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Abstract
Owing to the deposition mechanism, parts fabricated from the material extrusion (ME) process have intrinsic air gaps that 
negatively impact their mechanical properties. Thus, the amount of air gaps should be minimized. In this study, a warm 
isostatic press (WIP) process was adopted to decrease the amount of air gaps, resulting in improved mechanical properties 
using acrylonitrile butadiene styrene (ABS). To identify changes in the mechanical properties, tensile tests were performed 
with specimens heat-treated by the WIP processes with different pressure–temperature profiles. The influence of the tem-
perature and pressure on tensile strength, elongation at break, and toughness was investigated. Water tightness evaluation 
was conducted to prove the decrease in the air-gap size. Based on the investigation, the WIP process was concluded to be 
effective for decreasing the intrinsic air gaps and improving the mechanical properties owing to the increase of the bonding 
force between the lines and layers, which led to the suggestion of a method that optimizes the parameters of the WIP process.

Keywords  Additive manufacturing (AM) · Material extrusion (ME) · Warm isostatic press (WIP) · Mechanical properties · 
Tightness

1  Introduction

Additive manufacturing (AM) technology can build complex 
parts that cannot be fabricated by conventional manufactur-
ing technology. Owing to this advantage, it has received sig-
nificant interest as an alternative in various industrial fields 
[1–4]. In ASTM F2792-12a, AM technologies are divided 
into the following seven groups: material extrusion (ME), 
vat photopolymerization (VP), material jetting (MJ), binder 
jetting (BJ), powder bed fusion (PBF), direct energy deposi-
tion (DED), and sheet lamination (SL) [5].

Among these groups, ME technology is the most used 
and actively studied owing to its accessibility and usability. 
It also has only a few restrictions on the use of thermoplas-
tic polymers, such as polylactic acid (PLA), acrylonitrile 
butadiene styrene (ABS), polycarbonate (PC), polyamide 
(PA), polysulfone (PSU), polyetherimide (PEI), and poly-
etheretherketone (PEEK) [5–10]. However, parts manufac-
tured with the ME technology have mechanical properties 
that are inferior to those of conventional processes [11, 12], 
whereas parts fabricated using other AM technologies dem-
onstrate superior or similar mechanical properties [13, 14]. 
The cause of deterioration for the mechanical properties in 
ME-fabricated parts has been investigated, and several stud-
ies have revealed that the intrinsic air gaps originating from 
the extrusion process are the main reason [15, 16]. In addi-
tion, these air gaps can result in the poor quality of a part, 
such as weight unbalance, poor surface integrity, and poor 
tightness [17–20].

The air gap has been attempted to be reduced by optimiz-
ing the process parameters, where all process parameters 
should be tailored to narrow the space between the lines or 
layers. A narrow nozzle tip or a large infill overlap can be 
considered to narrow the space between the lines [11, 21, 
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22]. A small layer thickness can reduce the space between 
the layers [23, 24]. In certain cases, the infill pattern can 
affect the density of the fabricated part [25]; however, in 
many cases, optimization focuses on the dimensional accu-
racy and surface quality. Thus, the intrinsic air gap remains 
after optimization of the process parameters. Chemical or 
heat treatment has been investigated as another approach. 
In the former method, chemicals attack polymer chains and 
degrade them, resulting in the deterioration of mechanical 
properties [18, 19]. In addition, it was found that the chemi-
cals did not reach the internal air gaps. Heat treatments can 
affect the internal air gap and have been used to improve 
the warpage and release the internal stress in the injection 
molding [26]. As a result of heat treatment, an improvement 
in the toughness and tensile strength of a fabricated part 
was reported [27–29]. Upon increasing the temperature in 
the chamber, the deposited polymers were re-melted and 
cooled. The adjacent lines or layers slowly re-bonded dur-
ing the heat treatment, and the residual stress between the 
lines and layers was released. This process can improve the 
toughness [30]. Although the fact that heat treatment reduces 
air gaps has not been reported, the high temperature provides 
an environment for the internal movement of polymers [31].

In this regard, authors were interested in the effect of tem-
perature on reducing the air gap. However, increasing the 
temperature as a conventional heat treatment was insufficient 
to reduce the air gap. The heat can improve the mobility of a 
polymer, but heat cannot lead to the flow state of the poly-
mer [32]. Hot isostatic pressing (HIP) can be considered as an 
alternative, which has been mainly used to reduce the internal 
air gap of a metal part with a high pressure and temperature 
[33]. Several studies have been conducted with diverse materi-
als for the hot isostatic pressing (HIP) process. In the case of 
aluminum alloys fabricated by PBF, the HIP process was con-
ducted in an argon atmosphere at a temperature of 480 °C and 
pressure of 120 MPa for 120 min. The ultimate tensile strength 
and elongation at break of AA2024 specimens increased by 
approximately 16% and 26%, respectively, with a reduction in 
air gap, compared to those without HIP [34]. The HIP process 
was carried out for a TiB2/316L stainless steel (STS) compos-
ite fabricated by PBF in an argon atmosphere at a temperature 
of 1150 °C and pressure of 2070 bar. The microhardness of the 
specimen subjected to HIP twice increased by approximately 
1.4 times when compared to that of the specimen subjected to 
HIP once [35]. Furthermore, the PBFed STS 316L, NiAl-Cr-
Mo alloy, EP741NP nickel alloy, Co-Cr-Mo alloy, and Inconel 
625 alloy were taken through the HIP process at temperatures 
above 1000 °C and pressures above 1000 bar after the PBF 
process. The experiments demonstrated that the HIP process 
is positive in terms of physical properties [33, 36–40]. The 
results mentioned above show that temperature and pressure 
are effective in reducing the internal voids generated during 
the metallic PBF process, and the optimal condition of the 

temperature and pressure should be determined by the type of 
materials. However, the pressure and temperature in the HIP 
process are excessively high for the polymer part. Hence, the 
authors chose to use warm isostatic pressing (WIP) similar 
to the HIP process, which has been used for semiconductor 
component manufacturing, reactor of material polymerization, 
and lamination of sheets.

In this study, the authors found the process window of 
the temperature at which the warpage cannot appear and 
proposed a method to determine an effective net pressure 
into a part. Based on the experimental results, the authors 
determined a proper pressure–temperature profile for the 
WIP process. The mechanical properties of the specimens 
processed under the designed WIP process, such as tensile 
strength, elongation, and toughness, were quantitatively 
compared to those of the non-processed specimens. Finally, 
the effectiveness of the WIP process was demonstrated by 
verification of the reduction of the air gap and the increase 
of the mechanical properties. Based on the analysis of the 
investigation, the authors suggested a method to optimize 
the parameters in the WIP process.

2 � Experimental

2.1 � Fabrications of tensile and water tightness 
evaluation specimens

Tensile specimens were used to investigate the influence of 
the parameters of the WIP process on the warpage and the 
mechanical properties. A tightness specimen was fabricated 
to qualitatively estimate the reduction in the air gap. Ten-
sile and tightness specimens were additively manufactured 
with a commercially available ME process (Fortus 250mc, 
STRATSYS, U.S.A.). Acrylonitrile butadiene styrene (ABS 
plus, STRATSYS, U.S.A.) with a glass transition tempera-
ture (Tg) of approximately 108 °C was utilized for the fab-
rication. The infill pattern for the tensile specimen fabrica-
tions was + 45°/ − 45° of the raster angle with one contour, as 
shown in Fig. 1(a). The cylindrical tightness specimens with 
holes were manufactured with the same infill pattern shown 
in Fig. 1(b). The fabrication layer was 0.254 mm thick. The 
process parameters used for the ME process, such as the 
nozzle temperature (°C), chamber temperature (°C), noz-
zle diameter (mm), and nozzle moving speed (mm/s), were 
those set by the machine manufacturer.

2.2 � Design of the WIP process

2.2.1 � Equipment

Figure 2 presents the equipment used for the WIP system 
that was designed to independently control the temperature 
and pressure under the surrounding heater and inert gases, 
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such as argon or nitrogen. The temperature and pressure in 
the chamber can be increased up to 350 °C and 100 bar, 
respectively. During the WIP process, all the specimens were 
placed inside a chamber with a volume of 5000 cm3.

2.2.2 � Pressure–temperature profile

A profile for the pressure and temperature is required for the 
WIP process. In this study, the initial profile for the pres-
sure and temperature was built by referring to the profile of 
the hot isostatic press (HIP) process. The following three 
profiles were considered to estimate the influence of the 
individual parameters in the WIP process: only temperature 
(OT), first pressure (FP), and first temperature (FT). The OT 
case is designed to estimate the influence of the tempera-
ture by comparing it with and without the OT process, as 
shown in Fig. 3(a). The temperature profile of the OT was 
designed by referring to the annealing process to remove 
residual stresses [30]. FP and FT cases were designed to 

estimate the influence of the application order of the pres-
sure and temperature for the effect of the WIP process. For 
example, FP initially increases the pressure in the cham-
ber, which is followed by an increase in the temperature, as 
shown in Fig. 3(b). The concept of FT is opposite to that of 
FP, as shown in Fig. 3(c). To determine the proper chamber 
pressure and temperature, the chamber pressures were set to 
0, 10, 50, and 90 bar and the temperatures to 110, 120, 130, 
and 140 °C, respectively. All specimens in this study were 
processed with a holding time of 1 h. The heating rate was 
5 °C/min, and the pressure was filled in the chamber within 
1 min. After the holding time passed, the specimens were 
slowly cooled in the chamber. Prior to the WIP process in 
this study, the specimens were vacuum packed to increase 
the net pressure, which is the difference between the inner 
and the outer pressures. Accordingly, all specimens were 
vacuum packed with a polyamide (PA) packaging film by 
using a vacuum packing machine (AZC-010, Intrise Corpo-
ration, Republic of Korea) for 30 s before the WIP process. 
The specimens were processed with and without vacuum 
packing under FP conditions to understand the vacuum pack-
ing effect.

2.3 � Measurements of properties

The tensile specimens were fabricated with a thickness of 
3.2 mm according to the ASTM D638 type 1 standard. A 
universal testing instrument (DTU-900, Daekyung Tech, 
Republic of Korea) was used for the tensile test, which was 
conducted under the standard condition. The mechanical 
properties, such as the tensile strength, elongation at break, 
and toughness, were evaluated by averaging five measure-
ments and displayed as the mean ± standard deviation. The 
toughness was calculated according to Eq. (1):

Fig. 1   a Built orientation of tensile specimens and b dimensions of water tightness evaluation specimens

Fig. 2   a Photograph of the equipment and b schematic of the cross sec-
tion for the WIP system
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where � is the stress and � is the strain. The energy absorp-
tion or toughness can be calculated by integrating the area 
under the stress–strain curve per unit volume for a specimen, 
up to a strain �

m
 [41].

For the confirmation of air gaps, the cross sections of the 
fractured specimens were observed with an optical micro-
scope (OM; Axio Vert A1, ZEISS, Germany). The quantita-
tive size of an air gap was calculated with the threshold of 
OM. All air gap sizes were represented in the OM image.

The water tightness evaluation was performed by insert-
ing an air hose into the sample entrance. The entrance of the 
specimens was wrapped with parafilm to prevent the injected 
air from escaping. The specimens were immersed in water, 
and 1 bar of air was injected to check for air leakage from the 
specimens with and without the WIP treatment.

3 � Results

3.1 � Effect of vacuum packing in the WIP process

3.1.1 � Prevention of the warpage in the WIP process

The WIP process should be conducted above Tg to improve 
its effect. As the temperature increases, a warpage phe-
nomenon in the specimen is found during the WIP process. 
Figure 4 presents the warpage of the tensile specimens 
according to the chamber temperature and fixation. The 
temperatures in the figures are maximum temperatures at 
which warpage appears. The specimens without fixation 
began to deform at 100 °C, which occurred at the center of 

(1)W = ∫
�
m

0

�d�
the specimen during heating because they were obliquely 
placed in the chamber, as shown in Fig. 4(a). To address 
this problem, the specimen was drilled at the center of the 
grip section and hung at the top of the chamber, as shown 
in Fig. 4(b). In the case of hanging fixation, the specimen 
was deformed around the drilled hole at 130 °C, which is 
approximately 1.2 Tg. Finally, the authors decided to use a 
jig to prevent deformation caused by the high temperature. 
The jig was composed of polyetheretherketone (PEEK), as 
shown in Fig. 4(c), which can withstand high temperatures 
because super-engineered plastic has superior thermal prop-
erties. The specimen was deformed at 140 °C and 1.3 Tg 
for jig fixation, and was deformed in a direction that was 
not closed by the jig. In addition to using the jig, vacuum 
packing was used to prevent deformation toward the direc-
tion unclosed by the jig, which prevented deformation at 
140 °C. The following conclusions can be drawn based on 
the results. The specimen weight may affect its deformation 
under isostatic pressures and high temperatures. Vacuum 
packing may be helpful for preventing the deformation of a 
specimen under high pressures and temperatures [42].

3.1.2 � Enhanced mechanical properties

Figure 5 presents the changes in the mechanical properties 
and sizes of the air gaps under the following three condi-
tions: without WIP, with vacuum packing, and without vac-
uum packing during the WIP process. All specimens were 
subjected to a chamber pressure and temperature of 90 bar 
and 130 °C, respectively. For all cases, the tensile strength 
exhibits an insignificant change, as shown in Fig. 5(a). These 
specimens had a contour parallel to the tensile load. There-
fore, the tensile strength is more dependent on the intrinsic 
strength of the layer than on the interlayer bonding [5, 43]. 

Fig. 4   Warpage of tensile speci-
mens according to chamber 
temperature: a without fixation, 
b with hanging fixation, c with 
jig fixation, and d with vacuum 
packing and jig fixation

Fig. 3   Temperature–pressure profile for a only temperature (OT), b first pressure (FP), and c first temperature (FT)
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The elongation at the break and toughness of the specimens 
demonstrated significant differences, as shown in Figs. 5(b) 
and (c). In the case of vacuum packing during the WIP pro-
cess, the mechanical properties demonstrated a higher elon-
gation and toughness. Figure 5(d) presents the direction of 
the pressure inside the air gap and chamber.

Without vacuum packing, the pressure inside the air gap 
is equal to the pressure inside the chamber and the direc-
tion of the two pressures is opposite. The pressure condi-
tion disturbs the air-gap reduction during the WIP process. 
Thus, the improvement in the mechanical properties of the 
specimen processed without vacuum packing is due to the 
stress-relief effect of the chamber temperature rather than 
the reduction of the air gap by the chamber pressure [44].

Therefore, it is essential for the pressure to be applied to 
the specimen surface to reduce the air gap. In the case where 
vacuum packing was utilized, the chamber pressure only 
applies to the surface of the specimen. This phenomenon can 
help reduce the air gaps and improve the mechanical proper-
ties. Figure 5(e) presents the change of the air gap in the three 
cases. The size of the air gaps in the specimen processed 
without vacuum packing was slightly reduced in comparison 
to that processed without the WIP. However, the air gaps in 
the specimen with vacuum packing were barely noticeable.

Based on the aforementioned observation, vacuum 
packing should be implemented during the WIP process to 
reduce air gaps. Therefore, all the specimens for the subse-
quent tests were vacuum packed during the WIP process.

Fig. 5   Comparison of mechanical properties: a  tensile strength, b elongation at break, c  toughness, d air-gap reduction, and e air gap without 
WIP and with WIP (without vacuum packing and with vacuum packing)
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3.2 � Estimation of the WIP process parameters 
for mechanical properties

3.2.1 � Effect of the application order of pressure 
and temperature

As indicated in Sect. 2.2.2, the chamber pressure and tem-
perature can be independently controlled in the WIP pro-
cess. The order of applying the parameters could be consid-
ered as a parameter that leads to changes in the mechanical 
properties of the specimens during the WIP process. To 
investigate the effect of the application order, it is neces-
sary to observe the change in the mechanical properties 
with the change in the application order. Figure 6 presents 
the tensile results and the changes in the air gap. All the 
cases considering tensile strength are similar, as shown in 
Fig. 6(a). The elongation at the break and the toughness 
increased, as shown in Fig. 6(b) and (c), when compared to 
the specimen processed without WIP. Regarding the tensile 
strength, it is a reasonable value compared to the results in 
Fig. 5(a). Figure 6(d) presents the reduction of the air gap 
by the WIP process. The application order of pressure and 
temperature had no significant effect on the mechanical 
properties of the parts fabricated by the ME process.

3.2.2 � Effect of pressure

In general, the conventional heat treatment of polymers is 
conducted by controlling the temperature profile over time 
[26, 27, 45]. This mainly aims to relieve the residual stress 

on the polymer chain formed during the process. There is no 
external force during the heat treatment. Hence, the air gap 
produced during the ME process remains after heat treat-
ment. In contrast with the conventional heat treatment of 
polymers, pressure is added in the WIP process. Thus, the 
effect of the pressure needs to be investigated.

To investigate the effect of pressure, the specimens were 
processed under various pressures and a temperature of 
130 °C. Figure 7 demonstrates the tensile results and sizes of 
the air gaps in the specimens treated from the only tempera-
ture (OT) and WIP process with different chamber pressures. 
There was no significant difference in the tensile strength. 
The elongation and toughness increased steadily with an 
increase in the chamber pressure, and the air gap decreased 
with pressure as well.

Based on the results, the effects of both stress relief and 
reduction of air gaps occurred by the WIP process [27, 44, 
46]. The reduction in the air gaps is more closely related to 
the elongation at the break and toughness rather than the 
tensile strength. The increase in the bonding area between 
the lines and layers caused by the reduction of the air gaps 
is more effective in increasing the elongation and toughness, 
and the effect of the stress concentration by the air gaps is 
insignificant in the static test of the polymer [47].

3.2.3 � Effect of temperature

Temperature is an important parameter in the WIP pro-
cess because temperature or heat provides energy for the 
polymer chain to physically move [48]. However, if the 

Fig. 6   Comparison of 
mechanical properties: a tensile 
strength, b elongation at break, 
c toughness, and d air gap of 
first pressure (FP) and first 
temperature (FT)
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temperature is too high, there is a possibility of polymer 
degradation [49]. Therefore, it is necessary to determine 
the proper chamber temperature at which degradation does 
not occur.

Figure 8 presents the tensile strength results and the 
size of the air gaps in the specimens from the WIP pro-
cess with different temperatures. All the specimens were 
processed under a chamber pressure of 90 bar. The tensile 
strength demonstrates no noticeable change, as shown in 

Fig. 8(a). The elongation at the break and toughness rep-
resent the best values at a chamber temperature of 120 °C, 
as shown in Fig. 8(b) and (c), even before the air gap was 
fully closed (Fig. 8(d)). Although there is a downward 
trend at a chamber temperature of 130 °C, the elongation 
and toughness remain higher than those of the specimens 
without WIP, as shown in Fig. 5(b); however, when the 
chamber temperature was 140 °C, they were lower than 
those of the specimen without WIP.

Fig. 7   Comparison of mechanical properties: a tensile strength, b elongation at break, and c toughness, and d air gaps for the only temperature 
(chamber pressure: 0 bar) and with WIP process with different chamber pressures

Fig. 8   Comparison of mechanical properties: a tensile strength, b elongation at break, c toughness, and d air gaps in different chamber temperatures
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Based on the aforementioned results, the degradation of 
the specimen begins at a chamber temperature of 130 °C, 
and the degradation is a dominant factor for the determina-
tion of the mechanical properties, despite the specimens 
having no air gaps. Namely, the degradation of the poly-
mers should be considered when determining the tempera-
ture for the WIP process.

3.3 � Qualitative estimation of the reduction 
of the air gaps

Air gaps randomly exist in parts fabricated by the ME pro-
cess [50, 51]; thus, it is impossible to estimate the number of 
air gaps. However, it is possible to qualitatively evaluate the 
reduction of the air gaps by a water tightness evaluation. The 
tightness samples were processed under the same conditions 
used to treat the tensile specimen. All specimens fabricated 
with or without the WIP process were connected to a yellow 
air-pressure hose and placed in a beaker containing water. 
An air pressure of 1 bar was injected before and after the 
WIP-processed parts, as shown in Fig. 9. Bubbles appeared 
in the case without the WIP process. However, bubbles did 
not form in the WIP-processed specimen because the air 
gaps were closed. Based on these observations, the water 
tightness evaluation can be concluded as a method that esti-
mates the effect of the WIP process for the reduction of air 
gaps and waterproof characteristics.

4 � Discussion

In this study, the authors focused on the influence of the WIP 
parameters to reduce air gaps, which is inevitable in the ME pro-
cess. Two parameters of the WIP process (pressure and tempera-
ture) were considered to identify the effect of the WIP process.

Figure 10(a) and (c) demonstrate that tensile strength 
is similar for all cases, while the elongation at the break 
is slightly different. This may be attributed to the fact that 
tensile strength is highly dependent on the intrinsic mate-
rial properties but the elongation at the break depends on 
the appearance of the degradation of the polymer and the 
increase of the bonding area. The degradation of the poly-
mer and the change of the bonding area are highly related 
to the values of the WIP process parameters, as indicated 
in Sects. 3.2.2–3.2.3. Thus, the optimal condition for the 
WIP process should be determined based on the elongation 
at the break. Based on this study, a pressure and tempera-
ture of 90 bar and 120 °C, respectively, may be near the 
optimal condition.

However, the optimal condition needs to be determined 
carefully. In this study, the authors used standard speci-
mens that had a simple shape and uniform thickness. Thus, 
a higher pressure is better for the optimal pressure, and a 
temperature of 120 °C is the best for the WIP process. If 
a part has various features with different thicknesses, the 
optimal condition may not be valid owing to the possibil-
ity of damaging a feature in a part by the pressure. Hence, 
the optimal pressure and temperature should be carefully 
determined.

Based on the analysis of the results, the authors suggest 
a method to determine the optimal pressure, temperature, 
and holding time. First, the maximum pressure for the WIP 
process was determined. As indicated in Sect. 3.2.2, a higher 
pressure is better for the WIP process. Thus, determining 
the optimal pressure determines the maximum pressure. The 
following two cases should be considered when determining 
the maximum pressure: (1) the maximum pressure applied 
by the WIP equipment and (2) the pressure at which a feature 
with a minimum thickness is not broken. The two pressures 
may be the same or different; if two pressures are different, 
the smaller pressure would become a valid maximum pres-
sure, and would be the optimal pressure.

The determination of the optimal temperature is 
dependent on the warpage and degradation of the polymer, 
as indicated in Sects. 3.1.1 and 3.2.3. The optimal tem-
perature under the maximum pressure can be determined 
as a value that demonstrates the maximum elongation at a 
break where the warpage does not occur.

The holding time determined in this study was an hour, 
where the thickness of a part should be considered. Heat 
should reach the center of a part to cause polymer flow. 
Thus, the time to reach the center of a feature varies with 
the thickness of a feature. The maximum thickness should 
be considered when determining the holding time because 
it takes the longest time for heat transfer. Depending on the 
type of polymer, the holding time for the annealing treatment 
ranges from 30 to 60 min per 1/4 in. The holding time in the 
WIP process can be determined by referring to the guide of Fig. 9   Photograph of tightness results: a before and b after WIP
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the holding time in the annealing treatment. When deter-
mining the holding time based on the maximum thickness, 
degradation of the polymer at the minimum thickness is also 
considered. The authors determined the holding time based 
on the recommendation of the holding time in an annealing 
treatment.

In this study, the authors did not attempt to optimize the 
parameters for the WIP process but investigated the change 
of the mechanical properties with the pressure and tem-
perature. Based on the investigation, the authors suggest a 
method to optimize the parameters, which may have flaws. 
Nevertheless, the authors believe that the suggested method 
contributes to the wide adoption of the WIP process as a 
post-process for various materials such as carbon/glass fiber 
composites and as the manufacturing process of the ME, 
polymer-PBF, and BJ process. In addition, the anisotropic 
properties that generally appear in the AM process were not 
considered because this study focused on the investigation 
of the WIP process parameters for the change of mechanical 
properties. In a subsequent study, the authors will investigate 

the influence of the WIP process parameters for the aniso-
tropic properties.

5 � Conclusions

Inevitably, the parts manufactured by the ME process 
involves air gaps of hundreds of micrometers, which can 
weaken the mechanical properties. In this study, the authors 
adopted a heat treatment method, namely WIP, that can be 
applied along with the temperature and pressure to reduce 
the air gap within a part. The influence of the parameters of 
the WIP process for the changes in the mechanical proper-
ties and the size of the air gap was investigated. Based on 
the investigations, the following conclusions can be drawn:

(1)	 Weight affects the warpage with an increase in tem-
perature. To increase the temperature at which warpage 
does not appear, an approach that removes the effect of 
weight should be designed. Jig was used in this study, 

Fig. 10   Stress–strain curves representing the a effect of the application order of pressure and temperature, b effect of pressure, and c effect of 
temperature
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due to which the warpage can be prevented at tempera-
tures greater than 140 °C.

(2)	 To increase the effect of pressure to reduce air gaps, the 
net pressure should be increased. Vacuum packing was 
proposed in this study. Its effectiveness was proven by 
comparing the mechanical properties of the specimens 
processed with and without vacuum packing.

(3)	 In the WIP process, the application order of temper-
ature and pressure in the chamber did not affect the 
change in the mechanical properties. Thus, the first 
pressure (FP) and first temperature (FT) conditions 
yielded similar results.

(4)	 In addition, the simultaneous application of pressure 
and temperature, rather than only temperature, has 
a significant effect on the mechanical properties by 
reducing the air gap.

(5)	 Regarding the mechanical properties, a higher pressure 
is advantageous when a warpage does not appear.

(6)	 The pressure is critical when simultaneously applied 
with the proper temperature. The increase in pressure 
is closely related to the change in elongation and tough-
ness. In this study, the elongation and toughness lin-
early increase with the pressure.

(7)	 The degradation of the polymer affects the mechanical 
properties of the specimens fabricated with the WIP 
process. Thus, the specimens fabricated at 120  °C 
demonstrate the highest elongation and toughness. The 
effect of degradation increases at temperatures greater 
than 120 °C, resulting in brittleness. The inflection 
temperature should be considered as the optimal tem-
perature when determining the proper temperature for 
the WIP process.

(8)	 The near zero air-gap condition achieved by the WIP 
process can help adopt the MEed part in various fields.

As a post-processing technique, the WIP process demon-
strated the removal of air gaps in the fabricated part by the 
ME process. Only a built orientation was considered in this 
study. Thus, the effect of the WIP process for anisotropy was 
not investigated, which will be considered by the authors in 
a future study. In addition, a more detailed optimization pro-
cedure for the WIP process will be studied while considering 
the shape of a feature.
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