-
erties of banana fiber/PLA/HDPE-based green composites. 
The ultimate tensile strength of 27.74 MPa was achieved 
when the composite was developed using 37.95% banana 
fibre and 30/32.05% PLA/HDPE. Czerniecka-Kubicka et al. 
[18] studied the thermal and mechanical properties of hemp 
fibre/PHBV-based biocomposite. The inclusion of hemp 
fibre (HF) in the PHBV matrix improved the degree of crys-
tallinity as compared to pure PHBV. The biocomposite of 
30% HF/PHBV attained the maximum tensile strength and 
modulus of 42.90 MPa and 6.99 GPa, respectively. Dhakal 
et al. [19] investigated the tensile, impact, and morphologi-
cal properties of date palm fibre/PCL-based green compos-
ite. The tensile strength and modulus were improved from 
19 to 25 MPa and 140 to 282 MPa for the inclusion of 28% 
date palm fibre. Lekrine et al. [20] studied the influence of 
washingtonia filifera (WF) fibre loading on the mechani-
cal, thermal, and physical properties of injection-moulded 
WF/HDPE-based green composite. A quick degradation of 
composite with the addition of 20% WF fibre was observed 
when compared with neat HDPE. The superior mechanical 
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and thermal properties were achieved in 20% WF/HDPE-
based green composite.

The above literature clearly indicates that in-depth inves-
tigation is required to find the effect of fabrication and 
injection parameters on the mechanical characteristics of 
BF/PLA green composites as the mechanical performance 
of BF/PLA-based composites was not thoroughly studied. 
Thus, this study is an attempt to find the mechanical perfor-
mance of the green composites affected by the fabrication 
parameters (fibre loading and length) and injection param-
eters (injection pressure, speed, and temperature). GRA 
was applied to find the optimum condition of fabrication 
parameters and injection parameters. The significance of the 
chosen parameters was also found by employing ANOVA. 
The morphological analysis of shattered composite speci-
mens was examined to evaluate the failure behaviour under 
diverse loadings. Thermal analysis was also performed to 
study the thermal degradation of BF/PLA composites. The 
fibre dispersion, orientation, fibre length retention, and fibre 
damage were also examined during the processing of BF/
PLA composite through injection moulding.

2  Experimental Details

2.1  Materials

The widely available polylactic acid (PLA) was chosen as 
the matrix, supplied by Natur Tec India Pvt. Ltd. The bam-
boo fibre (BF) was considered as reinforcement to develop 
BF/PLA composite, collected from Vruksha Composites 
Pvt. Ltd., Andhra Pradesh, India. The ranges of melt-
ing and glass transition temperatures of PLA are between 
145–180 °C and 50–80 °C. Before the chemical treatment, 
the fibres were thoroughly washed and dried. Unwanted resi-
dues were removed from the surface of the fibres by deter-
gent washing. The bamboo fibres were then immersed for 
4 h in an aqueous solution containing 2% NaOH [21]. The 
fibres were again rinsed with distilled water to eliminate 
remnant impurities. After that, the fibres were dried at ambi-
ent temperature and then placed in an oven for the purpose 
of preheating at 60 °C to remove the remaining moisture. 
The chemical modification of BF due to treatment is pre-
sented in Eq. (1) [21].

2.2  Composite Fabrication

PLA pellets were de-moisturized in an electric oven at 
70 °C for 6 h. The chemically modified BF was manually 
cut to obtain the fibre lengths (L) of 2, 3, 4, 5, and 6 mm. 

(1)Fiber − OH + NaOH → Fiber − O − Na+ + H
2
O

Green composites were developed at fibre loadings (D) 
of 10, 20, and 30% (w/w). Both the effect of fibre loading 
and length on the performance of BF/PLA composite was 
investigated. A 50-ton servo-controlled hydraulic injection 
moulding machine was chosen to produce the BF/PLA 
composite. The barrel temperature in the injection mould-
ing machine was regulated with respect to the experimen-
tal plan. The cooling time was considered as 25 s. The 
injection took place for 2 s (shot size: 20 g). The compos-
ites were fabricated by directly feeding the short BF and 
PLA pellets into the hopper. The composites were tested to 
find the best combination of fibre length and loading. Fur-
ther, the injection parameters were optimized considering 
the different properties of the green composite. Tables 1 
and 2 provide the details of chosen injection parameters 
and the experimental plan, respectively.

2.3  Composite Testing

The fabricated green composites (BF/PLA) were tested 
to evaluate their tensile, flexural, compression, and shear 
properties in agreement with ASTM D-638, D-790, 
D-3450, and D-5379. Figure 1 depicts the fabricated green 
composite samples and the corresponding testing pro-
cedure. A universal testing machine (Make: Unitek and 
Model: 9450) of capacity 50 kN was used for testing pur-
poses. Dedicated compression and shear test fixtures were 
developed as shown in Fig. 1. Under each experimental 
condition, the mechanical properties were assessed by test-
ing three samples and the average value was calculated. 
The morphology of the fractured composite specimens was 
examined to study the failure behaviour under diverse con-
ditions. FE-SEM (Make: Zeiss and Model: S-3700N) was 
utilized to study the morphology of the tested specimens. 
The thermogravimetric analyzer (EXSTAR 6300) was 
used for the thermal analysis of developed composites. 
The samples were heated to 650 °C at a steady rate of 10℃ 
per min in an environment of nitrogen gas (200 mL/min). 
The distribution and orientation of BF in composites were 
also examined by using a toolmaker’s microscope (Make: 
Mitutoyo and Model: TM-500 series). The length of the 
BF was measured using an optical microscope (Make: 
Olympus and Model: BX51 M).

Table 1  Injection parameters

Input parameters Level-1 Level-2 Level-3

A: Injection pressure (bars) 70 90 110
B: Injection speed (mm/s) 40 50 60
C: Temperature (°C) 165 175 185
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Table 2  Experimental layout Sl no. Orthogonal array A: Injection pressure 
(bars)

B: Injection speed 
(mm/s)

C: Injection 
temperature 
(°C)

1 1 1 1 70 40 165
2 1 2 2 70 50 175
3 1 3 3 70 60 185
4 2 1 2 90 40 175
5 2 2 3 90 50 185
6 2 3 1 90 60 165
7 3 1 3 110 40 185
8 3 2 1 110 50 165
9 3 3 2 110 60 175

Fig. 1  Methodology followed to 
develop the BF/PLA composite
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3  Results and Discussion

3.1  Analysis of Fibre Length and Fibre Loading

Initially, the mechanical properties were evaluated by 
varying the fabrication parameters (fibre length and fibre 
loading). The steps involved in GRA are shown in Table 3. 
The mechanical properties of BF/PLA composite with 
varying fibre loading and length are presented in Table 4. 
The calculated normalized and deviation sequence val-
ues are presented in Table 5. GRC of tensile and flexural 
properties were calculated and then GRG was calculated 
considering the average of each trial (Table 6).

The highest GRG represents the optimal parameter set-
ting. The optimal parameter setting was L3-D2 (4 mm and 
20%). ANOVA was accomplished to further confirm the 
optimal level. From the means plot, the optimal level was 

found as L3–D1 (4 mm and 10%). The optimal parameter 
setting achieved from the means plot and GRG was differ-
ent. Therefore, the results were compared to confirm the 
optimal level as L3–D2. The highest GRG was calculated 
as 0.7775.

3.2  Analysis of Injection Parameters

BF/PLA composites were further fabricated at optimum 
fabrication parameter conditions i.e., considering the fibre 
length of 4 mm and fibre loading of 20% to study the effect 
of injection parameters (injection pressure, injection speed, 
and injection temperature) on the mechanical properties 
of BF/PLA composite.  L9 orthogonal array was chosen to 
perform the GRA. The mechanical properties are displayed 
in Table 7. The calculated normalized, deviation sequence, 
GRC, GRG, and rank values are represented in Tables 8, 9 
and 10. The optimal injection condition to attain superior 

Table 3  Process steps involved 
in GRA 

Steps Formula Designation

Normalization
Xi(p) =

X
(0)

i
(p)−MinX

(0)

i
(p)

MaxX
(0)

i
(p)−MinX

(0)

i
(p)

The output response of each column's is denoted 
by X(0)

i
(p) , the lowest output response is 

signified by MinX
(0)

i
(p) , and the highest output 

response is symbolized by MaxX
(0)

i
(p) , where 

I implies to total no. of tests
Deviation sequence Δij = ||

|
Xoj − Xij

||
|
ideal normalized value is represented with Xoj

GRC GRCij =
Δmin+�Δmax

Δoi(k)+�Δmax

The lowest deviation sequence value is denoted 
with Δmin , maximum deviation sequence value 
is presented as Δmax , individual deviation 
sequence is signified as Δoi(k) , and coefficient 
of constant is �

GRG GRG = 1
m

∑
GRCij

Grey relational coefficient is denoted with GRCij

Table 4  Tensile and flexural 
properties obtained by varying 
the fabrication parameters

Expt. no. Fibre length 
(mm)

Fibre loading 
(%)

TS (MPa) TM (MPa) FS (MPa) FM (GPa)

1 2 20 24 417 73.81 5.04
2 4 20 32 498 86.7 4.34
3 4 10 31 517 83.04 3.60
4 5 10 21 462 84.26 4.56
5 4 30 19 433 88.14 3.89
6 3 20 27 472 87.84 5.11
7 3 30 21 419 64.59 5.60
8 2 10 33 456 81.10 3.52
9 6 20 18 367 86.73 3.62
10 5 20 25 430 82.30 4.19
11 3 10 29 485 84.89 4.02
12 6 30 17 398 76.13 3.85
13 5 30 21 402 62.01 3.19
14 2 30 15 422 53.51 5.25
15 6 10 23 457 80.42 4.46
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Table 5  Normalized and 
deviation sequence values of 
tensile and flexural properties 
obtained by varying the 
fabrication parameters

Expt. no. Normalization Deviation sequence

TS (MPa) TM (MPa) FS (MPa) FM (GPa) TS (MPa) TM (MPa) FS (MPa) FM (GPa)

1 0.5000 0.3333 0.5862 0.7676 0.5000 0.6667 0.4138 0.2324
2 0.9444 0.8733 0.9584 0.4772 0.0556 0.1267 0.0416 0.5228
3 0.8889 1.0000 0.8516 0.1701 0.1111 0.0000 0.1484 0.8299
4 0.3333 0.6333 0.8880 0.5685 0.6667 0.3667 0.1120 0.4315
5 0.2222 0.4400 1.0000 0.2905 0.7778 0.5600 0.0000 0.7095
6 0.6667 0.7000 0.9913 0.7967 0.3333 0.3000 0.0087 0.2033
7 0.3333 0.3467 0.3200 1.0000 0.6667 0.6533 0.6800 0.0000
8 1.0000 0.5933 0.7938 0.1369 0.0000 0.4067 0.2062 0.8631
9 0.1667 0.0000 0.9593 0.1784 0.8333 1.0000 0.0407 0.8216
10 0.5556 0.4200 0.8314 0.4149 0.4444 0.5800 0.1686 0.5851
11 0.7778 0.7867 0.9062 0.3444 0.2222 0.2133 0.0938 0.6556
12 0.1111 0.2067 0.6532 0.2739 0.8889 0.7933 0.3468 0.7261
13 0.3333 0.2333 0.2452 0.0000 0.6667 0.7667 0.7548 1.0000
14 0.0000 0.3667 0.0000 0.8548 1.0000 0.6333 1.0000 0.1452
15 0.4444 0.6000 0.7771 0.5270 0.5556 0.4000 0.2229 0.4730

Table 6  GRC, grade, and rank 
of tensile and flexural properties 
obtained by varying the 
fabrication parameters

Expt. no. TS (MPa) TM (MPa) FS (MPa) FM (GPa) Grade Rank

1 0.5000 0.4286 0.5472 0.6827 0.5396 11
2 0.9000 0.7979 0.9232 0.4888 0.7775 1
3 0.8182 1.0000 0.7711 0.3760 0.7413 2
4 0.4286 0.5769 0.8169 0.5367 0.5898 6
5 0.3913 0.4717 1.0000 0.4134 0.5691 8
6 0.6000 0.6250 0.9830 0.7109 0.7297 3
7 0.4286 0.4335 0.4237 1.0000 0.5715 7
8 1.0000 0.5515 0.7080 0.3668 0.6566 5
9 0.3750 0.3333 0.9247 0.3783 0.5028 12
10 0.5294 0.4630 0.7478 0.4608 0.5502 10
11 0.6923 0.7009 0.8420 0.4327 0.6670 4
12 0.3600 0.3866 0.5905 0.4078 0.4362 14
13 0.4286 0.3947 0.3985 0.3333 0.3888 15
14 0.3333 0.4412 0.3333 0.7749 0.4707 13
15 0.4737 0.5556 0.6916 0.5139 0.5587 9

Table 7  Mechanical properties obtained by varying the injection parameters

Expt. no. A B C TS (MPa) TM (MPa) PET (%) FS (MPa) FM (GPa) PEF (%) CS (MPa) SS (MPa)

1 70 40 165 27 467 5.82 43.46 3.15 2.42 51 17
2 70 50 175 23 449 6.64 96.12 2.83 1.96 63 14
3 70 60 185 19 333 5.42 65.62 3.36 1.84 43 13
4 90 40 175 26 403 7.88 67.50 5.01 2.09 89 15
5 90 50 185 24 397 5.22 70.21 5.82 2.11 86 12
6 90 60 165 34 498 6.71 87.20 4.43 1.76 97 24
7 110 40 185 23 378 4.97 69.50 3.29 1.06 76 19
8 110 50 165 31 504 6.48 93.01 6.17 1.57 83 17
9 110 60 175 28 524 5.97 89.24 5.31 1.91 79 16
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mechanical properties were noticed as A2–B3–C1 (injection 
pressure: 90 bars, injection speed: 60 mm/s, and injection 
temperature: 165 °C). Subsequently, the optimal condition 
obtained from the mean plots was the same. The maximum 
GRG value was calculated as 0.7606.

3.3  Analysis of Variance

The fabrication parameters (fibre length and fibre loading) 
and injection parameters (pressure, speed, and tempera-
ture) affecting the mechanical properties of BF/PLA com-
posites were inspected by performing ANOVA of GRG. 
The proposed statistical model was validated by a test for 

normality and equal variance. The results of the normality 
test are graphically depicted in Figs. 2 and 3. The test results 
revealed that the data is normally distributed. The GRG 
probability plot indicates that the depicted points are rela-
tively close to the fitted distribution line at a confidence level 
of 95% (≤ 0.05). Anderson–Darling (AD) statistics are quite 
small for both fabrication parameters (0.240) and injection 
parameters (0.157). These low values indicate that the data 
are evenly distributed around the fitted line. The p values for 
fabrication and injection parameters are 0.729 and 0.926. 
The p values are more than 0.05. This implies that the null 
hypothesis cannot be rejected and thus, confirming that the 
data follow a normal distribution. This can also be noticed 

Table 8  Normalized mechanical 
properties obtained by varying 
the injection parameters

Expt. no. TS (MPa) TM (MPa) PET (%) FS (MPa) FM (GPa) PEF (%) CS (MPa) SS (MPa)

1 0.5333 0.7016 0.2921 0.0000 0.0958 1.0000 0.1481 0.4167
2 0.2667 0.6073 0.5739 1.0000 0.0000 0.6618 0.3704 0.1667
3 0.0000 0.0000 0.1546 0.4208 0.1587 0.5735 0.0000 0.0833
4 0.4667 0.3665 1.0000 0.4565 0.6527 0.7574 0.8519 0.2500
5 0.3333 0.3351 0.0859 0.5080 0.8952 0.7721 0.7963 0.0000
6 1.0000 0.8639 0.5979 0.8306 0.4790 0.5147 1.0000 1.0000
7 0.2667 0.2356 0.0000 0.4945 0.1377 0.0000 0.6111 0.5833
8 0.8000 0.8953 0.5189 0.9409 1.0000 0.3750 0.7407 0.4167
9 0.6000 1.0000 0.3436 0.8694 0.7425 0.6250 0.6667 0.3333

Table 9  Deviation sequence of 
mechanical properties obtained 
by varying the injection 
parameters

Expt. no. TS (MPa) TM (MPa) PET (%) FS (MPa) FM (GPa) PEF (%) CS (MPa) SS (MPa)

1 0.4667 0.2984 0.7079 1.0000 0.9042 0.0000 0.8519 0.5833
2 0.7333 0.3927 0.4261 0.0000 1.0000 0.3382 0.6296 0.8333
3 1.0000 1.0000 0.8454 0.5792 0.8413 0.4265 1.0000 0.9167
4 0.5333 0.6335 0.0000 0.5435 0.3473 0.2426 0.1481 0.7500
5 0.6667 0.6649 0.9141 0.4920 0.1048 0.2279 0.2037 1.0000
6 0.0000 0.1361 0.4021 0.1694 0.5210 0.4853 0.0000 0.0000
7 0.7333 0.7644 1.0000 0.5055 0.8623 1.0000 0.3889 0.4167
8 0.2000 0.1047 0.4811 0.0591 0.0000 0.6250 0.2593 0.5833
9 0.4000 0.0000 0.6564 0.1306 0.2575 0.3750 0.3333 0.6667

Table 10  GRC, grade, and rank of mechanical properties obtained by varying the injection parameters

Expt. no. TS (MPa) TM (MPa) PET (%) FS (MPa) FM (GPa) PEF (%) CS (MPa) SS (MPa) Grades Rank

1 0.5172 0.6262 0.4139 0.3333 0.3561 1.0000 0.3699 0.4615 0.5098 7
2 0.4054 0.5601 0.5399 1.0000 0.3333 0.5965 0.4426 0.3750 0.5316 6
3 0.3333 0.3333 0.3716 0.4633 0.3728 0.5397 0.3333 0.3529 0.3875 9
4 0.4839 0.4411 1.0000 0.4792 0.5901 0.6733 0.7714 0.4000 0.6049 4
5 0.4286 0.4292 0.3536 0.5040 0.8267 0.6869 0.7105 0.3333 0.5341 5
6 1.0000 0.7860 0.5543 0.7470 0.4897 0.5075 1.0000 1.0000 0.7606 1
7 0.4054 0.3954 0.3333 0.4973 0.3670 0.3333 0.5625 0.5455 0.4300 8
8 0.7143 0.8268 0.5096 0.8944 1.0000 0.4444 0.6585 0.4615 0.6887 2
9 0.5556 1.0000 0.4324 0.7928 0.6601 0.5714 0.6000 0.4286 0.6478 3
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Fig. 2  Normality test results obtained by varying the fabrication parameters

Fig. 3  Normality test results obtained by varying the injection parameters

Fig. 4  Means plot obtained by varying a fabrication parameters and b injection parameters
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from the histogram shown in Figs. 2 and 3. Attainment of 
lower A-squared values further validates the certainty of 
normality. The results showed that the p values are ≥ 0.05. 
The data presented was insufficient to reject the null hypoth-
esis of equal variances. The overlapping confidence inter-
vals reflect the significant differences in variances. Figure 4 
depicts the mean graphs of GRG for chosen parameters. The 
optimum levels from mean plots were observed as L3–D1 
(4 mm and 10%) for fabrication parameters and A2–B3–C1 
(90 bars, 60 mm/s, and 165 °C) for injection parameters. The 
contribution of these parameters is presented in Tables 11 
and 12. The p values for the fibre length and loading are 
0.002 and 0.001 (≤ 0.05). Whereas the p values of injec-
tion pressure, injection speed, and injection temperature are 
0.008, 0.024, and 0.005. The percentage contribution of fibre 
length and fibre loading was 52.33% and 39.35%. Whereas 
the percentage contribution of injection pressure, injection 
speed, and injection temperature are 33.58%, 10.35%, and 
55.80%. The model summary of fabrication and injection 
parameters is represented in Table 13. R-square values were 
found as 94.69% and 99.70% for fabrication and injection 

parameters. The higher R-squared value indicates a better fit 
between the data and the model.

3.4  Confirmation Test

The confirmation test was performed to find the selection 
of the best set of process parameters. The experimental and 
predicted GRG were compared. The predicted GRG was 
calculated using Eq. (2).

Here, rm implies the average of means of grades, r denotes 
the mean of grades at optimal level, and q is the number of 
input parameters. The actual and predicted GRG obtained 
at the optimal condition is summarised in Table 14. The 
actual and predicted GRG values are 0.7775 and 0.7555 for 
varying fabrication parameters. GRG showed an improve-
ment of 0.022. The actual and predicted GRG for the injec-
tion parameters were 0.7606 and 0.7526, respectively. 
Here, GRG improvement was 0.008.

3.5  Thermal Analysis

The thermal analysis was conducted to compare the 
thermal performance of pure PLA with the developed 
BF/PLA composites (both Rank 1 and Rank 9). Rank 1 

(2)r∧ = rm +

q∑

i=1

(r − rm)

Table 11  ANOVA of GRG for 
fabrication parameters

Source DF Adj SS Adj MS F-value p value % Contribution

Fibre length 4 0.09374 0.023436 12.60 0.002 52.33
Fibre loading 2 0.07048 0.035242 18.95 0.001 39.35
Residual error 8 0.01488 0.001860
Total 14 0.17911

Table 12  ANOVA of GRG of 
injection process parameters

Source DF Seq SS Adj MS F p % Contribution

Injection pressure 2 0.039234 0.019617 129.76 0.008 33.58
Injection speed 2 0.012098 0.006049 40.01 0.024 10.35
Temperature 2 0.065187 0.032594 215.60 0.005 55.80
Residual error 2 0.000302 0.000151
Total 8 0.116822

Table 13  Model summary of GRG 

Parameters S R-sq R-sq(adj)

Fabrication 0.0431288 94.69% 89.46%
Injection 0.01230 99.7% 99.0%

Table 14  Comparison of 
experimental and predicted 
GRG values

Parameters Optimum level GRG Improvement

Fabrication parameters Experimental (L3-D2) 0.7775 (Rank 1) 0.022
Means plot (L3-D1) 0.7555 (Predicted)

Injection parameters Experimental (A2-B3-C1) 0.7606 (Rank 1) 0.008
Means plot (A2-B3-C1) 0.7526 (Predicted)
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(highest GRG) represents the injection condition under 
which the best properties were achieved. Whereas Rank 
9 represents the condition at which the properties of the 
composites were poor. The thermogravimetric analysis 
(TGA) was performed at 10 °C/min in the temperature 
range of 30–650 °C. The temperature range in the first 
phase was 30–100 °C, where the moisture present in BF 
was evaporated. The initial degradation started in the 
temperature range of 100–130 °C. The small decrement 
in the peaks with respect to the time indicates that the 
hydrophobicity of the BF was improved, as shown in 
Fig. 5b [22]. The second phase attributed to decomposi-
tion, which was in the temperature range of 130–410 °C. 
The degradation of BF/PLA composite was noticed in the 
temperature range of 220–390 °C. The peak degradation 
for PLA was observed at 382 °C. For Rank 1 and Rank 
9 composites, peak degradation was noticed at 348 °C 
and 343 °C. Both cellulose and hemicellulose degraded 
thermally in the second phase. The thermal stability of 
PLA was better than the BF (20%)/PLA composite. The 
addition of BF resulted in breaking the polymeric chains 
of PLA, which caused early degradation. Also, the ther-
mal stability of Rank 1 composite was better than Rank 9 
composite. The low injection pressure and high melting 
temperature detrimentally affected the thermal stability 
of the composite secured Rank 9. The low injection pres-
sure caused poor interfacial bonding between the PLA 
and BF whereas the high melting temperature resulted 
in an initial degradation of the composite constituents. 
The thermal stability of lignin is more than cellulose and 
hemicellulose. The thermal degradation of lignin and 
other components was predominant in the third phase 
where the temperature range was 420–650 °C [22, 23]. 
The remaining in the third phase can be noticed as char 
and ash.

3.6  Morphological Analysis

In this study, BF was chemically treated with 2%NaOH for 
4 h. as superior mechanical properties of BF/PLA composite 
were obtained at this condition [21]. Figures 6 and 7 repre-
sent the FESEM images of Rank 1 and Rank 9 composite 
specimens. The better mechanical properties were attained 
at the injection parameter setting of 90 bars, 60 mm/s, and 
165 °C (Rank 1). The properties were relatively poor at the 
injection condition of 70 bars, 60 mm/s, and 185 °C (Rank 
9). The common damages observed during mechanical test-
ing of short fibre-reinforced composites are (a) fibre break-
age, (b) microcrack formation, (c) fibre pull-outs, (d) matrix 
cracking, (e) fibre crushing, (f) fibre bending, and (g) micro-
fibril formation. Comparatively less fibre pull-outs and crack 
formations were noticed under tensile loading as shown in 
Fig. 6a. Fibre tips inside the matrix were a clear indication 
of proper adhesion. Irregular cracks on the fibre and fibre 
pull-outs were observed in Rank 1 composite under flex-
ural loading (Fig. 6b). Here, debonding was not observed 
between the matrix and fibre which resulted in better flex-
ural properties. Fibre bending coupled with microcrack on 
the fibre surface was observed under compression loading, 
as shown in Fig. 6c. The surface morphology of the frac-
tured specimen under compression loading showed a good 
affinity between the matrix and fibre. The fibre pull-outs 
and cracks on the matrix were noticed under shear loading, 
though debonding was not observed (Fig. 6d). The compos-
ite fabricated under optimal injection conditions showed a 
better affinity between the constituents due to the proper 
combination of injection parameters. The proper melting and 
blending resulted in better adhesion between the BF and 
PLA at the injection temperature of 165 °C [24]. The injec-
tion pressure of 90 bars and the injection speed of 60 mm/s 
was an excellent combination to disperse the fibre uniformly 
throughout the matrix. More fibre pull-outs coupled with 

Fig. 5  Thermal analysis of BF/PLA composite a TGA and b DTG
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debonding were noticed under tensile loading for the Rank 
9 composite specimen, as shown in Fig. 7a. The less injec-
tion pressure (70 bars) resulted in poor adhesion among 
the constituents. Furthermore, initial degradation of fibre 
or matrix may occur due to the high temperature (185 °C) 
[25]. Fibre pull-outs, microcracks formation, and crack at 
the fibre tips were detected under flexural loading (Fig. 7b). 
The major damage modes under compression loading were 
fibre crushing, microcracks, and microfibrils formation, as 
shown in Fig. 7c. Whereas more fibre pull-outs coupled with 
debonding between the BF and PLA were noticed under 
shear loading (Fig. 7d).

3.7  Analysis of Fibre Dispersion and Orientation

PLA and BF mixture was fed into the hopper for the purpose 
of melting and blending inside the heated barrel. The mate-
rial mixture reached the nozzle chamber with the help of 
a reciprocating screw. The screw head pushes the material 
into the die cavity at a certain injection speed and pressure 
via sprue bushing, as shown in Fig. 8. The extracted sample 
and direction of material flow are shown in Fig. 9. The die 
cavity consists of sprue, runner, sub-runner, and gate. In this 

study, the fibre dispersion and orientation were investigated 
at the top and midplane of the composite samples. Initially, 
the milling operation was performed using an end mill cut-
ter to remove the materials so as to obtain the midplane for 
the purpose of examination. But the surface was not clearly 
visible under the microscope due to the exposure of fibre 
during the milling operation. Hence, the fibre dispersion and 
orientation in the midplane were studied by mechanically 
cutting the specimen using a firmer chisel as a better surface 
was obtained for examination under the microscope. The 
fibre dispersion and orientation were examined at three dif-
ferent zones of the specimen, as shown in Fig. 9. The fibre 
dispersion and orientation of BF/PLA composite (Rank 1 
and Rank 9) at the different zones for both top and midplane 
were shown in Figs. 10 and 11. In the Rank 1 composite, 
the fibre was uniformly distributed (randomly oriented) 
throughout the matrix in the sprue region (Zone I). Rank 9 
composite also showed similar dispersion and orientation 
of BF. The uniform distribution of BF was also noticed in 
the top and midplane of the Rank 1 composite in Zone II. 
However, fibre distribution was nonuniform for the Rank 9 
composite in the same zone. In Zone III, the fibre distribu-
tion was nonuniform for both Rank 1 and Rank 9 composite. 

Fig. 6  FE-SEM images of fractured specimens of Rank 1 composite obtained under a tensile, b flexural, c compression, and d shear loadings
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This is plausibly due to the inadequate injection pressure 
which caused nonuniform fibre dispersion and orientation 
for the Rank 9 composite.

3.8  Analysis of Fibre Length and Fibre Damage

The composite constituents were separated by dissolving 
the BF/PLA specimens in an acetone solution to measure 
the variations in fibre length. The change in fibre length 
was measured using an optical microscope for both Rank 

1 and Rank 9 composites. After dissolving the specimens, 
150 fibre samples were collected and then fibre length 
retention (%) was calculated. Figure 12 shows the meas-
urement of the fibre length. The original fibre length was 
4 mm. The change in fibre length was measured and the 
retention of the fibre length in percentage is displayed in 
Fig. 13. In the Rank 1 composite, the original fibre length 
retention was 59.3%. Whereas in the Rank 9 composite, 
the fibre retention was 54.6%. This indicates that the fibre 
retention in Rank 9 is less than the Rank 1 composite. The 

Fig. 7  FE-SEM images of fractured specimens of Rank 9 composite obtained under a tensile, b flexural, c compression, and d shear loadings

Fig. 8  Injection of material 
mixture into die cavity
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high processing temperature and injection speed damaged 
the fibre which resulted in comparatively less retention of 
fibre length for the Rank 9 composite. Also, more fibre 
damages were noticed in Rank 9 than Rank 1 composite. 
The major fibre damages were observed as microfibrils 
formation, cracks at the fibre tip, splitting and crushing of 
fibre, and fibre bending as shown in Fig. 14.

4  Conclusion

In this study, the effect of fabrication parameters and injec-
tion parameters on the mechanical properties of the BF/
PLA composite was investigated. The major findings from 
the experimental and statistical analysis are summarized 
below:

 1. The reliability of the statistical model was checked 
by using the normality and equal variance tests. The 
established statistical model showed normally distrib-
uted data. R-sq. values for fabrication and injection 
parameters were recorded as 94.69% and 99.70%, 
respectively. The higher R-sq. values indicate that the 
data adequately fit the proposed model.

 2. The optimal fabrication parameters combination was 
L3–D2 (fibre length: 4 mm and fibre loading: 20%). 
Meanwhile, the optimum injection parameters were 
found as A2–B3–C1 (injection pressure: 90 bars, 
injection speed: 60 mm/s, and injection temperature: 
165 °C).

 3. The actual and predicted GRG values were obtained as 
0.7775 and 0.7555 with an improvement of 0.022 for 
fabrication parameters. For injection parameters, the 

Fig. 9  Extracted composite 
specimen and zones considered 
to study the fibre characteristics

Fig. 10  Dispersion and orienta-
tion of fibre in Rank 1 compos-
ite a top and b midplane
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values were calculated as 0.7606 and 0.7526 with an 
improvement of 0.008.

 4. ANOVA revealed that all the chosen fabrication and 
injection parameters are significant as the p values are 
less than 0.05. The contribution of fibre length and 
fibre loading was 52.33% and 39.35%. Whereas the 
contribution of the injection pressure, injection speed, 
and injection temperature was 33.58%, 10.35%, and 
55.80%.

 5. Through thermal analysis peak degradation for PLA 
was found at 382 °C. Meanwhile, for Rank 1 and Rank 
9 composites, the peak degradation was noticed at 
348 °C and 343 °C. The thermal stability of pure PLA 
was found better than the BF (20%)/PLA composite.

 6. The morphology of the fractured specimens showed 
that the Rank 1 composite specimen exhibited strong 
bonding between the PLA and BF under different 
loadings with fewer microcracks, fibre pull-outs, fibre 

Fig. 11  Dispersion and orienta-
tion of fibre in Rank 9 compos-
ite a top and b midplane

Fig. 12  Measurement of fibre lengths
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breakages, and debonding. However, the Rank 9 com-
posite specimen exhibited more damage due to weak 
affinity between the constituents.

 7. In the Rank 1 composite, the optimal injection para-
metric condition resulted in better fibre dispersion and 
orientation. In the Rank 9 composite, improper fibre 
dispersion and orientation were observed in the differ-
ent zones of the specimen.

 8. The original fibre length retention in the Rank 1 com-
posite was 59.3%. The fibre fraction in the Rank 9 
composite was relatively low (54.6%) due to the higher 
melting temperature and injection speed.

 9. The present study investigates the importance of fab-
rication and injection parameters in developing green 
composites with superior mechanical and thermal 
properties. The current work also reveals the future 
possibilities for the development of high-performance 
green composites that can replace conventional syn-
thetic composites.

 10. According to the current findings, the developed BF/
PLA green composite can be used for various appli-
cations such as window frames, door panels, mirror 
casing, table cardboard, household items, storage, and 
food-packing applications.
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