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Abstract
Today, additive manufacturing using Laser Powder Bed Fusion (LPBF) allows manufacturing molds of steel containing 
conformal cooling channels (CCC) to produce plastic parts by injection molding. These cooling channels can improve 
heat transfer during the molding process, thus reducing the molding cycle time. However, although some studies published 
in recent years have demonstrated that CCC can enhance productivity, this technology has not been widely adopted by 
the industries today. There is a lack of information about the mechanical properties of parts produced by molds with 
CCC, since reducing the molding cycle time can compromise the quality of the parts. Therefore, the current work was 
conducted to certify the quality of automotive plastic parts produced by injection molding of polypropylene (PP) using a 
CCC mold manufactured by LPBF. The mechanical properties, microstructure, and dimensional accuracy were assessed 
and evaluated against the traditional mold (baffle cooling channels - BCC). The results show a reduction of 26% of the 
molding cycle time using the CCC mold. The higher efficiency on the heat transfer resulted in a reduction of about 47% 
on the spherulite size and an increase of about 53% of the frozen layer (outer), 6% of the refined layer, and 18% of the 
skin layer thickness. It resulted in dimensionally more precise parts (83% more precise than the traditional mold). The 
refinement of the spherulites and the increase in the skin thickness were not enough to alter the results of the impact and 
tensile test, viscoelasticity, and crystallinity of the parts produced by CCC. Thus, the current work shows that CCC molds 
can be applied successfully for industrial applications, it can reduce the molding cycle time, improve the parts’ accuracy 
without losing the mechanical properties.

• Conformal cooling cut cycles 26% with higher mass meeting industry criteria.
• Conformal cooling raised frozen, refined, and skin layers 53%, 6%, 18%.
• Uniform heat flow gives 47% lower spherulites, even spread, better nucleation.
• DMA showed stiffness rise with conformal cooling, due to thick skin layer.
• Conformal cooling boosts stiffness, stability at low strain, no strength loss.

Keywords  Injection molds · Conformal cooling channels · Mechanical properties · Additive manufacturing
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Mechanical properties of plastic parts produced by molds 
manufactured by additive manufacturing technology (LPBF) with 
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1  Introduction

The mold-making industries play a crucial role as supporting 
diverse industrial segments, from simple products such as 
plastic recipients, toys, and medical industries, up to several 
components of an automobile or an airplane [1]. To achieve 
a mass production of thermoplastic parts, injection molding 
is regarded as the most popular manufacturing technology 
[2]. It enables short product cycles, high-quality surface 
finishes, and the efficient molding of complex shapes [3]. 
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To sustain short product cycles, special attention must be 
given to the cooling stage, which accounts for more than 
two-thirds of the molding cycle [4], as it significantly affects 
the formation of undesired defects such as sink marks, ther-
mal residual stress, warpage, and differential shrinkage [5].

During injection molding, the polymer moves toward the 
cold mold walls, where it cools and solidifies [6], forming 
a solid face commonly referred to as skin–core morphology 
[7]. According to Kantz et al. [8] there are three main lay-
ers, to cite: (i) the skin layer, that is often regarded as a thin 
highly oriented molecular chain, (ii) intermediate layer, also 
known as the transition zone [9], and (iii) the core layer, 
that is a region that enables the complete relaxation of chain 
molecules and the formation of spherulites.

According to Varga et al. [10], the skin layer can vary in 
three sub-layers, from the surface toward the core, named 
as: outer, refined, and shear layers. The skin layer influences 
the material’s mechanical behavior [7]. The thickness of the 
skin layer varies according to resin type and molding condi-
tions. Such variations systematically affect properties like 
elastic modulus and shrinkage [8].

The part thickness influences the formation and prop-
erties of the skin layer. Thicker parts tend to have a more 
gradual transition between the skin and core layers, while 
thinner parts exhibit a more pronounced skin layer, as 
highlighted by Li et al. [11] and Fischer [12]. According 
to Wright et al. [13], even minor adjustments in processing 
conditions of semi crystalline polymers can induce substan-
tial morphological changes, however these variations do not 
translate into significant alterations in the overall degree of 
crystallinity.

The material of the mold has a significant influence on 
the mechanical properties of the molded parts [14]. De 
Souza et al. [15] investigated the morphology of the skin 
layer and spherulites formed by the injection molding of PP, 
using different materials to manufacture molds with varying 
heat transfer properties.

Their findings indicate that higher thermal conductiv-
ity in the mold cavity leads to thicker skin layers, smaller 
spherulites in the core, and reduced cycle time. In contrast, 
molds with lower thermal conductivity facilitated greater 
molecular rearrangement, resulting in larger spherulites. 
The study also examined part deformation, showing that 
molds made from materials with lower thermal conductivity 
exhibited a greater tendency toward deformation. Accord-
ing to the authors, this behavior is linked to increased accu-
mulation of residual stress within the thicker core layer of 
parts produced by these molds.

Therefore, heat transfer in the injection mold affects the 
microstructure of the molded parts and also influences pro-
duction time. To improve heat transfer during the injection 

molding process, cooling channels are manufactured inside 
the mold cavity to allow cooling fluid to flow.

The traditional manufacturing process for fabricating 
these cooling channels is drilling, which can produce only 
linear channels. Then, the technique known as ‘baffle cool-
ing channels’ (BCC) is commonly used in injection molds, 
splitting the coolant flow into two semicircular paths inside 
the mold to enhance heat transfer. Although these channels 
improve the cooling process, their structural design prevents 
them from being positioned closer to the part’s surface. This 
limitation weakens their cooling effectiveness, resulting in 
reduced overall thermal performance [16].

Then, additive manufacturing (AM) of metal parts 
emerged, enabling the design and manufacture of complex 
cooling channels that conform to the plastic part’s geometry, 
known as conformal cooling channels (CCC).

The advent of computer-aided processes and the intro-
duction of modern machinery (CAD/CAM - CNC) enable 
the development of products with free-form shapes, which 
makes it difficult to conduct heat through the linear cooling 
channels (BCC) [17]. Thus, the CCC emerges as an impor-
tant solution to overcome such issues. It may reduce per-
piece production costs by increasing the production rate and 
significantly shortening the cooling time [18].

Xu et al. [19] presented a study on molds using CCC. 
In this work, the authors explored the design of the CCC, 
considering the modular design of the cooling channels by 
dividing the mold geometry into specific regions, and spe-
cific channel geometry is designed according to the features 
of each region. Park and Pham [5] investigated CCC in a 
spiral, parallel, and zig-zag circuit. The authors concluded 
that each type of circuit may be more suitable depending on 
the part´s geometry.

Marques et al. [20] evaluated the design of conformal 
cooling in terms of the coolant flow circuits’ serial and par-
allel ones. The author concluded that the serial design pro-
moted higher heat transfer because it achieves a turbulent 
coolant flow, thus resulting in a homogeneous temperature 
of the mold and lower warpage of the molded part. The work 
presented by Lu et al. [21] shows a reduction of about 18% 
on the cycle time using a mold with CCC instead of BCC. 
Moreover, the residual stresses on the molded parts by CCC 
were lower than those parts molded with BCC mold.

Using a complex automotive part geometry, Park and 
Dang [4] showed, by a CAE simulation, a reduction of 35% 
of the injection molding cycle using a mold with CCC. 
Extending this simulation work, using the same automotive 
part, Park et al. [22] achieves a reduction of 23% in a real 
molding cycle. A little divergence was observed between 
practical and simulated results, but even that, the CCC 
achieved a significant reduction in the molding cycle.
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The AM technology for metal is still expensive and 
time-consuming, and in accordance with Singh et al. [23], 
although the CCC mold is initially more expensive, the total 
cost per component ultimately becomes competitive. To 
reduce the AM costs and time, Marin et al. [24] proposed a 
hybrid manufacturing approach combining machining and 
AM of metal (Laser Powder Bed Fusion - LPBF) to pro-
duce injection mold inserts. In this work, CCC inserts were 
fabricated with stainless steel powder on pre-machined 
substrates. This hybrid process reduced the manufactur-
ing costs of the CCC mold by 53%. In this case, the CCC 
mold reduced cooling time by 36% compared with BCC 
inserts. The CCC mold produces parts without voids, but the 
mechanical properties of the plastic parts were not assessed. 
To certify the mechanical properties of molds produced 
by hybrid manufacturing, combining machining and AM, 
Marin et al. [25] showed that this hybrid approach can suc-
cessfully produce metal parts, reducing LPBF cycle times 
and costs and ensuring mechanical properties.

In addition to hybrid manufacturing and other approaches 
to reducing AM time and costs, the natural technological 
development leads to a reduction in the costs of the AM 
process itself. This indicates that an increase in the use of 
molds with CCC is expected, unless the quality of plastic 
parts produced by these molds is not guaranteed.

Based on the literature reviewed to date, the design of 
CCC, the manufacture of metal AM molds for CCC, and the 
reduction of the injection cycle using CCC molds are docu-
mented. However, there is a lack of publicly available data 
on the properties of plastic parts produced by CCC molds.

For industrial applications, it is essential to understand 
that the cycle time reduction enabled by the CCC molds 
does not affect the quality of the molded parts.

Therefore, the current work was conducted to certify 
the quality of plastic parts produced by injection molding 
of polypropylene (PP) using a CCC mold manufactured 
by LPBF. Using an automotive component as a workpiece, 
a set of experimental injection molding batches was con-
ducted. After that, in addition to the molding cycle time and 
geometric form errors, the microstructure and mechanical 
performance of the parts were assessed.

2  Experimental procedure

To achieve the aims of this work, two molds with differ-
ent cooling channels were designed and manufactured: 
(i) a mold manufactured using additive manufacturing 
of metals (LPBF) with conformal cooling channels, and 
(ii) a conventional counterpart mold manufactured using 

traditional machining, containing linear cooling channels 
(baffle design). Both molds produce the same automotive 
component.

The molding cycle time was assessed, as well as the geo-
metric form errors of the produced parts. Then, the plastic 
parts were characterized by tensile tests, deformation energy 
absorption, degree of crystallinity, and viscosity. To have 
a better comprehension of the molding phenomena using 
both different cooling systems of the molds, MEV and POM 
images were obtained to investigate the skin/core thickness 
and the spherulite size and its distributions. The overall 
experimental workflow is summarized in Fig. 1, with meth-
odological details described in subsequent sections.

2.1  Workpiece geometry and mold set-up

Figure 2a shows the workpiece (automotive plastic com-
ponent). It was chosen because it is an accurate assembly 
component that requires high accuracy. Figure 2b shows the 
injection mold with its main parts and the conception of the 
interchangeable inserts: (i) conformal cooling inserts and 
(ii) baffle inserts. Figure 2ci shows the baffle cooling chan-
nels of the conventional insert manufactured by machining 
of PH13-8Mo stainless steel and Fig. 2cii shows the confor-
mal cooling channels of the insert manufactured by LPBF, 
using a 400 W YAG fiber laser machine (CL50WS, Con-
cept Laser) with a spot size of 100 μm and a wavelength of 
1064–1070 nm, using stainless steel powder with C 0.03%, 
Cr 12%, and Ni 9.2% (Corrax).

The plastic workpiece was designed to weigh 34.5 g. 
A simple analysis of mass was conducted using a digital 
weight.

2.2  Injection molding experiments

The plastic parts were produced in two batches of 15 parts 
each, using virgin homopolymer polypropylene (PP, H301, 
Braskem). The first batch used the BCC, and the second 
used the mold with CCC. To evaluate the parts produced 
under a constant molding regime, the first 10 parts of each 
batch were discarded, leaving only 5 parts for evaluation. 
Table 1 shows the injection molding parameters set on the 
injection machine Primax R100, Romi S.A.

For both molds, the cooling time was set during a try-out 
phase, starting with a common rule of thumb that the cooling 
time is influenced by the square of the thickest wall of the 
part and the largest runner diameter raised to the exponent 
1.6 [26]. According to Marques et al. [20] it is expressed as:

Tc∞
(
Th2

w + D1.6
r

)
 � (1)
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where Tc is the cooling time in seconds, Thw is the thickness 
at the thickest part wall (mm) and Dr is the diameter of the 
largest runner (mm).

The thickest region of the part is 3.51 mm, and the big-
ger diameter of the runner is 5.40 mm. By applying Eq. (1), 
the resulting value for Tc was 27 s. Both the BCC and CCC 
inserts started with the same cycle time, which decreased in 
increments of 2 s after every 10 cycles, until good parts could 
no longer be extracted using the automatic cycle. From Table 
1, it is possible to observe that good parts were extracted from 
BCC up to a cooling time of 23 s, while for CCC, this value 
decreased to 17 s (saving about 26% of the injection cycle).

Immediately after removal from the mold, the work-
pieces were separated from the runners and cooled at room 
temperature, placed on a table of low thermal conductivity. 
For the measurement, it was awaited 48 h after the parts 
had been removed from the mold, according to the standard 
ASTM D955:21.

2.3  Evaluation of the geometric form error

The geometric form errors of the molded workpieces were 
evaluated by a coordinate measuring machine (model Legex 
9106, Mitutoyo). Surface measurements were conducted with 
a touch probe that recorded three data points per surface of 
interest, enabling a comparison with the corresponding CAD 
3D. The form deviation (FD) can be determined by [19]:

FD = Dm − D0 � (2)

Table 1  Injection parameters
Parameter Values

BCC CCC
Injection pressure (bar) 550
Counter pressure (bar) 12
Cooling time (seconds) 23 17
Injection temperature (℃) 240
Dosage (cm3) 72
Holding pressure (bar) 10
Water flow (l/min) 6

Fig. 2  Mold set-up (a), workpiece geometry (b), and cooling channels 
(c) for baffle ordinary drilled (i) and conformal cooling additive manu-
factured with metal (ii)

 

Fig. 1  Flow chart of the experi-
mental procedure
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where D0 is the original dimension, Dm is a measured 
dimension, with no deviation when a value of zero is pre-
sented. Figure 3 displays a sectional view of the positions of 
the three measurement points on each surface for reference.

2.4  Mechanical characterization: impact, tensile, 
and viscoelasticity

Figure 4 presents the regions from which the samples for 
mechanical tests were extracted from plastic workpieces. 
For DSC analyses, samples were extracted from the top, 

middle, and bottom regions (samples 1, 5, and 6). These 
samples were extracted from workpieces to characterize the 
plastic parts produced by both molds under evaluation, con-
formal cooling, and baffle.

The impact tests were conducted in an Izod Impact device 
for plastics (EMIC model AIC-1, Instron), using the Izod 
method according to ASTM D256/2023 standard (ASTM, 
2023) and a 2.70 J pendulum, with the effective length of 
327 mm, impact speed of 3.45 m/s, fall height of 610 ± 2 
mm and fall angle of 60° from the horizontal, according to 
machine procedure [27].

The tensile test was performed using a universal test-
ing machine (EMIC model 23–100, Instron) equipped 
with a high-precision 5 kN load cell. The test was con-
ducted at a constant speed of 5  mm/min in accordance 
with ASTM D638/2014.

Digital Image Correlation (Q400, Dantec Dynamics, 
Inc.) was utilized to measure displacements via a point-
tracking algorithm, with an acquisition rate of 200 ms 
(5  Hz), synchronized with the tensile testing machine. 
Additionally, individual video frames were exported and 
analyzed using image strain analysis software (Instra 4D, 
Dantec Dynamics, Inc.), enabling visualization of the 
strain field as a continuous spatial variable.

The viscoelastic performance of the materials was car-
ried out in a DMA machine (242 E Artemis, Netzsch), 
according to ASTM D4065 (2020) programmed with trac-
tion mode with a force of 4 N, amplitude of 25 μm, tem-
perature between − 50 °C and 120 °C, and the frequency 
was constant at 1 Hz. The samples were prepared accord-
ing to ASTM D256 and ASTM D638 standards. Due to 
their complex shapes and dimensional requirements, they 
were stamped using a press-forming apparatus.

2.5  Degree of crystallinity

The crystallinity was analyzed across samples extracted 
from the workpiece, considering three critical regions (in 
terms of heat): the top, middle, and bottom surfaces of 
the core region of the workpiece, as presented in Fig. 4. 
Besides, a reference region, in a non-critical area of the 
workpiece, was included to evaluate the crystallinity. The 
samples were fit inside the aluminum hermetically sealed 
pan, which has a volume of approximately 20 µL. A Q 
Series™ 2000 machine from TA instruments© was used 
with nitrogen as a purge gas with a volume flow rate of 
50 ml/min, 2 cycles (heat, cool, heat), initial temperature 
set to room temperature, final temperature of 210 °C, heat 
rating of 10 °C/min, and cooling temperature of -90 °C.

Fig. 4  Regions where the samples were extracted for DSC (1, 5, and 
6 - top, middle, and bottom regions), DMA (2), impact (4), and tensile 
tests (3)

 

Fig. 3  Regions of measurement of geometric form errors
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2.6  Skin and core thickness and analysis of the 
spherulites

The thickness of the skin and core of the cross-section of 
the molded parts was examined. The cross-section samples 
were extracted by cryogenically fracturing, as illustrated by 
Fig. 5. After the fracture, the samples were coated with a 
10 nm layer of chromium to be better analyzed by a scan-
ning electron microscopy (SEM) (model TM3030 Plus, Hit-
achi High-Tech Corporation). The specimens were 17 mm x 
15 mm with a 2 mm thickness.

The same samples as Fig. 5 were used to slice thin films 
to analyze the spherulites’ morphology, using a POM.

Thin films of 5 μm were cut from the top of the sample, 
with a total width of 2 mm, in the flow thickness plane. The 
films were cut by a cryostat microtome (CM1850; Leica 
Microsystems, Inc.) equilibrated at -35  °C for 30  min, 
equipped with a disposable stainless-steel razor with a high-
profile blade. The specimens were sliced by 20 μm until no 
imperfections of the cryofracture were observed to obtain 
the film to be evaluated.

The films were fixed on the cryostat table with optimal 
cutting temperature compound (Tissue-Tek, Sakura Fine-
tek), embedded in a common blister pack that better accom-
modates the size of the sample. To mount the films on the 
slides for imaging, double-distilled vegetable glycerin was 
used. To preserve the films, the edges of the coverslip were 
sealed with colorless varnish.

The images of the spherulitic growth morphology 
were captured using a polarized optical microscope POM 
(OLYMPUS BX50, Olympus Co.) coupled with a 5.0 MP 
color digital camera with standard C-mount CMOS sensor 
(SLMI 093, Opton) and the ISCapture software (Version 
3.7.8.2, Xintu Photonics Co.), equipped with a Plan Ach-
romat lens. The images were captured for the workpieces 
produced by both molds, BCC, and CCC.

Additionally, the mass of five workpieces produced by 
both molds was measured using a semi-analytical balance 
(Model Sartorius CPA1245) with a sensitivity of 0.3 mg.

3  Results and discussions

From a productivity point of view, a reduction of 26% on 
the cooling time was achieved using the mold with confor-
mal cooling channels, as presented in Table 1. A reduction 
in the cooling time was expected because the CCC promotes 
higher heat transfer.

Considering the geometric form error, the four positions 
at the workpiece checked by the CMM (presented in Fig. 3, 
A to D), together to its nominal dimensions (3D CAD): 
A = 39.28 mm, B = 38.68 mm, C = 20.18 mm, D = 20.10 mm, 
were used in Eq. (2) to identify the form error (mm). Five 
workpieces produced by each mold (CCC and BCC) were 
evaluated to have statistical confidence.

Figure 6 illustrates the form deviation, as well as the 
statistical difference between BCC and CCC inserts parts, 
where it is possible to observe that the difference between 
BCC and CCC is significant on all surfaces.

Figure 6 highlights the accuracy of the workpieces 
achieved by the CCC molds, which propitiate the highest 
deviation of about 0.3 mm, whereas for the parts produced 
by the conventional mold (BCC), the lowest deviation was 
about 0.8 mm, and the highest was about 1.3 mm. In addi-
tion to the fast cooling rates, the CCC also produces more 
precise parts, likely due to more homogeneous heat transfer.

3.1  Mechanical characterization

Figure 7a exhibits the average energy absorbed by the parts 
produced by the BCC mold, which was about 19 J/m (stan-
dard deviation of 5.3), whereas the parts produced by the 
CCC mold were 21  J/m (standard deviation of 9.3). The 
average values of stress-strain curves obtained from 5 sam-
ples extracted from each workpiece produced by BCC and 
CCC are presented in Fig. 7b.

It was not possible to identify divergences in the energy 
absorbed by the parts produced by the BCC mold and the 
parts produced by the CCC. But, to have statistical confi-
dence, the Shapiro-Wilk test was applied. It was observed 

Fig. 5  Process of SEM sample 
extraction through cryofracture
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that CCC follows a normal distribution, W (5) = 0.96, 
p = 0.81, while BCC does not, W (5) = 0.73, p = 0.02. The 
Mann-Whitney U test for two independent samples indi-
cated no statistically significant difference in impact resis-
tance values between BCC and CCC (W = 10.5, p = 0.75).

The Shapiro-Wilk was also applied to understand the 
tensile tests. Results indicates that BCC (W (7) = 0.74, 
p = 1.04 × 10− 2) and CCC (W (7) = 0.69, p = 2.55 × 10− 3) data 
suggests a non-normal distribution. The Mann-Whitney U 
test for two independent samples indicated no statistically 
significant difference in impact resistance values between 
BCC and CCC (W = 11, p = 0.097).

For the Shapiro–Wilk test, the null hypothesis (H₀) 
states that the data follow a normal distribution, while the 
alternative hypothesis (H₁) states that the data do not fol-
low a normal distribution. For the Mann–Whitney U test, 
H₀ states that the distributions of the two groups are equal, 
while H₁ states that they differ. Statistical significance was 
evaluated at the 0.05 level, such that results with p ≤ 0.05 
were considered evidence against H₀.

Therefore, based on the tensile and impact tests, no sta-
tistically significant divergences were found between parts 
produced by CCC and BCC molds. Then, to identify pos-
sible alterations on parts produced with lower cooling time 
by the CCC mold, the next analyses were completed.

3.1.1  Degree of Crystallinity

In Fig. 8 (a-c) the DSC curves of parts produced by BCC 
and CCC molds are presented, considering three regions of 
the workpiece: top, middle, and bottom. It shows the values 
of the enthalpy of crystallization ∆ Hf (Tc) in J/g and the 
temperature at the melting point Tc in ºC of each one.

It is interesting to note that DSC curves of parts produced 
by BCC and CCC molds had little divergence according to 
the region evaluated. At the top region (Fig. 8a), the curves 
had a little divergence because, even though the CCC acts 
in this region, the material is at an elevated temperature 
since it is near the entrance gate. In the middle region 
(Fig. 8b), the cooling channels are linear for both, which 

Fig. 7  Absorbed energy from 
impact testing (a) and average 
stress–strain curve for BCC and 
CCC samples (b)

 

Fig. 6  Geometric form error 
observed in the workpieces 
produced by both molds (CCC 
and BCC)
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means a similar molding condition, thus the curves are one 
over the other.

At the bottom (Fig. 8c), the CCC acts, but the material 
at this point is colder than the top region. Probably, this 
is the reason for the little divergences on the DSC curves. 
Such a difference was not sufficient to alter the mechanical 
properties of the impact and tensile tests. The crystallization 
melting peak was calculated using the values presented in 
Supplementary Material [28].

Figure 9 presents the average degree of crystallinity (Xc_Tc) 
in % for the plastic parts produced by BCC and CCC molds, of 
the three regions evaluated (bottom, middle, and top).

Figure 9 show that the reduction of the cooling time 
propagated by the CCC mold did not alter the crystallinity 

degree of the parts. It is more related to the material proper-
ties than the processing conditions.

3.1.2  Dynamic mechanical analysis (DMA)

Figure 10 (a-b) presents the results of the DMA analyses 
for BCC and CCC samples. Figure 10a shows the storage 
modulus (E′) behavior, where the glass transition tempera-
ture (Tg) can be identified from the onset of the modulus 
drop. In both inserts, a decrease in E′ is observed around 
− 16 °C, which corresponds to the E′-based Tg. Figure 10b 
illustrates the tan δ curves, from which the primary Tg is 
determined more precisely. For both BCC and CCC, the tan 
δ peak appears at approximately 10 °C, confirming that Tg 

Fig. 8  Contrast between BCC 
and CCC inserts: top (a), middle 
(b), and bottom (c) regions of the 
workpiece
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is an intrinsic property of the polypropylene backbone and 
remains consistent across grades of the same polymer [29]. 
In addition to the main transition, Fig. 10b also reveals the 
presence of the α′c secondary relaxation around 85 °C for 
both BCC and CCC samples.

The normality of the data was assessed by Shapiro-
Wilk test for E’ (p = 2.44 × 10− 08 and p = 1.24 × 10− 08) and 
tan δ (p = 7.06 × 10− 08 and p = 1.18 × 10− 07), which showed 
that all distributions were non-normal for BCC and CCC 
respectively. Consequently, the Mann-Whitney U test was 
employed, resulting in p = 1.36 × 10− 02 and p = 0.50 for E’ 
and tan δ respectively. In addition, for E’, CCC shows a 
higher median value (around 1400) compared to the BCC 
group (around 1100). Regarding tan δ, both BCC and CCC 
have equal median values (0.07). The interquartile range 
(IQR) of CCC also appears larger (2867.83 MPa for E’ and 
0.09 for tan δ), compared to BCC (2077.55 MPa for E’ and 
0.08 for tan δ), indicating greater variability in the data.

It can be inferred that the observed difference between E’ 
of the samples produced by both molds is statistically sig-
nificant. However, for tan δ, the null hypothesis is accepted, 
indicating no significant difference between the BCC and 

CCC groups. Hence, CCC exhibits a higher storage modu-
lus, indicating slightly increased stiffness.

3.2  Skin and core layers and spherulites 
morphology

The analysis of mechanical properties in macroscale 
(impact, tensile, and crystallinity) did not show a difference 
among the parts manufactured by both molds (CCC and 
BCC). However, the DMA showed that the parts molded by 
CCC had a higher storage modulus (E′) than those molded 
by the BCC mold. To understand that result, the skin and 
core thickness as well as the spherulites morphology were 
assessed.

Then, the skin-core layers and the spherulites morphol-
ogy were investigated by SEM and POM images, respec-
tively, as presented in Fig. 11 (a-d). It shows the skin-core 
layers of one sample of BCC (Fig. 11a) and one sample of 
CCC (Fig. 11b), which were examined using a cryofracture 
section of the area in contact with the inserts, with obser-
vations made on the fractured surface. The samples were 
coated with a 10 nm layer of chromium. Figure 11c and d 

Fig. 10  Relaxations from the 
DMA test sectioned in E’ modu-
lus (a) and tan δ (b), for BCC and 
CCC samples

 

Fig. 9  Bottom, middle, and top 
areas average values of degree of 
crystallinity for BCC and CCC 
inserts samples contrasted with 
the reference value
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exhibit samples of micrographs of the core layer from BCC 
and CCC molds, respectively.

Observing the Fig. 11b it is possible to observe an extra 
layer called transition which according to de Souza et al. 
[15] occurs between the core and the shear zone, and as 
states Zhu et al. [30] it works as a bridge transmitting ten-
sions from one phase to another, meaning that if more pro-
nounced the transition layer bigger the chances of adhesion 
between the phases. In the CCC mold, the cooling system 
provides a more uniform heat extraction, which leads to a 
smoother decrease in molecular orientation from the shear 
layer toward the core. For Fig. 11a and b, this comport-
ment is not evidenced as higher mold temperatures reduce 

the viscosity, allowing the material to flow more smoothly. 
Table 2 summarizes the thickness of the skin and its sub-
layers and the core layer for BCC and CCC samples.

From Table 2; Fig. 11b, it is possible to observe that, 
with a high cooling rate, a quick solidification of the 
outer skin layer occurs, leaving the core molten longer, 

Table 2  Skin to core layers thickness for BCC and CCC
Cooling 
Channel

Skin sub-layers Skin 
[µm]

Tran-
sition 
[µm]

Outer 
[µm]

Refined 
[µm]

Shear 
[µm]

BCC 56 248 90 394 -
CCC 120 265 93 478 400

Fig. 11  SEM images with 80x 
magnification across the length of 
the cross section of the cryo-
fractured samples of the injected 
parts layers (a, b) using BCC 
and CCC molds respectively and 
POM images of the core layer 
captured under crossed polarized 
light (c, d) for BCC and CCC 
molds, respectively
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resulting in a thicker skin. Conversely, a low cooling rate 
allows slower solidification and crystallization through-
out, leading to thinner skin.

Besides the skin/core thickness, the morphology of 
the spherulites was evaluated by images from a POM. 
Figure 11 (c-d) displays the cluster of spherulites, with 
random orientation relative to the plane, exhibiting varia-
tions in density and magnitude of crystalline structures.

For the parts produced by the BCC molds, the spheru-
lite distribution within the core layer was sparser, and 
the spherulites formed during solidification were larger 
(Fig.  11c) compared to the ones observed on the parts 
produced by the CCC mold (Fig.  11d). This indicates 
that the cooling strategy plays a critical role in the crys-
tallization behavior of polypropylene, with traditional 
cooling promoting fewer but larger spherulites, likely 
due to slower and less uniform heat dissipation during 
solidification.

3.3  Mass of the parts molded by BCC and CCC molds

Figure 12 shows the average and standard deviation of the 
mass of the molded workpieces. It indicated that pieces 
produced by the CCC mold averaged 34.2  g, whereas 
those produced by the BCC mold averaged 33.9 g, with 
the workpiece designed to weigh 34.5  g. The mass for 
the evaluated samples from the BCC and CCC follows 
a normal distribution (H₀), as assessed by the Shapiro–
Wilk test. The t-test indicated a statistically significant 
difference (H1) between the means of BCC and CCC. 

For the Shapiro–Wilk test and the Mann–Whitney U test, 
statistical significance was evaluated at the 0.05 level, 
such that results with p ≤ 0.05 were considered evidence 
against H₀.

In the mold with CCC, the SEM images revealed a 
thicker skin accompanied by a transitional layer between 
the shear region and the core, a feature absent in the mold 
with BCC. This transitional layer indicates that the ther-
mal and shear gradients were more uniformly distributed 
across the specimen thickness (Fig. 11a and b), thereby 
smoothing the transition between the oriented skin and 
the crystalline core. Furthermore, the core exhibited 
smaller and more densely nucleated spherulites. Such 
a fine and compact microstructure minimizes irregular 
shrinkage and the formation of minor inter-spherulitic 
regions.

Therefore, the thicker skin, the presence of a transi-
tional layer, and regions with minor inter-spherulitic 
variations might have contributed together to an increase 
in the density of parts molded using the CCC mold.

4  Conclusions

Based on the current literature, injection molds with con-
formal cooling channels (CCC) manufactured via metal 
additive manufacturing (Laser Powder Bed Fusion-LPBF) 
have demonstrated efficacy in reducing molding cycle time. 
However, for industrial applications, it is essential to under-
stand how such a reduction in cycle time can affect the qual-
ity of the molded parts, yet the current literature lacks this 
information.

Thus, the present research was conducted to assess the 
quality of plastic parts produced by injection molding using 
a metal mold with CCC, manufactured via metal additive 
manufacturing (LPBF). To be closer to industrial applica-
tion, a real automotive polypropylene component was used 
as the workpiece, and a set of injection molding experiments 
was conducted using a mold with a conventional baffle cool-
ing channel (BCC) and a mold with CCC.

The CCC mold reduced the molding cycle time by 26%. 
Even that, the mass of the molded workpieces was heavier 
than the workpieces molded by the conventional mold 
(BCC), meeting an industrial quality indicator. The higher 
heat transfer rate and uniform shrinkage achieved by the 
CCC mold result in parts that are 83% more precise than 
those produced by the conventional mold (BCC). The CCC 
mold also reduces temperature gradients across the part, 
improving dimensional accuracy.

Compared with BCC, the samples produced by CCC 
mold increased the frozen, refined, and skin layers by about 
53%, 6%, and 18%, respectively. Faster, more consistent Fig. 12  Mass of the parts produced using BCC and CCC molds
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cooling from the CCC mold increases skin thickness. This 
change is likely due to faster solidification at the surface, 
which promotes molecular alignment and density near the 
mold walls. These structural adjustments strengthen the 
outer regions of the part. Regarding the shear layer, a low 
cooling rate increases material ductility, making it easier to 
deform and flow during shear band formation and resulting 
in a thinner shear layer (3%) on BCC samples.

The BCC mold promotes the formation of larger and 
sparsely distributed spherulites. In contrast, CCC samples 
benefit from more efficient and uniform heat dissipa-
tion, which leads to smaller spherulites (47%) and a more 
even distribution, limiting crystal growth and enhancing 
nucleation.

The conventional analyses of tensile, impact, and crystal-
linity showed no alterations in the properties of parts pro-
duced using CCC molds. However, the dynamic mechanical 
analysis (DMA) revealed a subtle increase in stiffness in 
these parts. This was likely due to the thick skin layer on 
parts molded by the conformal cooling mold, as observed 
by the microscopy (SEM). Even so, this subtle increase in 
stiffness was not sufficient to alter the conventional analyses 
of mechanical properties.

The SEM images of samples produced by the CCC mold 
showed a transition region between the shear and core lay-
ers. As documented by Zhu et al. [30], the presence of a 
transition layer can increase the toughness of the plastic 
part, suggesting that CCC samples have greater potential for 
fracture toughness than those produced by the BCC mold, 
which showed only shear and core layers.

In industrial practice, the weight of parts furnished by 
a supplier is often used to ensure that they were produced 
within the specified cycle time. The results of the pres-
ent work showed that parts produced by CCC molds were 
heavier, despite a shorter molding cycle time.

Then, conformal cooling can be applied to achieve 
greater stiffness and dimensional stability, especially at low 
deformations, without compromising toughness or strength. 
This is particularly desirable for parts operating in the elas-
tic regime. Examples include automotive and household-
appliance components such as interior panels, consoles, 
compartment covers, housings, and cabinets. These parts 
require dimensional stability, low warpage, and reduced 
vibration/noise. Stiffer skin improves structural integrity 
without requiring higher yield strength.

Given the great potential to reduce LPBF costs and the 
resulting trend toward increased use of molds with CCC, 
the results of this work corroborate this trend, showing that 
conformal cooling molds can be successfully used in indus-
trial applications, reducing cycle time, improving geomet-
ric accuracy, and maintaining the mechanical properties of 
the molded parts.
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