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KEYWORDS ABSTRACT

There is an increasing demand for sustainable materials due to the
harm that plastic waste is causing to ecosystems and human health.
An increasing market for high-tech material goods is driving materials
research and development, particularly in the composite industry. The
development of more environmentally friendly and economically
viable materials is now possible due to recent increases in the study of
the more effective commercial material sources available today. The
purpose of this work is to determine the composition of
rHIPS/ABS/sawdust composites and to examine their mechanical
characteristics, notably impact and tensile strength. Standard test
moulds ASTM D638 will be used to prepare the samples, and Box-
Behnken Design (BBD) will be utilised for data analysis. The injection
moulding machine has the following melting temperatures and
cooling times: T1 is 200°C, T2 is 215°C, and T3 is 230°C (16-20
seconds). Three injection pressure levels will change during the
moulding process: 100, 115, and 130 bar. The temperature of the
mould will be maintained between 35°C and 40°C to control the
cooling of the material that has been formed. According to the results,
the maximum tensile strength is 102.6 MPa at 215°C melting
temperature, 115 MPa pressure, and 18 seconds of cooling time. As
for the data on tensile strength, the lowest result is 28.735 MPa at
230 °C for melting, 115 MPa for pressure, and 16 seconds for cooling.
The maximum impact strength measured at 200 °C melting point, 130
MPa pressure, and 18 seconds of cooling time is 4.03 k]/m2. When the
melting temperature is 200 °C, the pressure is 100 MPa, and the
cooling time is 18 seconds, the lowest impact data is 2.76 k] /m2.
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1.0 INTRODUCTION

The production of superior composites that meet specific requirements is challenging because
of their intricate structures and short lifespans of two to three times. Although they can be recycled
due to quality deterioration, waste polymer matrix composites are particularly challenging to
recycle [1]. Important factors in the manufacture of composites include injection pressure, melting
point, and cooling techniques. It is possible to produce composites with better mechanical and
performance attributes by comprehending and optimizing these elements [2]. A range of natural
fibers can be used in injection moulding to reinforce the composite [3].

Plastic injection moulded components are categorized using attribute quality metrics and
variable (e.g., dimensions) [4]. Composites are particularly essential materials for a wide range of
applications in several engineering domains because of their improved mechanical, physical, and
machining properties. When compared to traditional materials, composite materials provide a
number of benefits and superior properties that make them useful in a range of applications [5]. In
order to create high-quality recycled plastics, recycling plastic wastes (PW) requires sorting waste
according to certain physical characteristics, such as the types, colors, and forms of plastic [6][35].
Plastic pollution is a global issue that both developed and developing countries must address since
it has a negative impact on ocean and landfill ecosystems [7]. HIPS is used in several industries, such
as electrical instruments, automotive, and packaging [8].

Low-strength structural application material, high-impact polystyrene (HIPS; polybutadiene
added to polystyrene during polymerization), is widely used for prototyping due to its accessibility,
affordability, ease of manufacturing, machining, paint, and adhesive [10]. ABS is translucent, easily
processed, and suitable for recycling and painting. It is widely used in many different applications,
such as safety helmets, computer and information and communication technology (ICT)
components, toys, electrical appliance housings, automobile body parts, wheel covers, instrument
panels, and interiors, pipelines, and toys [9]. Global wastes from wood processing and exploitation
operations are used to create sawdust materials. Significant attempts have been made over time to
transform these materials into a carbon source that may be used to remediate wastewater [11]. In
order to minimize environmental effects on ecosystems while maintaining technological and
economic viability, the scientific and industrial communities have worked to produce ecological
materials [12][31]. Additionally, it is mostly used as a heating material in homes or is abandoned to
decompose [13]. One such biomass waste ash is sawdust, which has been studied by a number of
researchers for usage as a stand-alone stabilizer, in combination with major binders like cement and
lime, and for pozzolanic strength gain above primary binder stabilization alone [14][15].

To improve filler dispersion and remove moisture from matrices, a coupling agent is utilized. In
addition to improving dimensional stability, a coupling agent can control the moisture content of the
composites that are produced. To improve the connection of composite components, researchers
and manufacturers frequently use commercially available silane compounds [16][17][18]. It has
been researched to add coupling agents, like MAPP, to improve the interfacial adhesion between the
constituents, which improves the mechanical properties and composite performance [19][20][34].
It is widely known that coupling agents, in particular, maleic anhydride-grafted polypropylene
(MAPP), significantly improve the properties of manufactured panels and the bonding between
wood fiber and polymer matrix. Nevertheless, the majority of these coupling agents are hazardous
and costly [21][33][36]. Therefore, the current focus of research is on creating a high-quality
coupling bio-agent for composites made of polymers and natural fibers.

In response surface methodology (RSM), the models are constructing depend on data in
experimental design, describing the link among factors (independent parameters) and response
(dependent parameters) [22]. These models (correlation) are utilized in evaluating the influence of
factors, interactions on response and process optimization. In general, the results are described by
3D plot or by 2-D contour plot. The use of response surface methodology as optimization tool
requires many stages which involve firstly factors chosen, method of experimentation, suitable
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model selection, checking of model adequacy, representation of model by graph and finally
optimization to get optimum condition [23][24]. Box-Behnken design (BBD), a renowned approach
under Response Surface Methodology (RSM), is chosen for process optimization due to its efficiency
and adaptability [38][41]. BBD helps identify main components in a quadratic model, measure
model goodness of fit, and boost experimental efficiency [25]. It reduces the number of
experimental runs and provides insights into the response surface, aiding in finding optimal process
conditions [26].

Tension testing is a material standard acceptance test that is often used to offer essential design
information on the strength of materials. The ASTM D638 standard was used to perform tensile
testing obtained by the injection moulding method [14][30]. Impact strength is a crucial metric in
material science that defines a material's resistance to sudden, high-energy pressures [37].
Polymers, metals, and composite materials respond differently to fast loading due to differences in
molecular organization, crystalline structure, and reinforcing chemicals [32]. Additionally, changes
in processing processes, heat treatments, or alloying elements can significantly alter a material's
ability to absorb and disperse energy upon impact [27]. The ASTM D256 and ISO 180 standards
both recommend the Izod impact test over the Charpy test method [28]. The MFR test uses a closely
defined extrusion plastometer to determine the rate of flow of molten polymer. Higher MFR dilutes
the polymer, reducing processing temperature. The MFI is related to the viscosity of blend and is
defined as the weight of the polymer extruded in 10 minutes through a specific capillary under specific
temperature conditions [29].

2.0 EXPERIMENTAL PROCEDURE

2.1 Preparations of materials

The composite material was mostly composed of two kinds of polymers. First, there is Recycled
High Impact Polystyrene (rHIPS), a thermoplastic material; second, there is Acrylonitrile-Butadiene-
Styrene (ABS). The composite also included natural components in addition to the polymers. As
seen in Figure 1, sawdust was utilised as a natural filler. Maleic anhydride polypropylene, or MAPP,
was used as a coupling agent to improve the adhesion and bonding between the natural filler and
the polymer matrix [39][40].

Recycled polystyrene is combined with different components to create Recycled High Impact
Polystyrene (rHIPS), an eco-friendly composite material. As seen in Figure 1(b), the composite is
crushed eight times during the manufacturing process to obtain a finer uniformity and optimise its
qualities for a variety of applications. Meanwhile, composite materials with better properties are
being made using sawdust, a byproduct of woodworking (Figure 1(c)). This economical and
environmentally safe filler is utilised as reinforcement in many different industries, offering long-
term solutions. To get the right consistency, mixing, sifting, and extrusion are used in the process.
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(c) (d)
Figure 1: Material used for the experiment, (a) ABS, (b) rHIPS, (c) Saw Dust, (d) MAPP

2.2 Parameters and levels for experimental works

The favourable technique for creating plastic components is injection moulding. Three crucial
variables are regulated during the rHIPS/ABS/Saw Dust/MAPP composite injection moulding
process: the melting temperature (200-230°C), the injection pressure (100-130 MPa), and the
cooling duration (16-20 seconds) as shown in Table 1. The composite components' ability to
combine is controlled by the melting temperature prior to injection, and the injection pressure
ensures that the mould is fully filled without any errors. The cooling process aids in the moulded
part's correct solidification and shape retention. For the production of superior composite materials
with respectable mechanical properties that may be applied in numerous industries, it is essential
to appropriately control these characteristics.

Table 1: Injection Moulding Parameters and levels

Parameter Level
Melting Temperature (°C) 200-230
Injection Pressure (MPa) 100-130

Cooling Time (s) 16-20

3.0 RESULTS AND DISCUSSION

3.1 Formulation of Composite

Using twin-screw extrusion machines and the melt flow index (MFI) test, the study evaluated
three formulations. Large blistering occurred during extrusion of the T3 formulation, leading to its
exclusion from additional testing. But when the T1 and T2 formulations were evaluated using MF]I,
the T1 sample had encouraging qualities. This emphasizes how crucial the MFI test is for locating a
viable formulation for more research or use. The composite result formulation is displayed in Table
2.

Table 2: Result of Formulation of Composite for rHIPS/ABS/Saw Dust/MAPP

Sample Composite Coupling Agent Range
rHIPS ABS Saw Dust MAPP
T1 20% 55% 20% 5% Accepted
T2 30% 35% 30% 5% Rejected
T3 40% 20% 35% 5% Rejected
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3.2 Melt Flow Index (MFI)

With an average Melt Flow Rate (MFR) of 7.08 (g/10 min) for all samples in Formula 1, there is
little variation in the composite material. Table 3 demonstrates that Formula 1 has a more
consistent MFI profile with minimal variance in MFR values across its samples, whereas Formula 2
exhibits a little bit more variability due to greater MFR values in samples 2 and 3. Nevertheless,
Formula 2, as displayed in Table 4, yields MFI outcomes that are noticeably more varied, with
individual samples displaying a greater range of MFR values. The MFR values of 8.4 for Samples 2
and 3 in Formula 2 are higher, indicating faster flow rates, possibly as a result of increased fluidity
or ease of flow. All things considered while formulating the composites.

Table 3: Result MFI for Formula 1

Formula 1

Composite Weight (g) MFR (g/10 min)
Sample 1 0.12 7.2
Sample 2 0.12 7.2
Sample 3 0.11 6.6
Sample 4 0.12 7.2
Sample 5 0.12 7.2

Average 7.08

Table 4: Result MFI for Formula 2

Formula 2

Composite Weight (g) MFI (g/10 min)
Sample 1 0.13 7.8
Sample 2 0.14 8.4
Sample 3 0.14 8.4
Sample 4 0.12 7.2
Sample 5 0.11 6.6

Average 7.68

3.3 Mechanical Properties Analysis in RSM Box-Behnken Design (BBD)

Response Surface Methodology (RSM) data from a Box-Behnken design are shown in Table 5 to
investigate the effects of melting temperature, pressure, and cooling duration on mechanical
parameters, namely Tensile Strength and Impact Strength. The information is based on certain
experimental runs in which various elements were adjusted in a methodical manner to see how
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they affected these properties. The measured attributes that correspond to each setting are
displayed in the columns "Tensile Strength (MPa)" and "Impact Strength (k]/m?)", whereas the
columns "Melting Temperature (°C)," "Pressure (MPa)," and "Cooling Time (s)" show the settings for
these parameters in each run. The goal of the analysis is to pinpoint the crucial elements and the
optimal amounts of each that have a substantial impact on the mechanical characteristics being
studied.

The maximum tensile strength value recorded at a melting temperature of 215°C, pressure of
115 MPa, and cooling duration of 18 seconds is 102.6 MPa. Meanwhile, at 230 °C for melting, 115
MPa for pressure, and 16 seconds for cooling, the lowest value of the tensile strength data is 28.735
MPa. The maximum impact strength value reported for a melting temperature of 200 °C, pressure
of 130 MPa, and cooling duration of 18 seconds is 4.03 k]/m2. When the melting temperature is
200 °C, the pressure is 100 MPa, and the cooling time is 18 seconds, the lowest impact data is 2.76
kJ/m2.

Table 5: Experimental result for mechanical properties

Melting Cooling Tensile Impact

Temperature Pressure time strength strength

Std Run (°Q) (MPa) (s) (MPa) (k]/m2)
11 1 215 100 20 42.535 3.585
3 2 200 130 18 46.98 4.03

6 3 230 115 16 28.735 3.2
13 4 215 115 18 102.6 3.46
1 5 200 100 18 42.43 2.76
14 6 215 115 18 47.16 3.14
15 7 215 115 18 47.44 3.33
10 8 215 130 16 70.41 3.645
16 9 215 115 18 44.795 3.01
17 10 215 115 18 31.79 2.82
7 11 200 115 20 48.55 3.33
5 12 200 115 16 76.67 3.27
8 13 230 115 20 43.79 3.135
12 14 215 130 20 52.725 2.825
9 15 215 100 16 41.7 2.82
2 16 230 100 18 79.3 3.2

4 17 230 130 18 54.475 3.01

3.4 ANOVA for Tensile Strength Quadratic Model

The results of a Box-Behnken Design of Analysis are shown in Table 6. This analysis evaluated
the impact of variables (C-Cooling Time, A-Melting Temperature and B-Injection Moulding Pressure)
and their interactions (AB, AC, and BC) on a response variable, mostly mechanical properties. With
an F-value of 0.1732 and a p-value of 0.9909, the "Model" row assesses the overall significance of
the model and indicates that it is not statistically significant at a conventional significance level
(such as 0.05). The significance of each component and how they relate to one another is thus
established. To illustrate, the different factors and their interactions are represented that
correspond to A, B, C, AB, AC, BC, A2, B2, and C2.

The F-values and corresponding p-values show how important each factor or interaction is in
affecting the response variable. For example, a factor or interaction is considered significant if the p-
value is less than a predetermined significance level, which is often 0.05. The "Lack of Fit" row
evaluates how well the model matches the data. It is preferable to have a non-significant lack of fit
(p-value > 0.05), which shows that the model accurately represents the data.
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Table 6: Analysis of variance (ANOVA) for tensile strength

Source Sum of
Squares df Mean Square F-value p-value
Model 1034.19 9 114.91 0.1732 0.9909
A 8.67 1 8.67 0.0131 0.9122
B 43.36 1 43.36 0.0654 0.8056
C 111.86 1 111.86 0.1686 0.6936
AB 215.72 1 215.72 0.3252 0.5863
AC 466.02 1 466.02 0.7024 0.4297
BC 85.75 1 85.75 0.1292 0.7298
A? 1.97 1 1.97 0.003 0.9581
B? 12.5 1 12.5 0.0188 0.8947
c? 90.54 1 90.54 0.1365 0.7227
Residual 4644.01 7 663.43
Lack of Fit 1617.08 3 539.03 0.7123 0.5936
Pure Error 3026.93 4 756.73
Cor Total 5678.2 16

A-Melting Temperature; B-Injection Moulding Pressure; C-Cooling Time

3.5 Surface Plot for Tensile Strength Analysis

To display the trend of change in response within the specified range of input parameters as
well as the impact of each parameter on the other parameters, 2-D and 3-D charts can be made for a
variety of parameter combinations. The interaction between injection moulding pressure, tensile
strength, and melting temperature is depicted in the graph in Figure 2. The predicted tensile
strengths for different combinations of temperature and pressure are shown by the curved surface,
with dots above or below the surface denoting discrepancies between actual measurements and
predictions. The optimal conditions for maximal tensile strength are represented by the surface's
peak, which is around 102.6 MPa.

Tensile Strength (MPa)

112 ~
B: Injection Moulding Pressure (MPa) 106

212

230

206 A: Melting Temperature (*F)

Figure 2: 3D Graph of Tensile Strength Analysis
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Plotting the expected and measured values, the ideal line acts as a reference line. Each
response's measured values are displayed, and the model's accuracy (fitness) is indicated by how
close each value is to the ideal line. If every measured result is in line with or nearly so from the
ideal line, the model generated for each answer is considered correct. The expected and
experimental values are, for the most part, nearly the same, with very slight deviations. The optimal
plot is located at Externally Studentized Residuals: 0.508 and Normal % Probability: 676.6,
according to Figure 3 (a) Normal Residual Plot. In contrast, the optimal plot for 3 (b) Residual vs.
Predicted is Externally Studentized Residuals: 0.51 and Predicted: 45.80.

Normal Plot of Residuals Residuals vs. Predicted
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Figure 3: The surface plot of ANOVA analysis (a) Normal Plot of Residual, (b) Residual vs Predicted

3.6 ANOVA for Impact Strength Quadratic Model

The impact strength study examines the effects of variables on a product's strength using a Box-
Behnken design in response surface methodology (RSM) [34]. The correlations between parameters
A (melting temperature), B (injection moulding pressure), and C (cooling time) and how they affect
strength are shown in Table 7. Interestingly, the model, which consists of these elements and their
combinations, is not significant (p = 0.0929), suggesting that these factors do not impact the overall
degree of the effect.

While the remaining elements and their interactions are not significant, variables AB and BC
alone (p = 0.0183 and p = 0.0127, respectively) show their combined influence on impact strength.
Moreover, the model's lack of fit (p = 0.5838) highlights how well the model represents the
observed data and demonstrates to its reliability. Further investigation into additional elements or
interactions that can enhance this crucial attribute is required in light of the factors' potential
limited influence on the product's impact strength within the examined ranges, as indicated by their
lack of significance.
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Table 7: Impact Strength Analysis (ANOVA)

Source Sum of
Squares df Mean Square F-value p-value
Model 1.44 9 0.1605 2.82 0.0929
A 0.0893 1 0.0893 1.57 0.2508
B 0.1639 1 0.1639 2.88 0.1336
C 0.0004 1 0.0004 0.0079 0.9317
AB 0.5329 1 0.5329 9.36 0.0183
AC 0.0039 1 0.0039 0.0686 0.8009
BC 0.6281 1 0.6281 11.03 0.0127
A? 0.0134 1 0.0134 0.2361 0.6419
B2 0.0073 1 0.0073 0.1274 0.7317
c? 0.0027 1 0.0027 0.0471 0.8343
Residual 0.3986 7 0.0569
Lack of Fit 0.1415 3 0.0472 0.7339 0.5838
Pure Error 0.2571 4 0.0643
Cor Total 1.84 16

A-Melting Temperature; B-Injection Moulding Pressure; C-Cooling Time

3.7 Surface Plot for Impact Strength Analysis

The graph in Figure 4 illustrates how strength is affected by injection moulding pressure and
melting temperature when cooling time remains constant. The predicted impact strength for a
range of melting temperatures and injection pressures is represented by the curved surface. Greater
impact strength is implied by higher positions on the surface. Design points below the surface reveal
lower-than-expected values, while those above the surface show that observed impact strengths
were more than projected. The predicted impact strength for a range of melting temperatures and
injection pressures is represented by the curved surface. Real impact strength readings are
represented by the dots above and below the surface. Measurements that were higher than
expected are indicated by red dots above the surface and lower than expected readings are
indicated by blue dots below it. The predicted impact strength at the optimal melting temperature
and injection pressure is represented by the highest point on the surface, which is approximately
4.03 k] /m>.

Impact Strength (klfm2)

B Injection Moulding Pressure (MPa) 106 A: Melting Temperature ('F)

100 200

Figure 4: 3D Graph of Impact Strength Analysis
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The ideal line serves as a reference line and depicts the measured and expected values. Each
response's measured values are shown, and the model's accuracy (fit) is indicated by how close
each value is to the ideal line. If all of the measured values are in line with or near the ideal line, the
model created for each answer is deemed valid. The expected and experimental values are, for the
most part, nearly the same, with just small variations. The optimal plot is Externally Studentized
Residuals: -0.052 and Normal% Probability: 50.0, as shown in Figure 5 for (a)Normal Residual Plot.
The optimal plot in (b) Residual vs. Predicted is Externally Studentized Residuals: 0.258 and
Predicted: 3.167.

Normal Plot of Residuals Residuals vs. Predicted
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Figure 5: The surface plot of ANOVA analysis (a) Normal Plot of Residual, (b) Residual vs Predicted.

4.0 CONCLUSIONS

The response surface method (RSM) was used in the study to assess mechanical parameters,
which emphasizes the critical roles that variables like melting temperature, injection moulding
pressure, and cooling time have in determining the mechanical properties of those composites. This
highlights the importance of careful formulation evaluation and ongoing research efforts to advance
sustainable composite materials, particularly in the fight against environmental issues related to
plastic waste. Ultimately, the ANOVA results highlight the complexity and significance of further
research in this area by providing unique insights into the subtle effects of individual components
and their interactions on tensile strength and Impact strength within the rHIPS/ABS/sawdust
composite framework. The experimental study that was presented demonstrated how well the
injection moulding method that forms these composites with wood dust is suited for it. The current
study set out to assess the mechanical characteristics of ABS and wood sawdust-reinforced rHIPS in
order to create a composite. The investigations mentioned above lead to the following conclusions:

1) The maximum tensile strength value recorded was 102.6 MPa, with the melting
temperature being 215°C, the pressure being 115 MPa, and the cooling duration being
18 seconds. The data for the lowest value of tensile strength is 28.735 MPa, which is
obtained at 230 °C for melting, 115 MPa for pressure, and 16 seconds for cooling.
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(i) The maximum impact strength data, at 200 °C for melting, 130 MPa for pressure, and 18
seconds for cooling, is 4.03 k] /m2. When the melting temperature is 200 °C, the pressure
is 100 MPa, and the cooling time is 18 seconds, the lowest impact data is 2.76 k]/m2.

(iii)  The current study's findings indicate that, with the right wood sawdust composition, it is
possible to create wood sawdust composites with good mechanical qualities. Wood
sawdust can be utilized in the rHIPS and ABS matrix as reinforcement and filler, which
will lower costs and improve the environment.

(iv) Future studies on moisture absorption in composite materials should examine how
moisture interacts with them over time and how this affects performance, durability,
and structural integrity. This might shed light on the behavior of materials, real-world
uses, and the creation of more durable materials. The optimized composite will be
subjected to mechanical characterization and SEM examination.
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