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ABSTRACT  
The increasing adoption of short carbon fibre-reinforced plastics (sCFRP) manufactured through 
material extrusion (MEX) in high-value-added industries has driven the development of various 
post-processing methods to enhance MEX-manufactured sCFRP mechanical properties. 
However, conventional post-processing methods require high temperatures and extended 
processing times, leading to potential polymer degradation. This study presents a novel room- 
temperature approach using cold isostatic pressing (CIP) to enhance mechanical properties with 
reduced anisotropy in MEX-manufactured sCFRP components. The effects of various CIP 
pressures (250-1000 bar) on the mechanical properties were evaluated through tensile, flexural 
and interlaminar shear strength (ILSS) tests. Additionally, mechanical anisotropy was assessed 
using tensile tests at different raster angles (0°, 90°) before and after CIP treatment. The 
mechanical properties significantly improved after CIP treatment, with the optimal pressure of 
500 bar, resulting in a 103% increase in tensile strength for 0° raster angle specimens and a 
143.3% increase for 90° specimens, effectively reducing the anisotropy from 77.3% to 42.1%. 
Microstructural analysis revealed reduced voids and enhanced layer adhesion with increased 
crystallinity. CIP-treated sCFRP maintained excellent dimensional stability within a 3% variation. 
This study demonstrates the potential of room-temperature CIP as a post-processing method 
for improving the mechanical properties of MEX-manufactured composites.
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1. Introduction

Global environmental regulations have been driving the 
demand for lightweight materials in mobility and aero
space applications to reduce component weight and 
improve efficiency [1–3]. This trend has driven extensive 
research into composite materials as alternatives to con
ventional steel [4,5]. Carbon fibre-reinforced plastic 
(CFRP) contributes to environmental sustainability 
through weight reduction offering distinctive properties 
of high strength, high modulus, and low density [6–8]. 

The global usage of CFRP has grown rapidly at an 
annual rate of approximately 12.5% over the past two 
decades, leading to substantial End-of-Life waste 
accumulation [9]. This rapid growth, coupled with 
increasing environmental concerns, necessitates devel
oping manufacturing processes that minimise material 
waste during CFRP production [10].

Material extrusion (MEX) is widely used in the auto
motive and aerospace industries for composite manu
facturing due to its cost-effective and minimal waste 
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nature [11,12]. Short carbon fibre-reinforced plastic 
(sCFRP) offers superior processability and ecological 
benefits compared to continuous carbon fibre- 
reinforced plastic [13,14]. However, MEX-manufactured 
sCFRP has inherent limitations due to the discontinuous 
deposition process [15]. The layer-by-layer fabrication 
results in weakened interlayer bonding and void for
mation, which significantly deteriorate mechanical prop
erties [16–18]. Moreover, MEX-manufactured sCFRP 
exhibits significant mechanical anisotropy. The mechan
ical strength of MEX-manufactured sCFRP components is 
significantly lower in the perpendicular (90°) direction 
than in the horizontal nozzle (0°) direction [19]. This 
directional dependency of mechanical behaviour is 
due to the alignment of polymer chains and carbon 
fibres (CFs) along the deposition direction during MEX 
[20]. The reduced mechanical properties limit MEX-man
ufactured sCFRP applications in aerospace and automo
tive sectors where high strength and reliability are 
critical [21]. For instance, aerospace applications typi
cally require void content below 1% and low mechanical 
strength variations for structural components [22].

The mechanical properties of MEX-manufactured com
ponents are considerably influenced by printing par
ameters including nozzle temperature, printing speed, 
layer height, and raster angle [23,24]. Numerous studies 
have conducted printing parameter optimisation to 
enhance mechanical properties and interlayer bonding 
[25]. Gómez-Ortega et al. investigated the effects of print
ing parameters on sCFRP mechanical properties, report
ing optimal conditions of nozzle temperature and infill 
rate for maximum tensile strength [26]. Similarly, Rima
šauskas et al. demonstrated that reducing layer height 
from 0.4 mm to 0.3 mm decreased void volume from 
27.5% to 18.5% [27]. Despite optimisation of MEX par
ameters such as nozzle temperature, printing speed, 
and layer height, the mechanical characteristics remain 
fundamentally limited by void formation and weak inter
layer bonding. Voids formed during the printing process 
act as stress concentrators, leading to significant 
reduction in mechanical strength and fatigue resistance 
[28]. In layer-by-layer manufacturing process, restricted 
molecular diffusion and entanglement between adjacent 
layers, primarily caused by rapid cooling and insufficient 
contact time, result in weak interlayer bonding [29]. 
These limitations necessitate additional post-processing 
methods to enhance mechanical performance.

Post-processing through thermal treatment has been 
widely investigated as a potential solution [30–32]. This 
approach enhances mechanical behaviour through 
polymer chain rearrangement and diffusion above 
glass transition temperature (Tg) [33]. As a result, anneal
ing reduces residual stresses and improves interlayer 

bonding properties by eliminating internal defects 
[34,35]. Peng Wang et al. investigated the effects of 
annealing time and temperature on the mechanical 
properties and interlaminar shear strength (ILSS) of 
MEX-manufactured composites [36]. This result showed 
that the annealing process decreased the internal 
defects and increased crystallinity of 
composite. K. Wang et al. reported that thermal treat
ment at the optimal temperature (100°C) for 8 h led to 
enhanced dimensional stability and improved mechan
ical properties [37]. Therefore, annealing plays a vital 
role in enhancing the properties of MEX-manufactured 
composites. However, annealing requires high tempera
tures for polymer recrystallization and interlayer rebond
ing, leading to significant energy consumption and 
potential polymer degradation from extended proces
sing time.

Combined heat and pressure post-processing 
methods have been developed to enhance molecular 
diffusion while reducing processing time. J. Wang et al. 
investigated conventional hot-pressing at 200°C and 
0.841 MPa, showing improved interfacial bonding 
strength and toughness compared to the non-treated 
samples [38]. Andreu et al. studied the enhancement of 
interlayer bonding strength by incorporating a hot roller 
system into the MEX printer [29]. While the high-pressure 
roller contact increased the bonding area between 
filaments and improved mechanical properties, the 
direct application of heat and pressure caused surface 
delamination of the components. The non-uniform 
pressure distribution in both hot-pressing and roller- 
based methods can lead to internal stress concentrations, 
resulting in warpage and dimensional inaccuracies.

To achieve uniform pressure distribution, researchers 
have investigated various approaches. W. Wu et al 
applied hot isostatic pressing (HIP) at 360°C and 10 
MPa, achieving 384% improvement in interlayer 
strength without geometric distortion [39]. However, 
the high temperature and pressure processing required 
substantial energy input. As an alternative approach, 
Park et al. developed the warm isostatic press (WIP) 
process, demonstrating 16.3% ultimate tensile strength 
enhancement at lower temperatures (130°C) [40]. Never
theless, the elevated processing temperature and 
extended processing time exceeding one hour led to 
polymer deterioration and high energy consumption 
[41]. A comparison of various post-processing methods 
including processing parameters and conditions is sum
marised in Table 1. As shown in Table 1, conventional 
thermal and pressure-based methods require high 
temperature and extended processing time, which can 
lead to polymer degradation and high energy 
consumption.
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Cold isostatic pressing (CIP) offers a promising 
alternative approach. The CIP process applies uniform 
pressure in all directions, improving density and micro
structural uniformity while minimising shape distortion 
compared to uniaxial pressing [43]. The CIP process uti
lises a hydrostatic pressure transmission medium to 
apply uniform high-pressure conditions at room temp
eratures [44]. The uniform pressure distribution facili
tates component densification by increasing interlayer 
contact area and removing internal voids [45]. Addition
ally, CIP can be applied to components with complex 
geometries and can improve material characteristics 
without thermal deformation or degradation [46]. 
These CIP characteristics are expected to be highly suit
able for improving the interlayer bonding strength of 
MEX-manufactured sCFRP components. However, the 
effect of CIP post-processing on the mechanical behav
iour of MEX-manufactured sCFRP remains to be 
explored.

This study aimed to investigate the potential of CIP as 
a novel room-temperature post-processing method to 
enhance the mechanical properties of MEX-manufac
tured sCFRP components. Compared to conventional 
thermal treatments that require high temperatures and 
extended processing times, the CIP approach applies 
uniform isostatic pressure at room temperature, main
taining dimensional stability without polymer degra
dation while reducing processing time. This work 
specifically focuses on utilising isostatic pressure to 
strengthen interfacial molecular bonding while simul
taneously eliminating process-induced voids in the com
ponents. First, mechanical behaviour analysis is 
conducted using a custom-designed chamber to assess 
the effects of various isostatic pressures (250–1000 bar) 
through tensile, flexural, and interlaminar shear tests. 
This includes comprehensive analysis of pressure- 
dependent anisotropy reduction between different 
raster angles (0° and 90°). Additionally, differential scan
ning calorimetry (DSC) analysis is conducted to investi
gate the effect of the isostatic pressure treatment on 
the thermal properties and crystallization behaviour. 

The effect of the isostatic pressure post-treatment is 
further investigated through a dimensional and mor
phological analysis of the post-treated specimens. 
Finally, a comprehensive analysis of the pressure- 
induced bonding mechanisms and structural modifi
cations is presented to establish the fundamental 
relationships between process parameters, microstruc
tural changes, and mechanical performance. The 
findings of this study are expected to establish CIP as 
an industrially viable post-processing method for MEX- 
manufactured sCFRP components, potentially enabling 
their widespread adoption in high-performance 
applications.

2. Materials and methods

2.1. Fabrication of specimens

Polyamide (PA) was selected as the matrix material due 
to its superior mechanical properties, thermal stability, 
and chemical resistance, which makes it a preferred 
matrix for sCFRP in automotive and aerospace industries 
where high-performance lightweight components are 
essential [47]. For this study, Ultrafuse PAHT CF 15 
(BASF, Germany), a high-temperature PA-based 
filament containing 15% sCFs, was used to fabricate 
the specimens [48]. As shown in Figure 1(a), the speci
men fabrication was conducted using an Epsilon W50 
(BCN3D, Netherlands) MEX equipment, with the follow
ing process parameters [49–51]: (i) a printing speed of 
30 mm/s, (ii) extruder nozzle temperature: 260°C, (iii) 
build plate temperature: 90°C, (iv) layer thickness: 
0.25 mm, and (v) infill density: 100%. The mechanical 
testing configurations and specimens are presented in 
Figure 1(b,c), where tensile, flexural, and interlaminar 
shear specimens were fabricated according to ASTM 
638, 790, 2344 standards, respectively. To evaluate ani
sotropy and interlayer strength, tensile specimens 
were fabricated in 0° and 90° directions, respectively. 
The detailed specimen information is illustrated in 
Figure 1.

Table 1. Comparison of various post-processing methods for MEX-manufactured sCFRP.

Method Temperature Pressure
Processing 

Time Advantages Disadvantages References

Annealing 150–200°C N/A 2–8 h Simple process Long processing time Wang et al. [37]; Yu et al. 
[34]

Hot Press 100–200°C Below 10 
bar

Below 0.5 h Short processing time Dimensional inaccuracies, 
Warpage

Wang et al. [38]; Mei 
et al. [42]

HIP 200–400°C 50 MPa 1–2 h Uniform pressure, good 
densification

High energy consumption Wu et al. [39]

WIP 100–200°C 50 bar 1–2 h Lower temperature High energy consumption Seong Jun Park et al. 
[19]

CIP Room 
Temperature

250–1000 
bar

0.5 h No thermal damage, short 
processing time

This work
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2.2. Cold isostatic pressing

The CIP was employed to uniformly compress the sCFRP 
specimens under high hydrostatic pressure. Figure 2(a) 
exhibits the schematic diagram of CIP process. Prior to 
treatment, specimens were vacuum-sealed in a polyimide 
film to minimise internal pressure [52]. As shown in Figure 
2(b), the CIP was conducted using a custom-built 
chamber equipped with a control system capable of iso
static pressing up to 3000 bar. The CIP process was per
formed at room temperature. The chamber was filled 
with fluid medium, and compression was applied at a 
rate of 2 bar/s until reaching the target isostatic pressures 
(250, 500, 750, or 1000 bar). Figure 2(c) presents the time– 
pressure profiles for these conditions. It was held at each 
target pressure for 5 min to ensure uniform isostatic com
pression. Following treatment, the system was gradually 
returned to initial pressure. Both compression and 
decompression rates were controlled to minimise internal 
stresses and microdefects in the specimens.

2.3. Mechanical testing

Mechanical properties were evaluated through tensile, 
flexural, and interlaminar shear strength (ILSS) tests. 
Tensile tests were conducted using an MTS 810 testing 
machine (MTS, US) following ASTM D638 Type 1 specifi
cations, with a 100 kN load cell and a constant crosshead 
displacement of 2 mm/min. Flexural tests were carried 
out on an AG-X testing machine (Shimadzu, Japan) 
according to ASTM D790 standards, with a 50 kN load 
cell and a constant crosshead displacement rate of 
2 mm/min. ILSS tests were performed using an ST-1001 
testing machine (Salt, Republic of Korea) following 
ASTM D2344 specifications, with a 100 kN load cell and 
a constant crosshead displacement of 1 mm/min.

2.4. Thermal and crystallinity analysis

DSC analysis was conducted using a DSC Q20 (TA Instru
ments, US) to investigate thermal characteristics and 
crystallinity changes in MEX-manufactured sCFRP follow
ing isostatic pressure post-treatment. Prior to testing, 
samples were dried at 100°C for 6 h to prevent moist
ure-induced thermal degradation of the components 
[52]. The dried samples were subjected to a heating 
cycle from 30°C to 250°C at a rate of 10°C/min and 
cooled at the same rate under a nitrogen atmosphere. 
The degree of crystallinity (Xc) was calculated using 
Equation (1).

Xc =
DHexp

w× DH◦

􏼒 􏼓

× 100 % (1) 

where DHexp is the experimentally measured crystalliza
tion enthalpy, w is the content of PA matrix, and DH◦ is 
the reported enthalpy change of 100% crystallization 
of polyamide [47].

2.5. Morphology analysis and dimensional 
measurements

Scanning electron microscopy (SEM) was employed to 
analyse the morphological changes of MEX-manufac
tured sCFRP at different isostatic pressure conditions. 
Fracture surfaces of tested tensile specimens were inves
tigated using a VEGA3 (TESCAN, Czech Republic). The 
dimensional accuracy was evaluated before and after 
CIP treatment according to the ISO 527-1:2012 standard. 
Specimen length and thickness were measured at three 
points using Vernier calipers, with the average values 
used for subsequent tensile, flexural, and ILSS 
calculations.

Figure 1. Schematic illustration of the specimen fabrication process: (a) MEX equipment, (b) mechanical test, and (c) mechanical test 
specimens.

4 S. JEON ET AL.



Figure 2. CIP experimental setup and process parameters: (a) Schematic of CIP process, (b) Large-scale CIP equipment, and (c) Time– 
pressure profiles for different pressure conditions.
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3. Results

3.1. Effects of the CIP process on the sCFRP 
mechanical properties

The mechanical properties of sCFRP were evaluated to 
assess the effectiveness of CIP post-treatment under 
different isostatic pressure conditions. Figure 3(a) 
demonstrates the relationship between ultimate tensile 
strength and isostatic pressure for specimens fabricated 
with 0° raster angle. The ultimate tensile strength of the 
sCFRP components shows a gradual enhancement with 
increasing isostatic pressure. The untreated specimens 
exhibited 73 MPa, while the post-treated sCFRP with 
500 bar increased the maximum tensile strength to 
149.3 MPa, representing a 104.5% improvement. 
Although specimens treated at elevated pressures (750 
and 1000 bar) showed slightly decreased strength, 
these post-treated specimens retained superior perform
ance compared to untreated specimens. Similarly, sCFRP 
fabricated with 90° raster angle exhibited comparable 
behaviour, as shown in Figure 3(b). The ultimate 
tensile strength increased from 24.8 to 60.9 MPa with 

500 bar treatment, demonstrating a 145% improvement. 
Furthermore, the tensile modulus also showed signifi
cant enhancement with CIP treatment, as illustrated in 
Figure 3(a,b). For specimens with 0° raster angle, the 
tensile modulus increased from 7.2 to 10.1 GPa at 500 
bar, while specimens with 90° raster angle showed an 
increase from 3.6 to 4.4 GPa. The observed enhance
ments in tensile strength and modulus across both 
raster angles demonstrate the effectiveness of CIP treat
ment in improving the overall tensile performance of 
MEX-manufactured sCFRP specimens.

MEX-manufactured parts inherently exhibit high ani
sotropy, resulting in weaker mechanical properties per
pendicular to the printing direction. Therefore, it is 
essential to evaluate the effects of post-treatment pro
cessing on anisotropy. To investigate the impact of CIP 
treatment on this directional dependency, anisotropy 
was calculated using the tensile strength according to 
Equation (2) [19].

Anisotropy =
s0 − s90

s0

􏼒 􏼓

× 100% (2) 

Figure 3. Tensile properties of CIP-treated sCFRP specimens under different pressure conditions: (a) 0° raster angle, (b) 90° raster 
angle, (c) Anisotropy of tensile strength and (d) Anisotropy of modulus.
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where s0 and s90 represent the experimentally 
measured ultimate tensile strengths for specimens 
with 0° and 90° raster angles, respectively.

Figure 3(c,d) presents the anisotropy of tensile 
strength and modulus as a function of CIP pressure. 
The untreated specimens exhibited a tensile strength 
anisotropy of 66%, which can be attributed to the 
inherent structural characteristics of MEX-manufactured 
parts. In contrast, the CIP-treated sCFRP specimens 
demonstrated reduced mechanical anisotropy com
pared to untreated specimens. As shown in Figure 3(c), 
the tensile strength anisotropy reached the optimal its 
value of 49% at 250 bar. Similarly, the tensile modulus 
observed reduced anisotropy with isostatic pressure 
treatment (Figure 3(d)). The observed reductions in 
both tensile strength and modulus anisotropy demon
strate that CIP treatment enhances the overall structural 
integrity of MEX-manufactured sCFRP parts through 
improved interfacial bonding.

Additional mechanical tests including flexural and 
interlaminar shear tests were conducted to evaluate 
the effects of CIP post-treatment comprehensively. Fol
lowing the superior tensile strength observed in tensile 
test results, specimens with 0° raster angle were selected 
for subsequent mechanical characterisation. Figure 4(a) 
presents the flexural properties evaluated under 
various isostatic pressures. Similar to the tensile behav
iour, flexural strength showed enhancement after CIP 
treatment. The ultimate flexural strength improved 
from 139.1 to 195.9 MPa at 500 bar. However, specimens 
treated at elevated pressures showed a slight decrease 
in flexural properties. The specimens treated at 750 
and 1000 bar exhibited flexural strengths of 149.5 and 
104.9 MPa, respectively, maintaining superior perform
ance compared to untreated specimens. The flexural 
modulus also demonstrated comparable pressure- 
dependent behaviour, reaching from 11.1 to 15.1 GPa 

at 500 bar. Despite the slight decrease in flexural 
modulus above 500 bar, CIP-treated specimens main
tained approximately 30% improvement compared to 
untreated specimens.

The ILSS was evaluated under various CIP conditions 
to assess the CIP treatment effectiveness on interlayer 
bonding. The ILSS were calculated from the load 
responses using Equation (3) and are depicted in 
Figure 4(b) [53].

t = 0.75 ×
Pmax

(w × t)
(3) 

where τ is the short-beam strength or apparent ILSS 
(MPa), Pmax is the maximum load observed during the 
test (N), w is the specimen width (mm), and t is the speci
men thickness (mm).

The CIP treatment significantly enhanced the inter
layer bonding increasing from 11.5 MPa for untreated 
specimens to 21 MPa at 500 bar (82% improvement). 
While ILSS showed a slight decrease at elevated isostatic 
pressures above 500 bar, the treated specimens still 
maintained 14% higher values compared to untreated 
specimens. These results confirm that post-processing 
using the CIP method successfully improves the mech
anical performance of MEX-manufactured sCFRP speci
mens through enhanced interfacial and interlayer 
bonding.

3.2 CIP effects on the thermal properties and 
crystallinity of sCFRP

The thermal characteristics and crystallinity of semi-crys
talline polymers are crucial material properties that 
determine polymer structure [54]. The Xc particularly 
influences mechanical behaviour, leading to improved 
strength and stiffness while resulting in greater brittle
ness [55]. In sCFRP, Xc affects both the matrix’s 

Figure 4. Mechanical characterisation of CIP-treated sCFRP specimens: (a) Ultimate flexural strength and modulus and (b) ILSS value.
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mechanical strength and the CF-matrix interfacial 
bonding [56]. To investigate the impact of CIP post-treat
ment on the thermal properties and crystallinity of 
sCFRP components, DSC analysis was conducted.

Figure 5 presents the DSC heating curves for sCFRP 
specimens at different CIP conditions, with the corre
sponding thermal properties summarised in Table 2. 
The untreated specimen exhibited a Xc of 26.82%, 
which increased to 30.15% at 250 bar. The Xc reached 
its peak value of 30.43% (12.4% enhancement) at 500 
bar, followed by a slight decrease to 30.40% and 
28.62% at 750 and 1000 bar, respectively. This variation 
in Xc can be attributed to pressure-induced molecular 
chain alignment and enhanced nucleation.

The glass transition temperature (Tg) also exhibited 
pressure-dependent behaviour with isostatic pressure 
treatment. The Tg increased from 73.11°C in untreated 
specimens to 74.93°C at 500 bar, indicating enhanced 
molecular chain rigidity. At elevated isostatic pressures, 
Tg slightly decreased to 73.40°C and 73.46°C at 750 
and 1000 bar, respectively. These variations in thermal 
properties suggest alterations in molecular chain mobi
lity and rigidity within the polymer matrix. Notably, CIP 
achieved polymer recrystallization at room temperature, 
demonstrating its potential as an effective post-proces
sing method for MEX-based manufacturing.

3.3. Effects of CIP process parameters on the 
microstructural characteristics of sCFRP

MEX-manufactured components are fabricated through 
sequential deposition of extruded filaments. The discon
tinuous layering process leads to void formation at the 
interfaces between adjacent deposited lines [31]. These 
voids significantly affect the internal porosity and 

microstructure of manufactured components, resulting 
in reduced mechanical properties [57].

Morphological analysis was conducted using SEM to 
investigate the interlayer bonding characteristics of 
specimens subjected to various isostatic pressures. 
Figure 6 presents the fracture surface morphology of 
specimens with a 0° raster angle. As shown in Figure 
6(a), the tensile fractured surfaces of untreated speci
mens show uniformly distributed CF and voids 
between deposited filaments. Small voids were 
observed due to CF extraction during the fabrication 
of sCFRP components. Furthermore, untreated speci
mens exhibited triangular inter-filament voids due to 
the extrusion process. In contrast, CIP-treated sCFRP 
specimens showed progressively decreased voids with 
increasing isostatic pressure from 250 bar to 1000 bar 
(Figure 6(c–i)). The increasing pressure also enhanced 
interlayer contact areas. The specimens treated at 1000 
bar demonstrated superior interlayer bonding through 
the elimination of interlayer interfaces. To compare the 
microstructural characteristics at different raster angles, 
Figure 7 illustrates the fracture surface morphology of 
specimens with 90° raster angle. Untreated specimens 
exhibited CF alignment along the nozzle direction 
(Figure 7(a)), leading to significant mechanical aniso
tropy. The microstructural changes observed in Figure 

Figure 5. DSC heating curves for untreated and CIP-treated specimens at different pressures.

Table 2. Mechanical properties of specimens to different 
sintering temperatures.
Specimen Tg (°C) Xc (%)

0 bar 73.11 26.82
250 bar 72.68 30.15
500 bar 74.93 30.43
750 bar 73.40 30.40
1000 bar 73.46 28.62
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7(c–j) shows that CFs gradually developed random 
orientation distributions with increasing CIP pressure, 
which corresponded to the reduction in mechanical 

anisotropy previously discussed in Section 3.1. The 
increased pressure promoted enhanced interlayer 
adhesion through improved interfacial contact.

Figure 6. SEM micrographs of fracture surfaces for 0° raster angle specimens post-treated in (a)(b) 0 bar, (c)(d) 250 bar, (e)(f) 500 bar, 
(g)(h) 750 bar and (i)(j) 1000 bar.
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The fracture behaviour exhibited distinct character
istics depending on the raster angle orientation. For 
specimens with a 0° raster angle, CF pull-out was the 

dominant failure mode, while specimens with a 90° pri
marily showed matrix fracture. This difference in failure 
modes resulted from the load-bearing direction relative 

Figure 7. SEM micrographs of fracture surfaces for 90° raster angle specimens post-treated in (a)(b) 0 bar, (c)(d) 250 bar, (e)(f) 500 bar, 
(g)(h) 750 bar and (i)(j) 1000 bar.
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to CF orientation [58]. The CIP treatment significantly 
influenced these failure mechanisms. Untreated speci
mens showed weak fibre-matrix interfacial bonding 
with extensive fibre debonding and pull-out, regardless 
of raster angle orientation (Figures 6(b)). However, after 
CIP treatment at 500 bar, specimens demonstrated 
enhanced fibre-matrix adhesion evidenced by CF break
age rather than pull-out (Figure 6(f)). This improvement 
in tensile properties can be attributed to enhanced load- 
bearing capability of CF in the polymer matrix through 
improved interfacial bonding.

The CIP treatment induced significant microstructural 
modifications, leading to enhanced component densifi
cation and improved fibre-matrix interfacial bonding. 
The enhanced densification, coupled with improved 
fibre-matrix interfacial bonding, significantly improved 
mechanical properties while reducing the directional 
dependency of the material behaviour.

3.4. Dimensional accuracy

Post-processing treatments often result in specimen 
deformation, which can significantly affect the dimen
sional accuracy and functional performance of manufac
tured components. To evaluate dimensional stability, 
sCFRP specimens were measured before and after CIP 
processing, as shown in Figure 8. Specimen width and 
thickness measurements were taken using Vernier calli
pers (Figure 8(a)). The specimens exhibited different 
deformation rates under varying isostatic pressures 
due to void reduction within the composite. Figure 
8(b) shows that dimensional changes in flexural speci
mens remained within 1–4%, and changes of up to 2% 
were observed for ILSS specimens in Figure 8(c). An 
examination of the deformation rates and standard devi
ations confirmed minimal dimensional variations under 
all pressure conditions.

The slightly higher deformation observed in flexural 
specimens compared to ILSS specimens can be attribu
ted to the flexural specimens larger dimensions and 

corresponding void content. The uniform pressure distri
bution during CIP treatment maintained geometric con
sistency, preventing localised deformations that 
commonly occur with other post-processing methods 
such as thermal treatments. The minimal dimensional 
changes and uniform deformation results demonstrate 
that the CIP process can effectively enhance the mech
anical properties of sCFRP components while preserving 
dimensional stability.

4. Discussion

Mechanical and microstructural analysis of MEX-manu
factured sCFRP components reveals distinct structural 
discontinuities inherent to the layer-by-layer deposition 
process. The primary structural limitations include void 
formation between layers, weak molecular bonding at 
interfaces, and directional fibre alignment along the 
printing path. Such structural features create significant 
mechanical anisotropy, leading to reduced strength in 
specimens printed in the 90° orientation due to the 
dominance of interlayer bonding over fibre reinforce
ment effects.

To overcome these structural limitations while 
avoiding thermal degradation, this study investigates 
cold isostatic pressing as a novel approach. The sys
tematic investigation demonstrates the effectiveness 
of CIP treatment in enhancing the structural, mechan
ical, and thermal properties of sCFRP components 
through increased filament contact area and polymer 
chain mobility. The mechanical property improvements 
can be primarily result from structural modifications 
including void elimination, enhanced interfacial 
bonding, and modified fibre-matrix interactions. 
Additionally, pressure-induced changes in polymer 
crystallinity further enhance the overall performance. 
This section presents the process-structure–property 
relationship for MEX-manufactured and CIP-treated 
sCFRP through comprehensive analysis of mechanical 
properties (Section 4.1), crystallization behaviour 

Figure 8. Dimensional stability analysis of width and thickness for the sCFRP under different pressure conditions: (a) Measurement 
locations on specimens, (b) Dimensional variations of Flexural specimens and (c) ILSS specimens.
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(Section 4.2), and pressure-induced bonding mechan
isms (Section 4.3).

4.1. Mechanical characteristics

The mechanical behaviour of MEX-manufactured sCFRP 
specimens exhibited distinct characteristics based on 
raster angle orientation [59]. This raster angle-depen
dent tensile behaviour is theoretically described by the 
Tsai-Hill equation for fibre-reinforced composites [60]:

TSc =
cos4u

s2
l
+ sin2u cos2 u×

1
t2

m
−

1
s2

l

􏼒 􏼓

+
sin4u

s2
t

−
1
2 (4) 

where TSc is the composite tensile strength, tm the 
matrix shear strength, u the fibre orientation angle, sl 

the longitudinal stress (u = 0°), and st the transverse 
stress (u = 90°).

According to this equation, when u = 0° (fibres 
aligned with nozzle direction), the expression simplifies 
to TSc ≈ sl, indicating that longitudinal fibre properties 
dominate the mechanical response. At this orientation, 
CFs align parallel to the tensile loading direction, result
ing in mechanical properties primarily determined by 
fibre characteristics [61]. In contrast, when u = 90◦

(fibres perpendicular to loading direction), the 
expression becomes TSc ≈ st , where transverse proper
ties control the mechanical behaviour. At this 90° orien
tation, layers are perpendicular to the loading direction, 
causing mechanical properties to depend primarily on 
matrix properties and interlayer bonding strength [62]. 
The Tsai-Hill criterion explanation aligns with 

observations that specimens printed at 0° exhibit fibre- 
dominated properties while those at 90° are more sensi
tive to interlayer bonding quality and matrix properties.

The CIP treatment effectively addresses this aniso
tropy by preferentially enhancing matrix and interfacial 
properties that govern the transverse strength com
ponent, resulting in a more balanced mechanical per
formance between 0° and 90° orientations. At 500 bar, 
tensile strength increased from 73.4 to 149.3 MPa for 
0° specimens, while 90° specimens showed improve
ment from 24.8 to 60.9 MPa. The more substantial 
improvement in 90° specimens (145% increase) com
pared to 0° specimens (104% increase) suggests that 
CIP treatment primarily enhances the matrix-dominated 
properties through improved interfacial bonding. The 
significant reduction in anisotropy from 66.2% to 
49.3% at 250 bar demonstrates that CIP effectively 
addresses one of the fundamental limitations of MEX- 
manufactured components. Moreover, the CIP process 
required only 30 minutes, substantially shorter than tra
ditional thermal processes.

To understand the underlying mechanisms respon
sible for the observed CIP-induced mechanical property 
enhancements, detailed analysis of the stress–strain 
behaviour and fracture morphology was conducted. As 
shown in Figure 9(a), untreated specimens with 0° 
raster angle exhibited linear elastic behaviour followed 
by brittle fracture due to air gaps generated during the 
MEX process. In contrast, CIP-treated specimens with 
0° raster angle exhibited enhanced tensile strength 
through increased effective load-bearing capacity 
between layers. Morphological analysis revealed a tran
sition from fibre pull-out to fibre breakage in fracture 
surfaces, indicating stronger interfacial adhesion and 

Figure 9. Mechanical behaviour analysis: (a) Representative stress–strain curves for specimens at different pressures, and (b) Tough
ness comparison of CIP-treated specimens.
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more efficient load transfer between matrix and 
reinforcement. To quantify these improvements, speci
men toughness was calculated and presented in Figure 
9(b). CIP-treated specimens showed enhanced tough
ness compared to untreated specimens, with 0° speci
mens showing a 111% increase at 500 bar (194 J/m²). 
According to crack propagation theory, the air gaps 
and weak fibre-matrix interfaces in untreated specimens 
act as preferential pathways for rapid crack propagation 
[63,64]. These pathways promote delamination between 
CF and matrix, resulting in premature failure where fibre 
pull-out dominates the fracture mechanism [65,66]. In 
contrast, in CIP-treated specimens, the strengthened 
fibre-matrix interfaces effectively redistribute stress con
centrations, causing crack propagation to occur through 
CFs rather than along the fibre-matrix boundary.. This 
change in crack propagation behaviour explains the 
transition from fibre pull-out to fibre breakage observed 
in our samples. However, excessive isostatic pressure can 
introduce internal micro-cracks within the sCFRP struc
ture. Excessive isostatic pressures generate internal 
micro-fractures that form localised stress concentration 
regions within the sCFRP structure, exhibiting brittle 
fracture characteristics which leads to diminished mech
anical performance.

The effect of enhanced interfacial bonding through 
CIP was also observed in flexural and ILSS properties. 
As shown in Figure 5(a,b), flexural strength increased 
up to 500 bar, exhibiting a property degradation at 
higher pressures. The flexural modulus showed similar 
behaviour, reaching its maximum value at 500 bar, 
with decreased values observed at 750 and 1000 bar. 
The enhancement in flexural properties correlates with 
the microstructural modifications induced by isostatic 
pressure, particularly the reduction in void content and 
improved interfacial bonding. Similar trends were 
observed for ILSS strength. The ILSS reached its 
maximum value at 500 bar and decreased at higher 
pressures. To understand the mechanism behind these 
ILSS improvements, the relationship between pressure 
and interlayer bonding was analysed. The interlayer 
bond strength depends on polymer diffusion rate at 
the interface. The relationship between interlayer bond 
strength and molecular chain diffusion time is demon
strated by Equation (5):

sb /
td

Mw

􏼒 􏼓
1
4 (5) 

where td is the diffusion time, Mw is the molecular 
weight, and sb is the interlayer bond strength.

The enhanced ILSS in CIP-treated specimens indicates 
increased polymer chain diffusion between layers. Iso
static pressure application facilitates interfacial contact 
between adjacent layers, leading to accelerated 
polymer chain diffusion. Microstructural analysis 
reveals reduced layer spacing in CIP-treated specimens. 
This increased interfacial contact area promotes 
polymer chain diffusion across layers, resulting in 
improved interlayer bonding strength.

The mechanical test results summarised in Table 3
demonstrate comprehensive improvements in tensile, 
flexural, and ILSS properties through CIP treatment. 
However, application of excessive isostatic pressure led 
to mechanical property deterioration through internal 
microcrack formation and delamination during inter
layer bonding. Microstructural analysis confirmed these 
pressure-dependent variations in mechanical properties, 
revealing CF agglomeration on the tensile fracture 
surface at excessive pressures (Figure 7(j)). Therefore, 
comprehensive control of MEX and post-processing par
ameters is essential to achieve optimal interlayer bond 
strength while minimising anisotropy in MEX-manufac
tured sCFRP components.

To provide a more comprehensive explanation of iso
static pressure-dependent mechanical behaviour, the 
theoretical analysis based on the modified Kelly-Tyson 
model was employed to evaluate the effects of CIP treat
ment on sCFRP components. The modified Kelly-Tyson 
model incorporates both end-region fibre stress distri
bution and void volume fraction parameters, which are 
critical microstructural characteristics of MEX-manufac
tured sCFRP composites.

According to the modified Kelly-Tyson model, the 
tensile strength of a short fibre-reinforced composite 
(sc) can be expressed as:

sc == h0 × (X + Y)+ Z (6) 

where X , Y and Z denote the sub-critical fibre contri
bution, super-critical fibre contribution and modified 

Table 3. Mechanical properties of CIP-treated specimens.

Specimens
Tensile strength 

[MPa]
Tensile modulus 

[GPa]
Flexural strength 

[MPa]
Flexural modulus 

[GPa]
ILSS 

[MPa]

0 bar 73.49 + 0.01 7.20 + 0.11 155.42 + 1.78 11.08 + 0.27 11.49 + 0.54
250 bar 104.74 + 2.38 8.72 + 0.15 197.02 + 0.70 15.03 + 0.06 15.64 + 1.08
500 bar 149.39 + 4.49 10.17 + 0.72 215.61 + 11.20 15.08 + 1.82 21.38 + 0.48
750 bar 136.91 + 4.04 8.84 + 0.07 197.38 + 4.08 13.48 + 1.07 13.12 + 0.08
1000 bar 120.07 + 3.47 8.78 + 0.14 198.01 + 1.22 14.28 + 0.58 13.24 + 1.96
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matrix contribution, respectively. Based on the iso-strain 
assumption 1c = 1m = 1f , these terms can be written as:

X =
􏽘Li,Lc

i

Vi ×
ts × Li

D
+ s0

􏼒 􏼓

(7) 

Y =
􏽘Lj.Lc

j

Ef × 1c × Vj × 1 −
(Ef × 1c − s0)2 × D
4Ef × 1c × ts × Lj

􏼒 􏼓􏼔 􏼕

(8) 

Z = Em × 1c × (1 − Vf − Vp) (9) 

where Ef is the fibre elastic modulus, Em is the matrix 
elastic modulus, 1c is the composite strain, ts is the inter
facial shear strength, D is the fibre diameter, s0 is the 
stress at the fibre ends, Li and Lj represent the lengths 
of sub-critical and super-critical fibres respectively, Vi 

and Vj are the corresponding volume fractions, Vf is 
the total fibre volume fraction, and Vp is the void 
volume fraction. The fibre orientation factor (h0), which 
plays a critical role in this model, can be determined by:

h0 =

􏽐n
i=1 cos ui

n
(10) 

where ui represents the angle between each fibre and 
the loading direction, and n is the total number of 
fibres examined.

The modified Kelly-Tyson model provides a frame
work to explain the observed mechanical behaviour 
under different isostatic pressures. In the lower pressure 
range (0–500 bar), CIP treatment effectively reduces the 
void volume fraction as evidenced by the progressive 
reduction in voids observed in the SEM micrographs 
(Figure 6(c–f)). The reduction in Vp directly contributes 
to the mechanical strength enhancement through the 
Z term. Simultaneously, the improved interfacial 

bonding between fibre and matrix, confirmed by the sig
nificant increase in ILSS values, enhances the effective 
stress transfer parameter (t) which positively influences 
both X and Y terms.

However, when the isostatic pressure exceeds 500 
bar, microstructural examination reveals that fibre orien
tation begins to deviate from the originally aligned state 
produced during the MEX process. This randomisation 
decreases the fibre orientation factor (h0), which has a 
multiplicative effect on both fibre contribution terms 
(X and Y) in Equation (9). Furthermore, the SEM analysis 
shows evidence of fibre agglomeration at higher press
ures (Figures 6(i) and 7(j)), which creates localised 
stress concentration points and reduces the effective 
load-bearing capacity of the composite [67].

The trade-off between void reduction and deteriorat
ing fibre orientation results in a mechanical property 
peak at 500 bar CIP pressure. This optimal pressure rep
resents the specific processing condition where 
maximum void reduction is achieved while maintaining 
fibre orientation and distribution. These experimental 
findings are supported by consistent with the modified 
Kelly-Tyson model, which predicts that composite 
strength depends on the combined effects of fibre orien
tation, interfacial bonding, and void content. The mech
anical effectiveness of the CIP-treated composites has 
been verified by the above tests and analyses. To evalu
ate the practical feasibility of CIP treatment, it needs to 
be compared to existing sCFRP composites. Figure 
10(a) shows the mechanical properties of CIP-treated 
specimens compared to other reported sCFRP compo
sites. Typically, PA-matrix composites containing 15 wt 
% CF exhibit tensile strengths ranging from 50 MPa to 
80 MPa, with conventional sCFRP reaching up to 100 
MPa. The CIP-treated specimens in this work achieved 

Figure 10. Comparison of mechanical properties between this study and literature data for various composites (a) tensile strength 
and (b) tensile modulus.

14 S. JEON ET AL.



tensile strengths of approximately 150 MPa, surpassing 
even high-performance PEEK/CF composites. Figure 
10(b) compares the tensile modulus between CIP- 
treated and conventional sCFRP at different fibre con
tents. While traditional sCFRP composites show limited 
mechanical properties due to insufficient consolidation, 
the CIP-treated specimens have demonstrated superior 
mechanical properties through better fibre and matrix 
integration. Specifically, the CIP-treated sCFRP in this 
study achieved a tensile modulus of approximately 
10 GPa with 15 wt% sCF, surpassing the performance 
of sCFRP containing higher fibre content (20 wt% sCF).

In addition to mechanical properties, dimensional 
stability is another critical factor for practical appli
cations. The dimensional stability of CIP-treated speci
mens was evaluated by comparing with various post- 
processing methods reported in literature. Table 4 pre
sents the dimensional deformation rates for different 
materials and post-treatment techniques. Previous 
studies have reported significant dimensional changes 
in conventional post-processing methods, ranging 
from 10% to 19% deformation. In contrast, the CIP- 
treated sCFRP specimens in this work exhibited remark
ably low dimensional changes of only 1∼4% (Figure 8), 
demonstrating enhanced dimensional stability com
pared to conventional post-processing methods. As 
shown in Figure 8(b,c), the dimensional changes 
remained minimal across different CIP pressures (250– 
1000 bar) for both flexural and ILSS specimens, confi
rming the superior capability of CIP treatment in preser
ving component geometry while improving interlayer 
bonding.

4.2. Crystalline behaviour

The significant improvements in mechanical properties 
across all specimens suggest underlying microstructural 
and crystallinity changes induced by CIP treatment. To 
understand the enhancement of CIP-treated specimens, 

crystalline behaviour was investigated through thermal 
analysis. As previously discussed in Section 3.2, both Xc 

and Tg showed systematic variation with applied 
pressure. In semi-crystalline polymers like PA, the mol
ecular structure can transform from amorphous to crys
talline states under specific pressure and temperature 
conditions [39].

During the initial CIP stage (0–250 bar), isostatic 
pressure induces a reduction in free volume between 
polymer chains, promoting initial molecular alignment. 
This molecular reorganisation creates favourable con
ditions for crystalline phase formation within the 
polymer matrix. As pressure increases to 500 bar, the 
maintained molecular alignment combined with 
enhanced molecular diffusion between layers facilitates 
stronger polymer chain formation through secondary 
bonding. The molecular chain reorganisation estab
lishes thermodynamically stable configurations, result
ing in optimal crystallinity. The increased Tg of 74.93° 
C at pressure condition of 500 bar reflects enhanced 
molecular chain rigidity, resulting in improved mechan
ical properties [57,69]. In contrast, pressure treatment 
above 500 bar leads to crystallinity deterioration. 
Microstructural analysis revealed that isostatic treat
ment above 750 bar resulted in CF agglomeration 
and random fibre orientation. However, this configur
ation fails to provide consistent nucleation sites for 
crystallization and compromises optimal load distri
bution. The resulting structural arrangement leads to 
reduced DOC, decreasing mechanical properties for 
primary loading directions.

Previous studies have shown that post-processing 
enhances the interfacial strength between fibre and 
matrix, leading to improved tensile strength and 
modulus [19]. Frenkel-Eshelby and Hooke’s laws quanti
tatively validate that increased interfacial strength 
between layers directly correlates with improvements 
in tensile behaviours [40]. Therefore, the increased 
DOC through CIP treatment enhances the interfacial 
bonding between CF and matrix, contributing to the 
improved mechanical properties.

The enhanced interfacial bonding was verified 
through microstructural observation. The untreated 
specimen fracture surfaces exhibited fibre debonding, 
characteristic of weak interfacial bonding (Figure 
11(a)). In contrast, the specimens treated at 500 bar dis
played fibre breakage, signifying strong CF-matrix 
bonding (Figure 11(b)). The CIP process reveals an 
optimal pressure range where enhanced interfacial 
bonding is achieved through higher crystallinity, while 
excessive pressure leads to mechanical property deterio
ration. The mechanical property degradation is attribu
ted to structural damage and the development of 

Table 4. Comparison about dimensional deformation other 
literature.
Material Method Deformation Ref

sCF / 
PEEK

Microwave 
annealing

Thickness increase: 10% Ai, Li, and Vogt 
[68]

ABS Warm isostatic 
pressing

Shrinkage: 18.9% SeongJe Park et 
al. [41]

rCF / ABS Annealing Shrinkage: 18.8% Seok, Jeon, and 
Kim [15]

PLA Hot roller z-direction deformation: 
0.72 mm

Andreu et al. 
[29]

S-CCFRC Annealing Width deformation: 
16.74%

Wang et al. [37]

sCF / PA CIP Width deformation: 4% 
Thickness 
deformation: 1%

This work
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large crystal structures restricting molecular chain mobi
lity, thereby reducing material ductility [70]. Optimising 
the CIP treatment conditions requires balancing the iso
static pressure effects on mechanical strength and 
material ductility.

The analysis of isostatic pressure effects on crystalliza
tion behaviour reveals that CIP promotes crystalline 
structure formation through pressure-induced chain 
alignment at room temperature. The CIP crystallization 
approach offers distinct advantages over conventional 
thermal processes. This room-temperature method pro
vides enhanced control over crystallization while pre
venting thermal degradation and dimensional 
instability. These crystallinity observations provide 
important insights into the mechanical behaviour 
explained by the modified Kelly-Tyson model discussed 
in Section 4.1. The progressive increase in Xc up to 500 
bar (from 26.82% to 30.43%) enhances the interfacial 
shear strength parameter (τs), leading to improved 
stress transfer efficiency at the fibre-matrix interface. 
Furthermore, the increased crystallinity contributes to 
higher matrix tensile strength, positively affecting the 
matrix contribution.

4.3. Effect of isostatic pressure

The experimental results demonstrate that CIP post-pro
cessing effectively addresses the inherent limitations of 
MEX-manufactured sCFRP components. The systematic 
analysis of mechanical properties, crystallinity changes, 
and microstructural modifications reveals the mechan
isms responsible for property enhancement through 
CIP treatment.

As shown in Figure 12(a), polymer interface bond for
mation during conventional thermal treatment occurs in 
four stages [71]:

(i) surface contact involving localized polymer flow 
and molecular movement at the interface, (ii) close 

physical contact between two interfaces (neck growth), 
(iii) molecular diffusion and randomization across the 
entire interface (molecular diffusion), and (iv) the 
gradual cooling of the interface (cooling). However, 
heat treatment methods require high temperatures to 
enhance polymer diffusion between layers. These con
ventional treatments result in slow molecular diffusion 
rates and potential polymer softening. In contrast, the 
CIP process enhances interfacial contact between 
layers through high isostatic pressure application, pro
moting molecular chain mobility and gradual coalesc
ence at filament interfaces. This study proposes that 
CIP enhances molecular entanglement across amor
phous and crystalline regions, which improves both 
interlayer adhesion and material crystallinity. As shown 
in Figure 12(b), the behavior of amorphous and crystal
line regions during CIP proceeds in four stages: (i) the 
void volume between interfaces decreases, and surface 
contact begins during the initial application of isostatic 
pressure (initial contact), as observed in Section 3.3, (ii) 
the physical contact area between interfaces expands, 
and molecular chain rearrangement begins as pressure 
increases (contact area widen) [57,69], (iii) molecular 
chain entanglement occurs, and crystalline regions reor
ganize at maximum pressure (intermolecular bonding), 
and (iv) the formed molecular bonds and rearranged 
structures are maintained and stabilized upon pressure 
removal (structure stabilization), as presented in 
Section 3.1. Consequently, the CIP process achieves 
efficient interlayer bonding while maintaining the 
dimensional stability of MEX-manufactured components 
at room temperature. This enhancement is quantitat
ively validated by improved mechanical properties and 
observed microstructural changes after CIP treatment, 
as well as the modified Kelly-Tyson model discussed in 
Section 4.1, which demonstrates that the increased crys
tallinity directly enhances the interfacial shear strength 

Figure 11. Microstructural comparison of the fibre–matrix interface: (a) Fibre pull-out in the untreated specimen and (b) Fibre break
age in CIP-treated specimen at 500 bar.
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parameter (τs), resulting in more efficient stress transfer 
at the fiber-matrix interface.

The room-temperature CIP process overcomes limit
ations of conventional thermal post-processing 
methods, particularly polymer degradation and dimen
sional instability. The absence of thermal activation elim
inates issues related to differences in thermal expansion 
coefficients between fibre and matrix, while achieving 
significant improvements in interfacial bonding and 
mechanical properties.

5. Conclusions

This study investigated the effects of CIP post-proces
sing on the mechanical properties of MEX-manufactured 
sCFRP composites. To assess the effect of CIP on MEX- 
manufactured sCFRP components, various isostatic 
pressures (250–1000 bar) were applied during CIP treat
ment. Mechanical, thermal, and microstructural analyses 
were conducted to systematically evaluate the pressure- 
dependent effects on the composites.

The key findings of this study include: 

. Optimal CIP pressure of 500 bar produced maximum 
mechanical enhancements: 103% tensile strength, 

40.9% flexural strength, and 82.7% interlaminar 
shear strength.

. Mechanical anisotropy of MEX-manufactured compo
sites reduced from 66.2% to 49.3%.

. Crystallinity increased by 12.4% (from 26.8% to 
30.4%).

Microstructural analysis revealed that the CIP treat
ment effectively reduced the interlayer and interfilament 
voids while increasing the contact area, serving as the 
primary mechanism for enhancing the mechanical prop
erties. The dimensional stability analysis showed 
minimal shape deformation after CIP treatment 
(maximum deformation rate of 3%), demonstrating 
superior dimensional stability compared with conven
tional thermal treatment methods. CIP demonstrated 
significant potential as a room-temperature post-proces
sing method for MEX-manufactured sCFRP components, 
without thermal degradation while requiring only 
30 min of processing time compared to several hours 
for traditional thermal treatments. The CIP process pro
vides an effective post-processing method for MEX-man
ufactured sCFRP composites by enhancing mechanical 
properties through pressure-induced molecular 
diffusion without thermal degradation. This room-temp
erature process offers significant advantages over 

Figure 12. Schematic representation of bonding mechanism: (a) conventional thermal bonding process and (b) proposed CIP bonding 
mechanism in four stages.
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conventional thermal treatments, particularly for semi- 
crystalline polymers. While the results demonstrate con
siderable improvement in mechanical properties, the 
current study is limited to static mechanical testing 
and semi-crystalline polymer matrix composites only. 
Future research will focus on investigating the long- 
term durability of CIP-treated composites under 
various environmental exposures and dynamic perform
ance under cyclic loading conditions. Further investi
gations will include comprehensive testing across 
various fibre volume fractions, detailed analysis of inter
face characteristics as a function of pressure and holding 
time. These investigations are expected to facilitate the 
implementation of CIP-treated composites in demand
ing applications across aerospace, automotive, and 
industrial sectors.
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