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Abstract
Conventional injection molding is widely used to produce plastic parts, mainly in the automotive industry, due to the high 
production ratios and quality of injection parts. Low mold temperatures are usually employed to decrease cycle molding 
time and final process costs; however, resulting surface defects include weld lines, sink marks, and warpage. Therefore, 
plastic parts are often subjected to secondary processes to reduce the surface defects. A dynamic mold heating and cooling 
control technology, rapid heat cycle molding (RHCM), was employed to optimize the injection molding process. The present 
study combined convection heating (pressurized water flow) and external infrared heating systems to investigate the effect 
of dynamic temperature control on the injection molding process. The infrared heating system was custom built to allow 
studying under controlled conditions the influence of several process parameters on the resulting morphology and mechanical 
properties. Results show significant gains from using the RHCM technology to optimize the conventional process, namely, 
at 100 °C no frozen layer is formed while simultaneously increasing the Young’s modulus. Industrial companies struggling 
with defects resulting from the thermal changes during injection molding can thus consider RHCM as a mitigation strategy 
and use these results as a guide for tool design and implementation of the technique.
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1 Introduction

The conventional plastic injection molding process is 
important for its ability to produce molded parts accurately 

and quickly while allowing the manufacture of very com‑
plex geometries [1]. During the process, the melted poly‑
mer is injected into a mold cavity, packed, and cooled until 
it has solidified before being ejected to start another mold‑
ing cycle [2]. Low mold temperatures (circa 50–60 °C) 
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are used in conventional injection molding technology to 
reduce the cycle molding time. The rapid cooling of the 
plastic parts can cause surface defects such as weld lines, 
sink marks, or warpages [3]. The quality of the molded 
products remains a significant criterion [4]. When the 
defects are noticeably unacceptable, the plastic parts are 
often subjected to secondary processes or might have to 
be rejected entirely [5].

Different technologies have been developed to optimize 
the conventional injection molding processes. Rapid heat 
cycle molding (RHCM) is a non‑conventional technology 
where the mold surfaces are heated and cooled repeat‑
edly during the molding cycle to inject the material into a 
higher temperature mold than usual in traditional injection 
molding [6]. A heating system heats the mold surfaces to a 
high mold temperature, usually higher than the polymer’s 
glass transition temperature; the high mold temperature 
is preserved during the filling and packing stage. Then, 
the mold surfaces are cooled by a cooling system, and the 
mold temperature decreases until it reaches the material 
ejection temperature, and, finally, the plastic part is ejected. 
In RHCM technology, the mold surface temperature is con‑
trolled dynamically and cyclically; therefore, the mold sur‑
faces must be rapidly heated and cooled [7].

Different authors studied the defects of the plastic parts 
produced by the injection molding process. Bahur and Ibra‑
him and Yueh‑Tzu et al. analyzed the warpage phenomenon 
in thin‑walled parts [3, 8]. Yueh‑Tzu et al. employed the 
“Moldflow” software to analyze the runner’s balance on 
multi‑cavities of thin‑walled parts and simulate their war‑
page [8]. These authors also considered the influence of 
molding parameters on warpage, intending to optimize the 
process. Concerning an analogous and common problem of 
injection molding, other authors also used the “Moldflow” 
software, but in this case, to analyze the shrinkage of micro‑
injection molded plastic parts and determine the optimum 
processing parameters.

Several authors have already studied the advantages of 
RHCM on injection molded plastic parts, focusing on opti‑
mizing the process or eliminating defects. Keun and Sang‑
Ik applied the RHCM approach and identified the influence 
of defects on the plastic parts using numerical simulation 
[9]. Wang et al. also employed numerical thermal analy‑
sis to investigate the mold surface temperature response 
during heating and the temperature of the melt polymer 
during the cooling stage [10]. Lucchetta and Fiorotto also 
applied the RHCM technology and showed that it could 
reduce and eliminate the surface defects of the molded parts 
[11]. Sánchez et al. analyzed the mold cavity temperature 
provided by electric resistance heating and convection cool‑
ing in RHCM. They simulated the material’s mechanical, 

thermal, and rheological properties to study the effects of 
temperature on part defects [12].

Similarly, Wang et al. studied the effect of the heating/
cooling system on the injection process but with steam heat‑
ing and convection cooling [13]. Shia‑Chung et al. meas‑
ured the surface quality of the parts using a gas‑assisted 
heating system in the injection molding process [14]. In 
summary, these different authors concluded that the RHCM 
process could improve the quality of the parts, namely, 
shrinkage and warpage (distortions of the intended shape of 
the molded part during the cooling stage) and weld marks, 
with particular impact on surface defects. In most cases, the 
authors have also determined the basic parameters of the 
injection molding process affected by RHCM.

Donggang and Byung and Poszwa et  al. studied the 
RHCM’s effects on basic parameters related to the filling 
stage, showing that the RHCM technology could lengthen 
the melt flow path [15, 16]. De Santis and Pantani devel‑
oped and applied a temperature control system on micro‑
injection molding and studied the effect of mold tempera‑
ture on the molten polymers’ flow properties and the parts’ 
morphology [17]. Keun and Sang‑Ik and Liparoti et al. 
studied the injection molding parameters during the rapid 
heat cycle injection molding process [9, 18]. The authors 
found that the temperature of the mold can reduce the injec‑
tion mold pressure. Wangging et al. (2022) defined and 
applied a temperature control system and studied the flow‑
induced molecular orientation of the molten polymers. The 
results showed that the molded plastic parts’ microstructure 
depends on the mold’s temperature.

The properties of the molded plastic parts are well known 
to be affected by the mold temperature. Since RHCM is 
essentially a non‑conventional control of the mold tem‑
perature, it becomes important to realize how it will affect 
the material properties. The molding conditions’ effect on 
morphology has been extensively reported, for example, 
ref. [19]. Feng et al. explored the mold surface temperature 
influence on the molded product’s microstructure and meas‑
ured the parts’ macroscopic properties [20]. The authors 
observed that the molded parts’ macroscopic properties 
(mechanical properties) depend on the mold temperature 
surface. Li et al. studied the molded part’s microstructure 
and found that it depends on the crystallization parameters 
during the RHCM process [21]. Noguchi et al. demonstrated 
that heat treatments affect the molded parts’ morphology 
and properties. The mechanical properties were affected by 
the microstructure of the parts. In turn, the mold tempera‑
ture surface influences the microstructure, with the frozen 
layer (typically created upon contact of the front flow of the 
hot polymer melt with the colder mold surface) being highly 
sensitive to the mold surface temperature [22].
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The mold surface temperature in RHCM must be con‑
trolled dynamically and cyclically, and there are different 
methods available in an industrial setting for efficient heat‑
ing and cooling. Selection of the proper method is key to 
the success of the RHCM approach. Zhao et al. evaluated 
resistance heating methods to heat the mold surface [23]. 
Cheng‑Long and Han‑Xiong and also Xi‑Ping et al. applied 
a resistance heating method (electrical heating system) for 
RHCM applications [24–26]. Alternatively, an induction 
heating system in the micro‑injection molding process for 
rapid mold temperature variation was used by Shia‑Chung 
et al. and also by Ming‑Shyan and Ning‑Sheng [27, 28]. 
Shia‑Chung et al. measured the surface quality of the parts 
using an induction heating system in the injection molding 
process [29]. Keun and Sang‑Ik applied a localized mold 
induction heating system for injection molding [9]. Dong‑
gang et al. and Shia‑Chung et al. used a high‑frequency 
proximity heating system for RHCM applications. At the 
same time, Pei‑Chi and Sheng‑Jye studied an infrared rapid 
surface heating system for injection molding [30–32]. 
Menghan et al. studied the effect of the convection heating 
(water‑assisted heating) system using the RHCM approach 
in the injection molding process [33]. Ming‑Chang et al., 
Guilong et al., and Liu et al. applied a steam heating system 
to heat the mold surface in the injection molding process 
[34–36]. Shayfull et al. reviewed the application of con‑
formal cooling channels to reduce the rapid heating and 
cooling cycle time for the conventional injection molding 
process, which could eventually be employed to improve the 
RHCM approach [37]. Each of these was shown to have dif‑
ferent features, but none of those studies directly compared 
two of the most promising techniques: infrared radiation 
and convection heating.

To complement the existing information on the practi‑
cal application of the RHCM technology, the present paper 
combined infrared radiation heating and a convection (water 

flow) temperature control system in optimizing injection 
molding RHCM using a case‑study part.

2  Materials and methods

2.1  Mold

A new mold was produced for this study, with the aim 
of assessing the effect of the RHCM technology on the 
resulting part morphology and properties, for a standard 
dumbbell specimen. Figure 1 shows the complete 3D CAD 
model of the mold and the mold cavity of the standard 
tensile specimens.

The mold produces simultaneously two standard tensile 
specimens: the C‑standard tensile specimens (center gate) 
and the E‑standard tensile specimens (edge gate); see Fig. 2.

Figure 3 shows the mold plate’s heating and cooling 
channels, which were used with the RHCM technology.

Fig. 1  The injection mold structure (3D CAD model) to produce the 
standard tensile specimens using RHCM technology

Fig. 2  Standard tensile specimens (3D CAD model) showing the 
“central” (C‑specimens) and the “edge” (E‑specimens) gate. The 
C‑ and E‑standard tensile specimens’ dimensions are 70  mm (total 
length), 30 mm (length), 5 mm (width), and 2 mm (thickness)

Fig. 3  The mold plate’s heating and cooling channels create thermo‑
mechanical environments
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2.2  Processing technology

The experimental setup comprises four components: an 
injection molding machine (BOY 22 A), the previously 
described mold, a thermoregulator (PIOVAN Thermovan 
TP), and a robot manipulator (PIKO pneumatic robot) to 
which an IR heating system is fixed. The infrared heating 
system was designed and manufactured for this specific 
study and allows heating the mold surfaces in a controlled 
manner. It is fixed to a pneumatic robot manipulator to allow 
moving the IR lamps into position to heat the mold surface 
when the mold is open and afterwards rapidly withdrawing 
to allow the mold to close. The mold temperature control‑
ler (thermoregulator) was used to dynamically control the 
temperature of the mold cavities by convection heating and 

cooling the water flow at a controlled temperature inside 
the mold’s heating and cooling channels. Figure 4 shows 
the injection molding machine and the IR heating system 
connected to the PIKO pneumatic robot.

2.3  Infrared radiation heating method and system

In IR heating methods, the mold surface absorbs the infra‑
red radiation emitted by the IR heating system. The IR heat‑
ing system developed specifically for this work is illustrated 
in Figs. 5 and 6. It comprises two distinct elements: the 
lamp harness and the lamps. The highly polished divergent 
surfaces of the lamp harness direct the light emitted by the 
lamps to the mold surface. Up to four IR lamps can be used 
in the IR heating system.

Fig. 4  The BOY 22 A injection 
molding machine, the PIKO 
pneumatic robot, and the IR 
heating system (Laboratory of 
University of Minho)

Fig. 5  Infrared heating system 
illustration: (a) front view, (b) 
lateral view, (c) isometric view, 
and (d) IR lamp (OSRAM)
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3  Influence of the IR system on the heating 
efficiency

3.1  Experimental plan

A study was conducted to evaluate the efficiency of the heat‑
ing system. The study was designed to help in the subse‑
quent selection of the optimal setup to study the influence 
of the molding parameters on the material properties and 
morphology.

The first test evaluates the influence of the distance 
between the IR lamps and the mold surface. The test evalu‑
ates the temperature in position P2 of the mold surface (a 
center position at equal distance to the 2 tensile specimen 
cavities), when the IR lamps are at a distance from the 
mold surface of 5, 10, 15, 20, 25, and 30 mm (distances 
D1, D2, D3, D4, D5, and D6, respectively). The schematic 

Fig. 6  Infrared heating system: IR lamp, lamp structure, and electri‑
cal system of the heating system

Fig. 7  Position P2 of ther‑
mometer and location of the IR 
heating system lamps: the IR 
heating system aligned centered 
with the mold cavity of the C‑ 
and E‑standard specimens

Fig. 8  Position of the P1, P2, 
and P3 and position of the IR 
heating system: the IR heat‑
ing system aligned with the 
mold cavity of the E‑standard 
specimens
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representation of the position of the thermometer at the P2 
location for the distance tests is shown in Fig. 7.

The second test assesses the influence of the alignment 
of the lamp with the mold cavity. The temperature was 
measured on the positions P1, P2, and P3 of the IR system 
at a mold surface distance of 5 mm (D1) and 30 mm (D6), 
to determine the temperature distribution. The schematic 
representation of the thermometer positions (P1, P2, and 
P3) is shown in Fig. 8, and the respective experimental 
plan is described in Table 1.

3.2  Experimental procedure

The thermoregulator is triggered to heat the mold sur‑
faces until the mold temperature equals 40 °C; then, the 
equipment is turned off, and the IR heating system is 
activated, moving into the proper position (at the pre‑
determined distance from the mold surface). After a set 
time, the heating system is switched off, and the tem‑
perature of the mold surfaces is measured on positions P1 

through P3 (or only P2 depending on the study). Finally, 
the equipment with a pressurized water system is acti‑
vated to promote the cooling of the mold surfaces. The 
procedure is repeated at different distances (distances 
D1 through D6).

3.3  Heating efficiency results

Figure 9 describes the evolution of the heating rate for the 
various distances from the IR lamps to the molding surface 
(D1 through D6). As expected, the heating rate depends 
significantly on the distance from the IR lamps to the mold 
surface. For distance D1 (5 mm from the mold surface), the 
heating rate is equal to 30.9 °C/min, while for distance D6 
(30 mm from the mold surface), the heating rate decreases 
by 42.7% to 17.7 °C/min.

Figure 10 presents the values of the heating rate of 
the IR heating system at different mold surface positions 
(P1, P2, and P3), both at the smallest and largest dis‑
tance of the IR lamps to the mold surface (distances D1 

Table 1  Experimental plan for 
the IR lamps alignment with the 
mold cavities (values in mm)

Distance of the IR system from mold surface (mm) Distance of the thermometer from the center 
line of the lamp of the heating system (mm)

5 mm from mold surface (D1) P1 = 0 mm
P2 = 50 mm
P3 = 100 mm

30 mm from mold surface (D6) P1 = 0 mm
P2 = 50 mm
P3 = 100 mm

Fig. 9  Heating rate variation 
with the distance from the IR 
lamps to the mold surface (from 
D1 = 5 mm to D6 = 30 mm)

288 The International Journal of Advanced Manufacturing Technology (2024) 130:283–295



1 3

and D6, respectively). The heating rate of the IR heating 
system is considerably higher in distance D1 than dis‑
tance D6, regardless of the position of the thermometer 
from the centerline of the lamp of the heating system.

The results indicate a significant temperature gradient on 
the mold surface promoted by the asymmetric configuration 
of the IR heating system; that is, the heating rate is higher at 
position P1 (directly aligned with the IR lamp) and lower at 
position P3 (the cavity away from the IR lamp). At the small‑
est distance between the IR lamps and the mold surface (D1 
of 5 mm), the heating rate decreases 47.5% from P1 to P3. 
Even at the highest distance (D6 of 30 mm), where the heat‑
ing rate of P1 is already much lower (circa 58% lower) than 
when the distance is 5 mm, the heating rate of the IR heating 
system still decreases 32.4% from P1 to P3. All individual 
measurements of the heating rate are provided in Appendix 
Tables 3 and 4.

In terms of temperature uniformity, when the mold was 
at the temperature of circa 40 °C, the range of temperatures 
at the 3 measured points was at most 1.5 °C (on average 
0.5 °C), while at a temperature of 70 °C, the range was at 
most 2 °C (on average 1.5 °C).

4  Influence of the molding parameters 
on the materials properties 
and morphology

4.1  Experimental plan

The influence of the RHCM technology molding param‑
eters, namely, the temperature of the mold surfaces at 
different stages of the injection molding process, on the 
properties and morphology of the final part, an experi‑
mental plan was devised with three conditions, as shown 
in Table 2. Other injection molding parameters, namely, 
the injection temperature of the testing material adopted 
was 230 °C (polypropylene SABIC 579 P) and injec‑
tion speed was 30 mm/s, injection pressure was 100 bar, 
and the holding pressure was 40 bar, were kept for all 
conditions.

4.2  Experimental procedure

At the beginning of the molding cycle, the pressurized water 
system equipment is activated to heat the mold surfaces until 
the mold temperature of 40 °C (condition A) or 70 °C (con‑
ditions B and C). In condition C, after the mold surface is at 
70 °C, the pressurized water system equipment is turned off 
and the IR heating system is activated at the optimal position 
(which was determined from the heating efficiency analy‑
ses), until the mold temperature reaches 100 °C. Then, the 
IR heating system is switched off (and moved away from the 
mold), the mold closes, and the specimens are molded. After 
the packing stage, the pressurized water system equipment is 
again activated to cool the mold until the material ejection 
temperature of 70 °C. Thus, in condition A, the pressurized 
water system is always kept at 40 °C, while in conditions B 
and C it is always kept at 70 °C.

Fig. 10  Heating rate variation 
with the position of the ther‑
mometer from the center line of 
the lamp of the heating system 
(P1, P2, and P3)

Table 2  The three (conditions A, B, and C) thermomechanical envi‑
ronments during the molding cycle. In condition C, the mold temper‑
ature is dynamically controlled

Condition Temperature of the mold 
surfaces (°C) filling and 
packing stage of the cycle 
molding

Temperature of the mold 
surfaces (°C) cooling stage 
of the cycle molding

A 40 40
B 70 70
C 100 70
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4.3  Characterization of the molded parts

The employed RHCP approach is expected to have an 
influence on both the mechanical properties and the 
morphological features of the molded parts. As such, 
a characterization plan was prepared to evaluate the 
influence of the RHCM technology parameters, namely, 
on the Young’s modulus (as the stiffness is a common 
engineering requirement in material selection) and on 
the frozen layer fraction (which in turn could affect the 
stiffness of the material).

The Young’s modulus was extracted from tensile 
tests results, comparing the performance of both C‑ and 
E‑standard tensile specimens, under the following condi‑
tions: INSTRON 5969 universal tensile testing machine 
composed of non‑contacting video extensometers; test 
speed: 50  mm/min; grips distance: 50  mm; Standard 
ASTM D 638.

The frozen layer fraction was measured by optical 
microscopy, specifically using polarized light micros‑
copy, and again comparing the C‑ and E‑standard tensile 
specimens, under the following experimental conditions: 
(1) sample preparation on a microtome; (2) microscopic 
analysis on an OLYMPUS BH‑2 transmission optical 
microscope.

All experimental tests were performed at the Polymer 
Engineering Department of the University of Minho, Por‑
tugal. The respective results are shown and discussed in Sec‑
tions 4.4 and 4.5.

4.4  Mechanical properties results and analysis

Figure 11 describes the dependance of the Young’s modulus 
on the mold surface temperature for the C‑ and E‑standard 
tensile specimens. All measurements are also provided in 
Appendix Table 5.

Fig. 11  The Young’s modulus 
profile of the standard tensile 
specimens with the mold sur‑
face temperature

Fig. 12  Frozen layer thickness 
evolution for conditions A, B, 
and C of the C‑ and E‑standard 
tensile specimens
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The mold surface temperature has a significant influ‑
ence on the Young’s modulus of the plastic parts, with 
the C‑standard tensile specimens exhibiting slightly 
higher values than those of the E‑standard tensile speci‑
mens for the mold temperatures range under evaluation. 
Namely, the Young’s modulus increases from 705.4 MPa 
at 40 °C to 807.9 MPa at 100 °C (a 14.5% increase) for 
the C‑standard tensile specimens, and it increases from 
700  MPa at 40  °C to 772.4  MPa at 100  °C (a 10.3% 
increase) for the E‑standard tensile specimens. Thus, 
irrespective of the gate location, the Young’s modulus 
is higher with the RHCM approach, increasing with the 
mold surface temperature.

4.5  Frozen layer thickness results and analysis

The frozen layer, typically created upon contact of the 
front flow of the hot polymer melt with the colder mold 
surface, is one of the parameters expected to be most 
dependent on the mold surface temperature, and also has 

a high influence on tribological and esthetic properties, 
namely, gloss (and also transparency for some polymers). 
The frozen layer also affects the molding quality, in terms 
of shrinkage, warpage, and in some cases is responsi‑
ble for residual stresses, all of which are expected to be 
improved using the RHCM technology.

Figure 12 shows the influence of the mold surface 
temperature on the frozen layer thickness for the C‑ and 
E‑standard tensile specimens. The increase of the mold 
temperature from 40 to 70 °C decreases the frozen layer 
thickness by 39.0% in the case of C‑standard tensile 
specimens and by 47.3% in the case of E‑standard ten‑
sile specimens. When the mold temperature is increased 
to 100 °C, no frozen layer is observed, regardless of 
the location of the injection gate. Thus, using RHCM 
to heat the molding surface to 100 °C would, in this 
case, entirely prevent the formation of a frozen layer, 
with an expected positive effect on the previously men‑
tioned defects and issues. Obviously, these results pertain 
to a simple standard tensile test geometry, and a more 

Fig. 13  Frozen layer thickness of the C‑standard tensile specimens at 40 °C (left), 70 °C (center), and 100 °C (right) mold surface temperature 
(resolution: 20 × 1.67; a scale of 50 µm is shown embedded in the micrographs)

Fig. 14  Frozen layer thickness of the E‑standard tensile specimens at 40 °C (left), 70 °C (center), and 100 °C (right) mold surface temperature 
(resolution: 20 × 1.67; a scale of 50 µm is shown embedded in the micrographs)
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complex part will behave differently, but in any case, an 
optimum mold surface temperature can be identified if a 
frozen layer is to be avoided.

Note that while the decrease of the frozen layer could 
have been expected to reduce the Young’s modulus, this 
did not happen, as shown in the previous section. This is 
a very positive outcome and is related with the specific 
orientation at which the frozen layer is formed and its mor‑
phology, and other geometries might behave differently 
which implies the need to perform similar validation and 
optimization tests for each specific geometry to be injection 
molded using RHCM. Measurements of the frozen layer 
thickness were made using a transmission optical micro‑
scope (OLYMPUS BH‑2), and the obtained micrographs 
transferred to the microscope’s digital imaging software 
for analysis. The thickness of the layer is obtained directly 
from the imaging software by drawing the region which 
corresponds to the frozen layer. Figures 13 and 14 show 
the morphology of the specimens between 40 and 100 °C, 
respectively, for the C‑standard and E‑standard cases. It 
should also be noted that no discernible shrinkage or war‑
page occurred, which can be attributed to the high mold 
surface temperature contributing to a more uniform cooling 
and the lack of residual stresses.

5  Conclusions

An IR heating system was developed and added to a con‑
ventional injection molding process to study the RHCM 
approach, namely, the inf luence of the key RHCM 
parameter (the mold surface temperature) on important 
part features (namely, the Young’s modulus and the fro‑
zen layer fraction). Preliminary tests were conducted to 
optimize the experimental setup, namely, the distance 
between the IR lamps and the mold surface, and the loca‑
tion of the lamps with respect to the molding cavities. 

As expected, a temperature gradient appears on the mold 
surface, showing the importance of aligning the IR lamps 
with the cavity, and the heating rate was found to be 
highly dependent on the distance from the IR lamps 
to the surface, thus affecting the system performance 
(namely, the cycle time, with significant impact on pro‑
duction volumes, etc.).

With the use of the RHCM approach, a signifi‑
cant increase of the Young’s modulus was observed 
of 14.5% in the case of C‑standard tensile specimens 
and 10.4% in the case of E‑standard tensile specimens, 
when the mold temperature was increased from 40 to 
100 °C. Additionally, at a mold surface temperature of 
100 °C, the frozen layer disappeared entirely, and even 
at 70 °C, it was 39.0 to 47.3% smaller than the frozen 
layer thickness at 40 °C (respectively for the C‑stand‑
ard and E‑standard tensile specimens). Thus, RHCM at 
100 °C surface temperature prevented the formation of 
a frozen layer while simultaneously slightly increasing 
the Young’s modulus. The parts exhibited no discern‑
ible shrinkage or warpage, due to the lack of residual 
stresses (although obviously these effects vary signifi‑
cantly for different geometries).

It was shown that a simple setup that couples the injec‑
tion machine’s thermoregulator (to reach a temperature 
of 40 °C), to a standard robot manipulator for position‑
ing the IR lamps harness (and reach the desired mold 
temperature), can be an effective means of implement‑
ing RHCM. The obtained results highlight the potential 
of RHCM technology in injection molding, namely, as 
a strategy to mitigate or solve problems in challenging 
parts, either in terms of molding defects (e.g., warpage) 
or surface quality (e.g., gloss). Thus, these results have 
high industrial importance, given the very limited lit‑
erature available on practical application of RHCM. The 
specific influence of RHCM on warpage and gloss will 
be studied in future work.
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Appendix Heating rate of the IR system 
results (test of the heating efficiency)

Table 3  Heating rate of the IR system at conditions D1, D2, D3, D4, 
D5, and D6

Distance of the IR system from mold surface 
(mm)

Heat rate (°C/min)

5 30.9 ± 0.8
10 26.8 ± 1.1
15 24.3 ± 0.5
20 22.5 ± 0.8
25 20.8 ± 1.0
30 17.7 ± 0.7

Table 4  Heating rate of the IR system at positions P1, P2, and P3, for conditions D1 (5 mm) and D6 (30 mm)

Distance of the IR system from mold surface (mm) Distance of the thermometer from the center line of  
the heating system lamp (mm)

Heat rate (°C/min)

5 0 12.2 ± 1.0
5 50 10.2 ± 0.8
5 100 6.4 ± 0.4
30 0 7.1 ± 0.8
30 50 6.8 ± 0.5
30 100 4.8 ± 0.2

Table 5  Young’s modulus of the C‑ and E‑standard tensile specimens at conditions A, B, and C

Condition Mold surfaces temperature (°C) C‑standard specimen Young’s 
modulus (MPa)

E‑standard specimen Young’s modulus (MPa)

A 40 705.4 ± 1.0 699.9 ± 1.6
B 70 737.9 ± 3.7 728.0 ± 5.2
C 100 807.9 ± 5.3 772.4 ± 5.7
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