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ABSTRACT: Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a 

biopolymer known for its biodegradable and non-toxic properties. In this 

study, the PHVB was subjected to various holding times to investigate the 

influence of thermal exposure on the mechanical performance, crystallinity 

and morphology of the PHBV.  The compression pressure of 25 000 psi at the 

optimum temperature of 175 °C was used while the holding time was set to 

18, 23 and 28 minutes. The results indicate that holding time influences the 

formation of pores, uniformity of polymer melting, crystallinity, and tensile 

and flexural properties of the PHVB. The highest tensile strength (22.01 MPa) 

and Young's modulus (4.9 GPa) and flexural strength and modulus at 70.82 

MPa and 21.6 GPa, respectively were obtained when 23 minutes of holding 

time were used. Morphological analysis through SEM shows the presence of 

pores and crack propagation, emphasising the impact of holding time on 

plastic deformation. The study concludes that selecting appropriate 
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processing conditions is crucial for optimising the performance of PHBV, 

addressing challenges associated with its narrow processing window. 

 
KEYWORDS: Compression Moulding; Holding Time; Tensile Properties; Degree 

of Crystallinity; PHVB 
 
 

1.0 INTRODUCTION 
 

In recent years, a growing interest has been in making environmentally 
friendly plastic, moving away from the traditional synthetic-based 
polymer. Biopolymers were invented in the early 1990s as an eco-
friendly replacement for petroleum-based polymers, which are 
produced by microorganisms. Biopolymers are also known as 
polymeric biomolecules, which are large molecules composed of 
monomers linked together in a chain-like manner [1]. Biopolymers, 
such as polyhydroxyalkanoates (PHAs) and polylactic acid (PLA), are 
derived entirely from sustainable sources [2-4] and are naturally 
degradable through the enzymatic activity of microorganisms, owing 
to the presence of oxygen and nitrogen atoms within their chemical 
composition. Today, the naturally friendly features of PHAs have 
begun to attract researchers' interest, especially due to their flexibility, 
which enhances their relevance for various manufacturing applications 
[5-7]. Among PHAs, polyhydroxybutyrate (PHB) is one of the 
homopolymers considered the most promising materials currently 
being produced and assessed. PHB possesses properties similar to 
those of petroleum-based polymers such as polyethene (PE) and 
polypropylene (PP) [6,8]. However, PHB faces significant limitations, 
including high manufacturing cost, low yield, susceptibility to 
degradation due to its narrow processing temperature window, and 
difficulties in microorganism extraction [6-7]. Moreover, PHB has a 
high crystallinity structure and is thermally unstable, resulting in a stiff 
and brittle structure [9]. To mitigate this issue, β-hydroxyvaleric acid 
(HV) was added as a second monomer to PHB aimed to improve its 
brittleness and stiffness, creating a copolymer known as poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). This copolymer 
exhibits lower crystallinity and improved processability, making it 
ideal for advanced manufacturing applications. 
 
The Despite these improvements, the narrow thermal processing 
window of biopolymers remains a significant obstacle to replacing 
synthetic polymers. While PHBV has lower crystallinity compared to 
PHB, it has better crystallinity and slower nucleation rates compared 
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to synthetic polymers [10]. However, PHBV is known to rapidly 
crystallise upon reaching its melting point, particularly at higher 
temperatures. Due to its rapid crystallisation characteristic, an intrinsic 
fragility behaviour of PHBV was observed when prolonged exposure 
to high temperatures [10]. Fabrication parameters, such as processing 
factors, including temperature, pressure, and processing time, may 
significantly impact the properties of the polymer in the final products 
[12-16]. Elevated temperatures or prolonged processing time may 
result in thermal degradation of the polymer and weaken its strength 
[17]. While there were a few studies about the manufacturing 
conditions for PHVB-based products [9-11], however, the data on 
correlation between the holding time and prolonged thermal exposure 
on mechanical performance the PHVB PHVB-based materials are still 
limited.  
 
Thus, this study aims to address this gap by investigating the impact 
of the holding period under compression pressure and thermal 
exposure on the mechanical performance of PHBV. This research 
assesses the performance of the PHBV through physical and 
mechanical testing as well as their degree of crystallinity upon 
exposure to high temperatures. By focusing on the holding period, this 
study aims to enhance PHBV's performance, offering a new option for 
utilising biopolymers in advanced manufacturing. 
 
 

2.0 MATERIALS AND METHODS 
 

2.1 Materials  
 

The PHBV powder with 3 mol% of 3-(hydroxyvalerate) (HV) content 
under the trade name of Enmat Y1000P (TianAn Biopolmer, China) 
with a density of 1.25 g/cm3 is used in this study. The melting point of 
Enmat Y1000P was determined to be 175° through Differential 
Scanning Calorimetry (DSC) following the guidelines specified in 
ASTM D3418-12. The Polymers were dried in a drying oven at 60° 
for at least 4 hours before processing.   
 

2.2 Sample Preparation   
 

The PHBV sample was prepared by placing 75 g powdered PHBV in a 
closed aluminium mould with dimensions of 200 mm × 100 mm × 3 mm 
and compressed moulded using a hot press (Carver, USA). The 
moulding temperature was set at 175°C. The mould was heated from 
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room temperature and the pressure was increased gradually (Figure 1). 
At the maximum temperature of 175°C, the compression pressure was 
maintained under 25 000 psi and the mould was held at different 
holding times of 18, 23, and 28 minutes (Table 1). The initial 18 minutes 
of soaking time was used with the reference to [18]. Afterwards, the 
platen was cooled down to room temperature with the aid of a water-
quenching and the samples were kept in a dry cabinet to avoid any 
humidity. 

 

 
Figure 1: Temperature-time and pressure-time process diagram for 

fabricated PHBV composite. 

 

 

Table 1: The sample identification and holding time. 
Samples Holding Time (min) 

PHBV1 18 

PHBV2 23 

PHBV3 28 

 
 

2.3  Degree of Crystallinity Analysis 
 

The crystallinity analysis was carried out using X-ray diffraction (XRD) 
(Rigaku Miniflex, Japan) on the PHBV sample before and after being 
subjected to thermal processing. The analysis was conducted using an 
X-ray beam with a wavelength, λ of 1.5406 Å (0.15406 nm) using Cu-
Kα radiation sources at 40 kV and 15 mA. The diffraction angles for the 
scans were run from a 2θ value of 3° to 90° at a scan speed of 0.01° 

 

2.4 Mechanical Testing     
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The tensile test was carried out following ASTM D3039 using a 
Universal Testing Machine (UTM, AGS-X Shimadzu) with a 20 kN load 
cell at a crosshead speed of 2 mm/min.  An 80 mm of gauge length 
between the upper and lower clamps and 20 mm of gripping length 
was used. Flexural test was carried out according to ASTMD790-03. 
The test method utilised a three-point loading system and crosshead 
speed was set to 1.28 mm/min using sample dimensions of 72 mm x 
12.7 mm x 3 mm with a 48 mm support span for each sample. Both the 
load and the flexural displacement are measured throughout the entire 
test. Before testing, all samples were subjected to a 24-hour 
conditioning period at room temperature (22°C ± 1°C) and a relative 
humidity of 51 ± 1%. Five samples were repeated for each of the test 
parameters. 
 

2.5 Morphological Analysis      
 

The morphology analysis of the PHVB tensile-tested fractured surface 
was carried out using a Zeiss EVA 50 scanning electron microscope 
(SEM) at an accelerating voltage of 5 kV. Before the analysis, the surface 
of the samples was coated with gold. 
 
 

3.0 RESULTS AND DISCUSSION  
 

3.1  Crystallinity 
 

The degree of crystallinity of the PHBV samples at different holding 
times is shown in Figure 2. The diffraction peaks of the unprocessed 
PHBV powder and thermal subjected PHBV samples both appeared at 
13.32 °, 16.71 °, 21.35 °, 22.33 °, and 25.34 °. The intensity peaks of PHBV 
correspond to (020), (110), (111), (121), and (040) crystalline planes, 
respectively. The XRD pattern of the thermal subjected samples 
showed a new peak at 19.96 ° (crystalline plane = 021), indicating the 
formation of new crystalline phases. The intensity of thermal subjected 
peaks is much higher than the unprocessed PHBV owing to the thermal 
processing at 175 °C. The first peak of all PHBV samples slightly shifted 
to 13.16 °, 13.14 °, and 13.25 ° for PHBV1, PHBV2, and PHBV3, 
respectively. The longer holding time promotes PHBV crystallisation, 
resulting in higher peak intensity at a lower degree of crystallinity than 
the unprocessed PHBV powder. The highest peak intensity can be 
observed for PHBV2, which represents the high crystallinity and may 
contribute to the improved mechanical properties of the polymer 
compared to amorphous or less crystalline counterparts as reported by 
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Ponjavic et al. [19]. 
 

 
Figure 2: XRD spectra for unprocessed PHBV and thermally 

subjected PHBV. 

 

3.2  Physical Properties  
  

All specimens of PHBV with various holding times are shown in Figure 
3. Based on Figure 3(a), the agglomeration of unmelt polymer and air 
bubbles within the specimen is visible through the naked eye.  
However, with a longer holding time (23 minutes), the incomplete 
melting of polymer particles appeared reduced (Figure 3b). In Figure 
3(c), the absence of white particles on the specimen’s surface indicates 
a complete melting has achieved. These results indicate that the PHVB 
polymer is fully processable at 175°C with 25000 psi compression 
pressure. 
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Figure 3: The physical appearance of (a) PHBV1, (b) PHBV2, and (c) PHBV3 

plate as function of holding time under hot compression pressure 

 

 

3.3 Mechanical properties 
  

The effect of the holding temperature on the mechanical properties of 
the PHVB is shown in Table 2. It can be observed that the highest tensile 
flexural strength of the PHVB was produced when using 23 minutes of 
holding time.  On another hand, the PHVB1 and PHVB3 recorded 
approximately 7% lesser strength than those prepared for PHBV2. The 
modulus values of the samples suggested that the sample with under- 
or over-processing time may result in less stiffness, making it more 
brittle compared to the sample processed for PHBV2. 
 
Table 2: Mechanical properties of PHBV as a function of holding time under 

hot compression pressure 

  
Samples 

Holding 

Time 

(min) 

Tensile  Flexural  

Strength 

(MPa) 

Strain 

(%) 

Modulus 

(GPa) 

Strength 

(MPa) 

Strain 

(%) 

Modulus 

(GPa) 

PHBV 1 18 20.29 5.24 3.89 62.77 2.78 18.4 

PHBV 2 23 22.01 4.52 4.90 70.82 2.15 21.6 

PHBV 3 28 20.31 5.23 3.89 62.20 2.24 14.9 

 
The difference in mechanical strength of composite may resulted from 
the small processing window of PHBV. Bossu et al. [11] reported that 
the strength of the polymer was affected by the unique crystallisation 
behaviour of PHBV and its high sensitivity to temperature changes 
during processing, similarly observed in this study. Insufficient 
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holding time for PHBV1 at 18 minutes resulted in lower tensile and 
flexural strength of biopolymer as there is non-uniform temperature 
distribution leading to non-uniform crystallinity as well as non-
uniform polymer melting patterns, which may cause pore formation 
within the structure as concurred by Zhu et al. [20]. Consequently, it 
can be seen that PHBV1 exhibits lower tensile strength, which could be 
corresponds to its crystalline behaviour. Meanwhile, prolonged 
exposure to high temperature for PHBV3 for 28 minutes holding time 
resulted in a brittle polymer, as the prolonged heating of thermosetting 
polymers can help release adsorptive inter-layer bonds and volatile 
group, which can modify the polymer structure and potentially 
increase brittleness, as reported by Korolev et al. [21]. The breakdown 
of chemical bonds within the polymer chains and changes in the degree 
of crystallinity due to thermal degradation as a result of overheating 
may lead to a reduction in molecular weight and changes in the 
physical and mechanical properties of the polymer. 
 
Similar behaviour was observed for the flexural properties of PHBV. 
The stiffening of neat PHBV could be the reason for the decrease in 
flexural strength for PHBV3. The polymer stiffens when fast 
crystallisation occurs causing the monomer of PHB and HV to different 
degrees of solidification, such as amorphous or semi-crystalline solids 
[11]. Thus, the flexural strength of PHBV1 is notably lower compared 
to PHBV2 due to non-uniformity in the crystalline phase. 
 

3.4 Mechanical properties 
 
Figure 4 shows the surface morphology of the tensile-tested PHVB.  
Rough fracture surface and pores were observed for PHVB1 (Figure 4a) 
which may contribute to their lower strength compared to PHVB2 as 
previously mentioned. The insufficient holding time resulted in 
incomplete polymer melting, forming irregular pores due to the 
trapped air inside the powdered PHBV. Previous studies have reported 
that the irregular pores formed during the processing stage of the 
polymer may reduce the stiffness and strength of polymer samples [22-
23]. The pore disrupts the stress distribution within the sample, causing 
it to have lower strength compared to the other two samples. In 
addition, PHBV is a semi-crystalline polymer that may exhibit higher 
porosity volume than amorphous composites due to rapid 
recrystallisation during the cooling process [24-25].  
 
With the increase of the holding time, the fracture surface of the PHVB 
appears to be smother and the presence of cracks was observed (Figure 
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4b and 4c). While sufficient thermal exposure may allow a complete 
melting of the polymer during fabrication, prolonged exposure may 
contribute to thermal degradation and cause the polymer to be more 
brittle. This observation is similar to those reported by Garcia-Garcia et 
al. [26]. 
 

 

 
Figure 4: Microstructural image of (a) PHBV1, (b) PHBV2, and (c) PHBV3, 

respectively, at 10,000X magnification. 

 
 

4.0 CONCLUSION 
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The mechanical and morphological properties of PHBV samples 
processed at various holding times were analysed. The thermal 
exposure duration during polymer composite processing has proven 
to influence the formation of pores, the strength of materials, and the 
uniformity of polymer melting. The optimum tensile strength and 
Young's modulus were obtained at 23 minutes holding time, 22.01 MPa 
and 4.9 MPa, respectively.  Similar patterns were observed in flexural 
properties with optimum flexural strength and modulus are 70.82 MPa 
and 21.6 GPa, respectively. The morphological analysis also showed 
the presence of pores and cracks in the polymer at various stages 
indicating the influence of the thermal exposure conditions during the 
processing on their properties. The polymer becomes weaker and 
brittle with prolonged holding time indicating a narrow processing 
window of PHBV should be carefully monitored to avoid any thermal 
degradation during the processing. Thus, this study concluded that 
selecting appropriate processing conditions positively impacts the 
performance of biopolymers. In the future, the performance properties 
of PHBV can be further observed with the present reinforcement such 
as with nanofillers or natural fibres. 
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