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Abstract: Injection overmolding was used to produce hybrid unidirectional continuous-short carbon
fiber reinforced polypropylene. Polypropylene pellets containing short carbon fibers were melted
and overmolded on unidirectional carbon fibers, which act as the core of the composite structure.
Four factors were varied in this study: fiber pretension applied to unidirectional fibers, injection
pressure, melting temperature, and backpressure used for melting and injecting the composite pellet.
This study aimed to evaluate the effect of these factors on fiber volume fraction, flexural strength,
and impact strength of the hybrid composite. The relationship between factors and responses
was analyzed using Box-Behnken Response Surface Methodology (RSM) and analysis of variance
(ANOVA). Each aspect was divided into three levels. There were 27 experimental runs carried out,
with three replicated center points. The results showed that the injection molding process parameters
had no significant effect on the fiber’s volume fraction. On the other hand, melting temperature and
fiber pretension significantly affected impact strength and flexural strength.

Keywords: fiber pretension; injection overmolding; hybrid fiber; Box-Behnken design; flexural
properties; impact properties

1. Introduction

Structural composites with a thermoplastic matrix can be formed by reinforcing short
fibers or continuous fibers. Short fibers are more widely used as reinforcement due to the
short processing time and ease of fabrication in complex shapes [1]. Short fibers play a role
in resisting impact loads but have structural irregularities that make it challenging to meet
the need for other mechanical properties such as tensile and flexural properties. Continuous
fiber reinforcement is closely associated with tensile and flexural strength. Hybridization
of discontinuous and continuous fiber reinforcement is essential for structural composites
subjected to a combination of loading conditions [2,3].

Hybrid fiber reinforced thermoplastic composites can be made by the overmolding
method, which is a development of the injection molding technique suitable for mass
production. The heterogeneous interface between continuous fibers and short fibers rein-
forcement in the hybrid structure is formed when the short fiber reinforced pellet is melted
and injected against a continuous fiber composite surface during the overmolding process.
Commonly, hybridization by the overmolding method is carried out in two steps. The first
step is the fabrication of a continuous fibrous composite layer by compression molding or
thermoforming. This layer is then placed in an injection mold and overmolded by melted
resin, which carries short fibers to cover the surface of the first layer [4,5]. The two-stage
overmolding process raises several problems, such as long cycle times, residual stresses on
each component, the need for groove design between components, and the possibility of
deformation of the first component due to injection pressure of the second component [6].
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The injection process parameters govern the flow of plastic melt containing short fiber
into the mold. The processing parameters determine the fiber’s orientation, length after
filling, and fiber content flowing into the cavity [7]. The process parameters set include
injection pressure, cylinder heating temperature, holding pressure and time, cooling tem-
perature and time, injection speed, and back pressure [8]. Setting high barrel temperature
and high injection pressure is favourable for plastic melt to flow into the cavity and carry
a more significant number of short fibers. The injection pressure must be appropriately
adjusted so that no damage occurs on the fibers. The settings for barrel temperature depend
on the material of the matrix resin. Higher barrel temperatures can reduce the viscosity
of the melt; it helps the melt penetrate the first overmolding component easier. However,
setting temperatures that exceed the limit can cause resin degradation. Backpressure at the
plasticization stage functions to increase the mixing effect of short fiber composites; this
parameter is expected to increase the distribution of short fibers. Backpressure can posi-
tively influence the impact properties of the composite but, on the other hand, can trigger
resin degradation and fiber damage [9]. Backpressure and barrel temperature were also
reported to have significant variance on impact strength due to the ease of fiber distribution.
For short fiber-continuous fiber hybrid composite products, optimizing the processing
parameters is an important issue for obtaining high flexural and impact properties and
short fiber content in the product.

For the continuous fibers reinforced composite, its structural strength analysis often
assumes that the fibers are in a straight state, while the condition of wavy fibers can
occur. This assumption can cause misprediction in evaluating the compressive properties
of unidirectional fiber composites [10]. The two most common causes of waviness are
residual stresses caused by resin solidification and local buckling of fibers throughout
processing. Several tests with three-point bending showed that fiber waviness reduces
the flexural strength of the composite; flexural strength is a function of amplitude and
wavelength of fiber’s waviness [11]. A composite beam exhibits compressive stresses on
the load side and suffers tensile stresses on the other side when subjected to bending. The
compressive/tensile strength ratio in structural composites requires the development of
pretension in which the initial stress is applied to the structural reinforcement in order to
optimize its performance and strength. Pretension on the reinforcement can increase the
compressive strength and minimize the tensile effect on the other side [12,13]. Applying
pretension on fibers and maintaining the condition throughout the solidification process
minimizes fiber misalignment in composites [14].

Regarding impact loads, most studies do not consider the application of pretension to
composites before impact [15]. There has been little research into the effect of impact load-
ing on composite pre-tensioning, especially with respect to composites manufactured by
the injection molding method. This condition cannot describe the actual load condition ex-
perienced by the composite during its service life. Pickett et al. [16] proved that preloading
of composites had a significant effect on the impact response, while Whittingham et al. [17]
stated that prestress did not affect the impact behavior of composites. In structural compos-
ites, pre-tensioning can be carried out by placing fibers in the mold and pulling with high
tensile forces before resin is injected [18]. However, fiber pretension is typically applied
to filament winding and pultrusion processes. In manufacturing structural composites
using the injection molding method, fiber pretension has not been carried out. A suitable
pretension methodology is required for the injection molding to produce a uniform fiber
prestress and maintain it throughout the solidification process.

In this study, hybrid fiber-reinforced polypropylene composites were made by using
the injection overmolding method. The composite comprises unidirectional carbon fiber
and is overmolded by a polypropylene pellet containing short carbon fiber. The various
injection process parameters for injecting short fiber pellets include melting temperature,
injection pressure, and backpressure. In unidirectional fiber, pretension is provided before
overmolding. The mold was designed so that the unidirectional carbon fiber is in an
asymmetrical position with respect to the neutral axis of the specimen’s cross section.
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Each parameter factor is divided into three levels: low, medium, and high. This research
study aims to determine the effect of process parameters on the flexural and impact
properties of the composite and to obtain a combination of processing parameters that
can produce maximum flexural properties, impact properties, and fiber volume fraction.
The relationship between processing factors and responses was analyzed by using the
Box-Behnken Design-Response Surface Method and ANOVA.

2. Experimental
2.1. Fiber Pretension Principle

Several methods have been developed for fiber pre-tensioning, including the dead
load method [19], V-slot mechanical tightening method [20], filament winding, hydraulic
cylinder prestress rig [21], and horizontal pulling machine [22]. The latter method was
used in this study with some modifications when assembled on an overmold.

Principally, prestressed unidirectional fiber composites can be made by applying a
preload to unidirectional fiber before plastic melt injection. The preload is maintained
until the plastic melt solidifies completely, after which the load is released. Preload release
causes elastic contraction of the fibers and releases residual tensile stresses from the matrix
due to solidification. However, this condition can induce compressive stress with respect
to the matrix that contains short fibers. The principle of the fiber pretension condition is
shown in Figure 1. Compressive stress in the matrix will inhibit crack formation through
the matrix, preventing the formation of matrix cracks in the composite and enhancing the
mechanical properties of high content-matrix composites [14].

Pretensioned UD fiber bundle Plastic melt
= - — S S s S~ ~ — ~
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NS s~ AN \\\‘-/\///\/;\,'?-.\ ;: /\/
na———————————————————————————————————
[ < — ) [
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o= R e e e e

Short fibers

Matrix tensile residual stress Solidified plastic

Compressive stress

Figure 1. Schematic illustration of the fiber pretension condition.

Based on a rule of mixtures, the effect of fiber pretension on matrix residual stresses in
composites can be theoretically predicted [21]. The theory uses the following assumptions:
(1) ideal fiber /matrix bonding, (2) the fiber and matrix are isotropic linear elastic materials,
and (3) the properties of the matrix and fiber are temperature independent. In the matrix,
the final residual strain is defined by the following:

—0p X Vf
&= ——F———+ AT.[XH (1)
En

where 0y, is the given fiber pretension, Vy is the fiber volume fraction, Eq; is the compos-
ite Young’s modulus in the fiber orientation, o1 is the thermal expansion coefficient of
composite in the fiber direction, and AT is the temperature difference. From the point of
view of the research variables, the equation shows that residual strain can be reduced by
increasing fiber pretension and reducing the matrix’s temperature difference.
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Mostafa et al. [23] developed equations to determine residual stresses in the con-
stituents of fiber pre-tensioned composites. Equation (2) is used to calculate the residual
stress of fiber, and Equation (3) is used for calculating the residual stress of the matrix:

)T ?
o = ot X op ©)]

(z) + (57')

where Ef is the fiber’s elastic modulus, and E,; is the matrix’s elastic modulus. These equa-
tions can be used only for a composite system with 0 < V; < 1. According to the two equa-
tions above, residual stress is strongly influenced by pretension and fiber volume fraction.

When a flexural load is applied to a pre-tensioned composite, the tensile residual
stress in the fibers must proceed to zero before subjecting a flexural load. This condition is
expected to increase the compressive strength of the composite.

2.2. Materials

The matrix material comprises Cosmoplene AW564 high impact polypropylene copoly-
mer, produced under license by Sumitomo Chemical Co., Tokyo, Japan. It has the properties
of medium flow, high stiffness, and high impact copolymer grade [24]. Both short fiber
and unidirectional fiber reinforcement used carbon fiber T700SC 12K [25], made by Toray,
Tokyo, Japan. Liquid nitrogen was used for unidirectional carbon fiber surface treatment.
Table 1 shows the properties of the involved materials.

Table 1. Material properties.

Material Properties Values
Filament diameter (ium) 7
Carbon fiber (T700SC 12K) Density (g/cm?) 1.8
Tensile strength (Mpa) 4900
Density (g/ cm?) 0.9
Cylinder temperature (°C) 190-230
Cosmoplene AW564-PP Tensile strength at yield (Mpa) 27.5
Tensile strength at break (Mpa) 23
Melt Flow Index (g/10 min) 10
Boiling point (°C) —196
Liquid nitrogen Density, Liquid @ BP, 1 atm (Kg/m?) 808.5
Specific Gravity, Liquid (water = 1) @ 20 °C, 1 atm 0.808

2.3. Preparation of Hybrid Overmolded Specimens

Figure 2 shows the production steps of hybrid fiber overmolded composite. The
extrusion—pultrusion method was used to produce carbon fiber reinforced polypropylene
filament [26]. This process was able to produce composite filaments with an average fiber
volume fraction of 16.2%. The short fiber pellets were cut out of the filament with a cutting
length of 2-3 mm. The pellet was fed through the hopper of the injection molding machine;
then, by rotating the screw, the pellet was plasticized and transported to the nozzle. The
screw rotation then stopped, and the melted matrix containing short fiber was injected
into the mold and overmolded onto the pre-tensioned unidirectional fiber. Three injection
parameters varied, and they are listed as follows: injection pressure, melting temperature,
and backpressure. The hydraulic injection pressure varied by 100 bar, 120 bar, and 140 bar,
respectively. In this case, injection pressure is measured from the hydraulic pressure that
moves the screw from the rear side. The melting temperature was adjusted according to
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the plastic manufacturer’s recommendation and varied by 190 °C, 210 °C, and 230 °C. At a
defined screw rotation of 40 rpm, the backpressure varied from 5 bar, 10 bar, and 15 bar [9].
Several other process parameters were set constant, as shown in Table 2.

PP Pellets Heating bands

l Cooling bath
LN N
] 7/ 7/ [ /]

Extrusion-pultrusion

T
M~

Screw

Spreader pins Puller
Carbon fiber

Short carbon fiber
pellets

Overmold Heating bands l

Nozzle
LW Y L WEAY j/ Hydrauli
y ydraulic
X NN NN | L

Injection Molding

Flexural test specimen
S
e

Impact test specimen

Hybrid fiber composite

Figure 2. Production steps of hybrid fiber overmolded composite.

Table 2. Non-variable parameter setting.

Parameters Values Unit
Charging time 3.5 s
Shot size 83 mm
Injection speed 80 mm/s
Filling time 0.6 s
Velocity Transfer Pressure 35 mm
Packing pressure 70 bar
Screw speed 40 rpm
Packing time 5 S
Cooling temperature 40 °C
Cooling time 15 s

Carbon fiber was cut to 350 mm to allow sufficient passage for pretension clamping for
unidirectional reinforcement. Both short and unidirectional fibers had been surface treated
with liquid nitrogen for 10 min to improve fibers and matrix bonding properties. Surface
treatment of carbon fiber with liquid nitrogen had been proven to produce high interfacial
shear strength (IFSS) of carbon fiber-reinforced polypropylene [27]. The unidirectional
fiber was mounted on a mold equipped with a pretension device, as shown in Figure 3.
The mold was mounted on a 70-ton clamping capacity Meiki injection molding machine.
One end of the fiber was clamped on the clamp, while the other end was pulled with
varying tension: 8%, 21%, and 33% of the ultimate strength of fiber, respectively [23,28].
Pretension is obtained by static loading, since the cross-section area of the carbon fiber
bundle is 7 mm x 7 um = 0.049 mm?; then, the load applied to the fiber was 20 N, 50 N,
and 80 N, respectively.
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UD Carbon fiber

Pretensioning device

Overmold

Clamping device
Figure 3. Overmolding device.

Four factors were divided into three levels (low, middle, and high), as displayed
in Table 3. Melting temperature, injection pressure, and back pressure are controllable
injection parameters that govern the flow behavior of the matrix containing short fiber,
while pretension influences the role of unidirectional fiber. These factors and levels are
arranged in the experimental design, as shown in Table 4. The experimental design was
carried out with 27 trials, and each trial comprised five repetitions. In general, a complete
combination of four factors and three levels will require 3* trials or equal to 81 trials.
When all possible combinations of the levels and the factors are investigated, it is called
a full factorial experiment. There is a possibility to reduce the number of trials by using
a fractional factorial experiment. Table 4 lists the design of the experiment determined
by the Box-Behnken Design. This model calculated 27 experimental runs consisting of
24 distinct runs and three replications (centre point). The centre point consists of the
middle level of each factor; it appears three times in Table 4. Adding a few centre points in
the experimental design can increase the probability of detecting significant factors and
estimate the variability (or pure error). The group of experiments are generated randomly
with the help of statistical software (Design-Expert 11 from Stat-Ease Inc., Minneapolis,
MN, USA).

Table 3. Processing factors and levels.

Actual Level

Factors Coding
Low (—1) Middle (0) High (+1)
Melting temperature (°C) A 190 210 230
Injection pressure (bar) B 100 120 140
Backpressure (bar) C 5 10 15
Fiber Pre-tension (N) D 20 50 80

2.4. Characterization

A four-point bending test was performed on a Zwick/Roell Z20 Proline universal
test machine to evaluate the flexural properties of composites. The four-point bending
method is more suitable for non-homogeneous materials such as composites. Here, the
maximum flexural stress was distributed throughout the beam section between the loading
points. Stress concentration in a four-point test is relatively low and shared over a larger
area, restricting premature failure. In contrast, the maximum bend stress occurs beneath
the loading pressure bar in three-point flexural bending tests. The stress concentration in a
three-point test is narrow and focused beneath the loading point’s center. Additionally, a
three-point test works best when the material is homogeneous, such as plastic.
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Table 4. Experimental design.
Code Actual
Run

A B C D A B C D

1 1 1 0 0 230 140 10 50
2 0 0 0 0 210 120 10 50
3 0 0 0 0 210 120 10 50
4 0 1 0 -1 210 140 10 20
5 -1 0 0 1 190 120 10 80
6 0 0 1 -1 210 120 15 20
7 0 -1 -1 0 210 100 5 50
8 1 0 1 0 230 120 15 50
9 -1 0 0 -1 190 120 10 20
10 0 0 0 0 210 120 10 50
11 1 0 0 -1 230 120 10 20
12 -1 1 0 0 190 140 10 50
13 1 0 -1 0 230 120 5 50
14 0 0 -1 1 210 120 5 80
15 0 1 0 1 210 140 10 80
16 0 1 1 0 210 140 15 50
17 1 -1 0 0 230 100 10 50
18 0 -1 0 -1 210 100 10 20
19 0 0 1 1 210 120 15 80
20 0 1 -1 0 210 140 5 50
21 -1 -1 0 0 190 100 10 50
22 0 -1 1 0 210 100 15 50
23 0 0 -1 -1 210 120 5 20
24 -1 0 -1 0 190 120 5 50
25 -1 0 1 0 190 120 15 50
26 0 -1 0 1 210 100 10 80
27 1 0 0 1 230 120 10 80

Test configuration was set up according to ISO 178. The test was carried out with
a crosshead rate of 2 mm/min [29]. Due to the fact that the thickness of the specimen
was 5.5 mm, the standard length of the specimen was 100 mm, and the span length was
88 mm [30]. Thickness was designed to be higher than that of standard specimens to
allow for significant surface strains at relatively small deflections [31]. Under bending,
the unidirectional fiber was positioned close to the bottom side with an offset “a” from
the neutral axis because of reduced compressive modulus, as shown in Figure 4. When
the unidirectional reinforcement is precisely placed on the neutral axis, the maximum
compressive strain (top surface) is greater than the maximum tensile strain (bottom surface);
as a result, the maximum tensile stress is lower than the maximum compressive stress.
Micro buckling and compressive failure may occur due to increased compressive strain,
particularly in thick specimens [32].

Impact properties were characterized according to Charpy flatwise ISO 179 using a
GOTECH impact tester with a standard rate of 3.46 m/s. Impact strength (kJ/ m?) was
calculated by dividing impact energy by the width of the specimens. Both tests were
carried out at a temperature of 23 °C and relative humidity (RH) of approximately 50%.
For each trial, at least five identical specimens were examined, and average values were
recorded. The configuration of testing is described in Figure 5.

Fiber volume fraction was determined by burning the composite in a heating furnace at
600 °C. At that temperature, the matrix resin can be removed entirely, and the fibers remain.
The test samples obtained from the dumbell specimen were conditioned at 23 °C and RH
of 50% for 24 h before performing the burning process. Before burning the matrix, the
composite was weighed, and by Formula (2), the density of the composite can be calculated.
The matrix resin generally burned out in 90 min, followed by char; as a byproduct of the
burning resin, it lost its weight at around 30 min. Finally, only carbon fiber remained [33].
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The mass fraction of carbon fiber was calculated by dividing the weight of the remaining
carbon fiber and the total weight of the composite. The volume fraction of carbon fiber can
be calculated using the known density and the mass fraction of carbon fiber.

29

UD fiber

88

Figure 4. The four bending test setups with an asymmetric UD fiber position.

UD fiber

Impact direction

Figure 5. Impact test configuration.

Scanning electron microscopy (SEM) was used to observe the fracture surface, fiber
waviness, and the interface layer of the specimens. SEM analysis was performed using a
JIB-4610F field emission SEM (JEOL Ltd., Tokyo, Japan). It is a simple, out-of-lens scanning
electron microscope (SEM) with a Schottky electron gun proficient in significant current
processing (maximum ion current 90 nA) mounted in a single chamber. Prior to the
measurements, the specimens were sputtered with a gold/palladium layer.

3. Results and Discussion
3.1. Responses

The overmolding process of polypropylene pellets containing short carbon fibers
against pre-tensioned unidirectional carbon fibers resulted in a multipurpose specimen, as
shown in Figure 6.

The runner system, especially the gate design, governs the matrix flow that carries
the short carbon fibers into the mold. The flow orientation of the matrix can affect the
positional stability of the unidirectional carbon fiber. The position of the UD carbon fiber
must be ensured to be in the middle of the specimen’s cross section and not shifted due to
matrix pressure during overmolding; for this reason, confirmation of gate design using
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Moldflow simulation was carried out. Figure 7 shows the tensor orientation of the short
fibers directed by the flow matrix. Gate design can direct short fibers so that they are
oriented parallel to the unidirectional fibers.

Runner system

UD carbon fiber

Figure 6. Overmolding product.

Figure 7. Fiber orientation tensor.

The experimental results in Figure 8 showed that the sixth run with a melting temper-
ature of 210 °C, injection pressure of 120 bar, backpressure of 15 bar, and fiber pretension
of 20 N produced the highest volume fraction 14.87%. The highest impact strength of
182.72 k] /m? resulted from the 27th run at a combination of melting temperature parame-
ters of 230 °C, injection pressure of 120 bar, backpressure of 10 bar, and fiber pretension of
80 N. The second run with a combination of melt temperature parameters 210 °C, injection
pressure 120 bar, backpressure 10 bar, and fiber pretension 50 N can produce the highest
flexural strength of 73.32 Mpa after being tested with the four-point bending test. However,
further analysis is required to observe the relationship between the four-parameter factors
and the three targeted responses. It is essential to obtain factors that significantly affect the
response and to obtain the prediction parameters that can produce higher results.

3.2. Analysis of Fiber Volume Fraction

Table 5 demonstrates the analysis of variance for fiber volume fraction. The linear
equation model built from the four-parameter factors was not significantly related to the
fiber volume fraction. This fact is shown by the Model F-value of 0.60; there is a 66.52%
chance that F-value could occur due to noise. Each factor also cannot significantly affect
fiber volume fraction, proven by the values of “Prob > F” greater than 0.1000.

Figure 9 shows the effect of all factors on fiber volume fraction. Factors likely to affect
the fiber volume fraction were melt temperature, injection pressure, and backpressure.
Those three parameters were assumed to ease plastic melt to carry the short fibers into
the mold. However, it can be observed that the curve of melting temperature versus fiber
volume fraction forms a flat line, while other factors produce a volume fraction difference
of only 0.1 to 0.2% from low factor level to high factor level. Thus, it can be stated that
these factors do not affect fiber volume fraction. From the results of 27 trials, the average
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value of the fiber volume fraction is 14.36%, which is decreased by 1.84% compared to the
fiber volume fraction of pellet raw material.
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Figure 8. Experimental results: (a) fiber volume fraction; (b) impact strenght; and (c) flexural strength.

Table 5. ANOVA for fiber volume fraction.

Source Sum of df Mean F-Value p-Value Note
Squares Square Prob > F
Model 0.21 4 0.053 0.60 0.6652 _ hot
significant
A-Melt 1919 x 1073 1 1919x 103  0.022 0.8845
temperature
B-Injection 0.017 1 0.017 0.19 0.6707
pressure
C-Back pressure 0.090 1 0.090 1.01 0.3253
D-Fiber 0.11 1 0.11 1.19 0.2874
pretension
Residual 1.95 22 0.089
Lack of Fit 1.92 20 0.096 5.78 0.1575 _ not
significant
Pure Error 0.033 2 0.017
Cor Total 217 26

Further research is needed to observe the possibility of increasing fiber volume fraction
at the same level as pellet raw material. The setting of the matrix melting temperature
follows recommendations from the material’s supplier; an increase in temperature can
cause matrix degradation. Thus, the opportunity for parameter improvement is related to
injection pressure and backpressure.
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Figure 9. Effect of all factors on fiber volume fraction: (A) melt temperature; (B) injection pressure;
(C) backpressure; and (D) fiber pretension.

3.3. Analysis of Impact Strength

The model’s F-value of 3.59 indicates that it is significant. An F-value this large could

occur due to noise only 2.12%. The model terms are significant, proved by the “Prob > F”
values less than 0.0500. Here, the significant model terms are melted temperature and fiber
pretension. The “Lack of Fit F-value” of 0.26 reflects that the Lack of Fit is insignificant
compared to pure error. A “Lack of Fit F-value” of this magnitude has a 96.04% chance of
occurrence due to noise. Non-significant lack of fit is desirable; it proves that the model is
fit. Table 6 shows the initial ANOVA for impact strength.

The “Pred R-Squared” of 0.1429 is in close approximation with the “Adj R-Squared”
of 0.2851; the difference is less than 0.2. The signal-to-noise ratio is measured by “Adeq
Precision.” It is preferable to have a ratio greater than four. The signal is adequate, as
indicated by the ratio of 6.838. This model can be used to guide the design space. The
relationship between model-forming factors and impact strength response, in terms of
actual factors, can be expressed in the following mathematical equation:

Impact strength = —21.707 + 0.66352 A + 6.208 x 1073 B — 1.238 C +0.454 D 4)
where A is melt temperature, B is injection pressure, C is backpressure, and D is the fiber
pretension. This equation can be interpreted as all factors except back pressure having a
positive effect on impact strength. Here, melting temperature and fiber pretension have a
significant effect on impact strength.
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Table 6. Initial ANOVA for impact strength.
Sum of Mean p-Value
Source Squares df Square F-Value Prob > F Note
Model 4796.90 4 1199.23 3.59 0.0212 significant
A-Melt temperature 2113.25 1 2113.25 6.33 0.0197 significant
B-Injection pressure 0.19 1 0.19 5.541 x 1074 0.9814
C-Back pressure 459.81 1 459.81 1.38 0.2531
D-Fiber pretension 2223.66 1 2223.66 6.66 0.0171 significant
Residual 7345.45 22 333.88
Lack of Fit 531892 20  265.95 0.26 0.9604 . not
significant
Pure Error 2026.53 2 1013.27
Cor Total 12,142.35 26
Pred R-Squared 0.1429
Adj R-Squared 0.2851
Adeq Precision 6.838

The model’s compatibility with the actual system must be investigated to verify that
the model gives an accurate estimate. One of the diagnostic tools that can be used to prove
the adequacy of the model is a normal probability plot. Figure 10a displays the normal
probability plot of the residuals for the impact strength. As can be seen, the points follow a
straight line, so in this case, the residuals follow a normal distribution. The plot of residuals
versus the experimental run in Figure 10b shows a random scatter. Residuals in run 1 and
run 2 are higher than others but still below the limit, close to the lurking variables that may
have influenced the response during the experiment.
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Figure 10. Diagnostic plots for impact strength response: (a) normal probability; (b) residuals vs run.

The influence of each factor individually on impact strength is shown in Figure 11. The
graph shows that the increase in melting temperature and fiber pretension affects increasing
impact strength, while changes in injection pressure do not affect impact strength. In impact
testing, short fibres orientation play a significant role in resisting collisions. In this study, the
given injection pressure range did not give a different effect on the short fibre orientation.
The fibre orientation has not yet reached the final stage when the injection pressure is
applied. Several studies have found that orientation changes can occur after a cavity has
been filled and during the post filling stage of the injection moulding process. In this
case, the packing pressure determines the fibre’s final orientation [34,35]. With these facts,
modifications were made to the ANOVA by eliminating the injection pressure from the
factors that make up the model, as shown in Table 7. With the elimination of injection
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pressure, the significance of the model becomes better, indicated by the smaller p-value

and higher “Adeq Precision” value.
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Figure 11. Influence of individual factor on the impact strength: (A) melt temperature; (B) injection
pressure; (C) backpressure; and (D) fiber pretension.

Table 7. ANOVA modified term for impact strength.

Sum of Mean -Value
Source Squares df Square F-Value Ip’,rob >F Note
Model 4796.72 3 1598.91 5.01 0.0081 significant
A-Melt temperature 2113.25 1 2113.25 6.62 0.0170 significant
C-Back pressure 459.81 1 459.81 1.44 0.2424
D-Fiber pretension 2223.66 1 2223.66 6.96 0.0147 significant
Residual 7345.63 23 319.38
Lack of Fit 5319.10 21 253.29 0.25 0.9663 | not
significant
Pure Error 2026.53 2 1013.27
Cor Total 12,142.35 26
Pred R-Squared 0.2190
Adj R-Squared 0.3161
Adeq Precision 7.816
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The relationship between impact strength and parameter factors after ANOVA modi-
fication is mathematically shown in Equation (5). Backpressure shows a negative effect;
increasing backpressure will decrease the impact strength’s value.

Impact strength (modified) = —20.962 + 0.664 A — 1.238 C + 0.453 D 5)

By considering the effect of each factor (as described in Figure 8) and using Equation (5),
an optimum impact strength value of 168.03 k] /m? was predicted to be obtained from
a combination of parameters: melting temperature 230 °C, injection pressure 120 bar,
backpressure 10 bar, and fiber pretension 80 N. The value of the predicted result is lower
than the highest experimental result, but it is still higher than the others.

3.4. Analysis of Flexural Strength

The response of the four-point bending test results in the range of 59.86 Mpa to
73.32 Mpa, with a maximum to minimum ratio of 1.225. The relationship between factors
and responses can be displayed in a second-order polynomial model. Table 8 is the ANOVA
for the flexural strength response in a quadratic model.

Table 8. ANOVA for flexural strength.

Sum of Mean -Value
Source Squares df Square F-Value I”jrob >F Note
Model 194.27 14 13.88 4.09 0.0096 significant
A-Melt temperature 48.52 1 48.52 14.31 0.0026 significant
B-Injection pressure 10.09 1 10.09 2.98 0.1102
C-Back pressure 0.43 1 0.43 0.13 0.7277
D-Fiber pretension 0.039 1 0.039 0.012 0.9158
AB 0.10 1 0.10 0.030 0.8649
AC 3.25 1 3.25 0.96 0.3469
AD 21.09 1 21.09 6.22 0.0282 significant
BC 17.33 1 17.33 5.11 0.0431 significant
BD 3.83 1 3.83 1.13 0.3086
CD 0.77 1 0.77 0.23 0.6416
A2 48.32 1 48.32 14.25 0.0026 significant
B2 1.99 1 1.99 0.59 0.4588
2 8.50 1 8.50 2.51 0.1393
D? 61.19 1 61.19 18.05 0.0011 significant
Residual 40.68 12 3.39
Lack of Fit 29.59 10 2.96 0.53 0.7963 | hot
significant
Pure Error 11.09 2 5.54
Cor Total 234.95 26

A significant p-value (<0.05) is shown in the model terms A, AD, BC, A2 and D?. The
scatterplot of the prediction errors is plotted in two ways, as shown in Figure 12. The error
in each run lies close to the normal line, indicating that the data are normally distributed,
and the errors in the prediction of response are minimal since they are very close to the
diagonal line. Furthermore, the plot of the residuals versus the experimental run order
shows a random scatter that provides insurance against trends ruining the analysis.

Figure 13 describes the effect of each factor on flexural strength response. It can be
observed that the relationship between factors and responses forms a quadratic curve.
Considering the influence of each factor individually, the maximum flexural strength
value can be achieved at a melt temperature of 215 °C, the injection pressure of 140 bar,
backpressure of 5 bar, and fibre pretension of 35 N, respectively. However, if these factors
are applied in combination, the model from ANOVA should be used as a reference.
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With ANOVA, the relationship between flexural strength and parameter factors can
be obtained and expressed mathematically with Equation (6). The equation is in terms of
actual factors, and it can be used to make predictions about the flexural strength for given
levels of each factor.

Flexural strength = —339.06 + 3.494 A + 0.038 B + 0.513 C + 1.015D +
4.00 x 1074 AB — 9.0125 x 103 AC — 3.82708 x 10~3 AD + 0.0208 BC + 6
1.63125 x 1073 BD — 2.93056 x 1073 CD — 7.525 x 1073 AZ — ©)
1.52552 x 1073 B% — 0.050 C2 — 3.76366 x 103 D?

From the equation above, the predictive optimum flexural strength of 71.3 Mpa can be
obtained with a combination of parameters: melting temperature 210 °C, injection pressure
120 bar, backpressure 10 bar, and fiber pretension 50 N. The calculated result had a very
relative value with the experimental result at the same factor combination.

3.5. Optimizing All Responses

Each target response has been characterized by RSM analysis by varying four factors
and three levels. For optimization reasons, it was essential to gain the hybrid composite’s
specific target value simultaneously. The target value was 14.5% fiber volume fraction,
150 kJ/m? of impact strength, and 73 Mpa of flexural strength. The desirability function is
a powerful method for simultaneous optimization of multiple responses; it ranges from
0 (outside the limits) to 1 (optimal performance). Desirability function optimization for
all responses is obtained by normalizing each response parameter into an individual
desirability function d; with equations [36].

F, — Fy;
d. — i min ] 7
? l:Fmax - Pmin ( )
I —1I.:
dr — i min ] 8
! [Imux - Imz'n ( )

OFi — OFmin
dp = [ 9)
OFmax — YFmin

1
Dp = (A5 x dj? x apis) o) (10)

dy, dr, and dr are the individual desirability function for fiber volume fraction, impact
strength, and flexural strength, respectively, and Dr is a desirability function optimization
for all responses. Ijax and o pp,y are the maximum values of impact strength and flexural
strength, while I,,,;, and oy, are the minimum values of impact strength and flexural
strength, respectively. In addition, w;, w,, and w3 are the weightings of importance for
fiber volume fraction, impact strength, and flexural strength, respectively. In this case,
the weighting for both responses is equal. Table 9 describes the corresponding values for
calculating the desirability function, and Figure 14 displays the desirability chart resulting
from the calculation. Both individual and combined desirability functions are found to
be close to the optimum condition of one. This fact shows that the hybrid carbon fiber
polypropylene composite is well optimized.

Combined desirability to obtain multiple responses is 0.811 with the following factor
combination: melt temperature of 223 °C, the injection pressure of 140 bar, the backpressure
of 10.7 bar, and fiber pretension of 65.82 N, respectively. As observed in Figure 15, by
applying those parameter combinations, the optimum value can be obtained as follows:
fiber volume fraction of 14.45%, impact strength of 143.58 k] /m?, and flexural strength of
70.67 Mpa below the target value. The selection of parameter combinations depends on the
response achieved: individual responses or multiple responses.
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Table 9. Determination of desirability functions.
Factors or .. A Lower Upper
Responses Goal Lower Limit  Upper Limit Weight Weight Importance Target
Melt In range 190 230 1 1 3
temperature
Injection In range 100 140 1 1 3
pressure
Backpressure In range 5 15 1 1 3
Fiber pretension In range 20 80 1 1 3
Fiber volume Maximize 13.72 14.87 1 1 3 14.5
fraction
Impact strength Maximize 98.56 182.717 1 1 3 150
Flexural strength Maximize 59.86 73.32 1 1 3 73
IMelt temperature |

Injection pressure

Back pressure

Fiber pretension

Fiber volume fraction

Impact strength

Flexural strength 0.822778

Combined 0.811331

| | | I
000 0250 0500 0.750 1.000

Figure 14. Desirability function.

3.6. Morphology of Hybrid Fiber Polypropylene Composite

A micrograph of the composite’s longitudinal cross section is shown to determine
the difference in morphological conditions of unidirectional fiber with fiber pretension
and without pretension treatment when processed in overmold, as shown in Figure 16. In
specimens without pretension, injection pressure does not affect the orientation stability
of the UD fibers in the skin layer position. The injection pressure induces the matrix to
enter mold experience flow resistance on the sidewalls of the mold and pushes the UD
fiber from the fiber core, causing fiber misalignment in the core. In the case of UD fibers
that experience pretension, the matrix’s pressure towards the center of the UD fiber can be
resisted by the stretched fiber; thus, the orientation of the UD fiber can be maintained both
in the skin layer and in the core. The condition of fiber pretension is shown in more detail
by SEM in Figure 17. The stretching of the fiber also makes it difficult for the PP matrix
to penetrate between fiber gaps; some gaps are not filled with the matrix. The short fiber
content in the matrix further complicates this condition. Changes in the orientation of the
UD fiber affect its contribution in receiving both impact and flexural loads. The result of
flexural and impact testing for specimens without pretension treatment on UD fibers are
56 Mpa for flexural strength and 60.03 k] /m? for impact strength.
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Figure 15. Optimized responses prediction: (a) desirability; (b) fiber volume fraction; (c) impact
strength; and (d) flexural strength.

The condition of the longitudinal section undergoing four-point bending test of the
specimen with high and low flexural strength values is shown in Figure 18. The scanning
electron microscope depicts several modes of damage such as voids, interfacial debond-
ing, and fiber breakage of the fracture surface of the specimen. All bending specimens
experienced permanent deformation but did not fracture due to bending, even though
the compression stroke had reached more than 20 mm. Figure 18a provides a view of
a specimen with low flexural strength; it can be observed that the damage mechanism
is dominated by fiber fracture. The initial crack occurs on the compressive side due to
fiber breakage, the matrix fails before the UD carbon fiber, and the crack propagates until
it reaches the UD fiber, which tends to approach the tensile side, resulting in interfacial
debonding. Some voids also appear in the matrix; low melting temperature in combination
with high injection pressure can trigger this condition. Voids can occur during the cooling
stage due to (1) the difference in cooling rate between the core and the skin of the specimen;
(2) inhibition of matrix consolidation by fibres; and (3) fiber displacement. This condition
can be overcome by a high melting temperatures injected at low pressure. With these
two factors, the temperature difference of the melt can be minimized, and the melt has a
better opportunity to penetrate between the fibres. Temperature is the main factor in the
viscosity of a molten matrix. Low temperatures increase the viscosity of the melted matrix,
and with high injection pressures, it becomes more difficult to penetrate UD fibres [37].
Defects in the matrix can cause stress concentration and reduce the cross section that should
withstand the impact. Composites that contain many voids will be more prone to fracture
because the voids become crack propagation paths. This flexural strength condition was
obtained from confirmation tests on a combination of melting temperature of 190 °C, the
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injection pressure of 120 bar, backpressure of 10 bar, and fiber pretension of 20 N. The low
melting temperature of plastic and fiber pretension contributed to low flexural strengths of
the specimen.

(©) (d)

Figure 16. Longitudinal cross section of (a) non-pre tensioned fiber at skin layer; (b) non-pre tensioned
fiber at the core; (c) pre-tensioned fiber at skin layer; and (d) pre-tensioned fiber at the core.

Figure 17. Micrograph of pretensioned fiber composite.
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Figure 18. Micrograph of the longitudinal cross-section after bending: (a) low flexural strength; (b) high flexural strength.

Figure 18b is the morphological condition of the specimen possessing high flexural
strength. Matrix damage due to compression occurs on the tensile side. Interfacial debond-
ing is experienced by some UD fibers in the interface area. It shifts the location of the
fibers so that they are separated from the matrix. The displacement of the fibers causes the
appearance of voids. Even though the UD fiber bond with the matrix was released in the
compression area, some UD fibers still maintained a proper bond so that they can resist
compression force. This flexural strength was obtained from confirmation tests on a combi-
nation of melting temperature of 223 °C, the injection pressure of 140 bar, backpressure of
10.7 bar, and fiber pretension of 65.82 N. The appropriate melting temperature and fiber
pretension contributed to high flexural strengths.

4. Conclusions

In this study, the injection overmolding process for producing hybrid fiber polypropy-
lene composite was successfully carried out. From the analysis that has been conducted,
several conclusions can be obtained:

e  The injection molding process parameters do not have a significant effect on fiber
volume fraction.

e ANOVA provides a predictive mathematical model that can be used to calculate a
response if factor values are determined.

e  Factors that have a significant effect on impact strength are melt temperature and fiber
pretension, respectively.

e  The maximum impact strength of 168.03 k] /m? can be obtained from a combination
of parameters: melt temperature of 230 °C, injection pressure of 100 bar, backpressure
of 10 bar, and fiber pretension of 50 N.

e  Sequentially, factors that significantly affect flexural strength are melt temperature,
quadratic melt temperature, melt temperature interaction with fiber pretension, and
injection pressure interaction with backpressure.

e  The maximum flexural strength value of 71.3 Mpa can be obtained from a combi-
nation of parameters: melt temperature of 210 °C, the injection pressure of 120 bar,
backpressure of 10 bar, and fiber pretension of 50 N.

e Inorder to optimize the responses simultaneously, individual and combined desirabil-
ity functions were derived. The overall desirability was 0.81, individual desirability
for fiber volume fraction was 0.94, impact strength was 0.73, and flexural strength
was 0.82.

e  Finally, for optimizing multiple responses, the recommended factors are as follows:
melt temperature of 223 °C, the injection pressure of 140 bar, backpressure of 10.7 bar,
and fibre pretension of 65.82 N. The combination of these factors resulted in an
optimum fibre volume fraction of 14.45%, impact strength of 143.58 kJ/m?, and
flexural strength of 70.67 Mpa.
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