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Abstract
Injection molding (IM) is widely used for high-volume, small, and complex plastic 
components and is increasingly applied to ceramic and metallic parts. However, the 
high cost and long processing times of conventional tooling hinder its application 
in prototyping or small series production. Conventional molding tools with straight-
drilled channels cool unevenly, causing shrinkage differences and longer cycle times. 
This study focused on material extrusion-based composite extrusion modeling three-
dimensional (3D) printing of large-scale IM tools using metal IM feedstock. Conformal 
cooling channels were integrated into the tools to enhance cooling efficiency and 
temperature uniformity, reducing residual stress and defects. Large-scale IM tools 
were successfully fabricated via composite extrusion modeling 3D printing for the 
first time, achieving high green and sintered densities of 97.37 ± 0.24% and 98.08 
± 0.10%, respectively, without any visible cracks or delamination. Dimensional 
accuracy remained within ~0.7 mm, and surface roughness was comparable to 
that of conventional IM tools. Nevertheless, post-processing is required to address 
surface waviness and support removal marks. Simulations also demonstrated that 
conformal-designed tools cool molded parts below 80 °C in 5 s, compared with 
20 s for conventional tools. These findings demonstrate the potential of material 
extrusion-based 3D printing as a cost-effective alternative for producing IM tools 
with conformal cooling, enabling faster production cycles and more efficient design 
for fragile geometries. 
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1. Introduction
Injection molding (IM) is a widely used manufacturing technology for the high-volume 
production of complex molded parts.1,2 In a typical IM process, plastic or composite 
granules are fed from a hopper into a heated barrel and conveyed by a rotating screw, 
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which melts the granules. The molten material is injected 
under high pressure into the tool, which is the negative 
shape of the desired part. Subsequently, the molded part 
is cooled using circulating water inside the tool through 
cooling channels, and then the molded plastic part is 
ejected. 

In ceramic or metal IM, which employs granules filled 
with ceramic or metal powders, the molded parts must 
undergo de-binding followed by sintering.3 However, 
problems arise in producing small-series or prototypes of 
a part using IM due to the relatively high IM tool costs, 
making the process economically only for large production 
quantities.4,5 The tools are typically manufactured from 
a solid block and milled down.6 The production of the 
tool also takes several weeks. Therefore, producing these 
complex metal tools is a limiting factor in the IM process. 

Furthermore, the geometry of cooling channels in IM 
tools is limited by conventional machining, as channels 
must generally be realized as straight drill holes. This 
restricts the cooling channel geometry and its ability 
to efficiently follow the cavity contours. Conventional 
straight-drilled cooling channels can cause inhomogeneous 
shrinkage, leading to component distortion and increasing 
cycle time due to reduced cooling efficiency.7,8

Recent advancements in additive manufacturing (AM) 
offer promising solutions for the rapid and cost-effective 
production of IM tools.9,10 For example, AM can produce 
metal prototype components rapidly.11-14 Many materials 
can be processed, and there is a high degree of geometric 
freedom. However, direct metal AM—such as powder bed 
fusion and directed energy deposition—is expensive and 
requires special powders.15 In contrast, multi-step AM, 
such as material extrusion (MEX), followed by thermal 
post-processing, is easy to implement, flexible regarding 
material selection, and cost-effective.16-19 MEX processes 
can be classified according to their feedstock supply 
systems, which generally fall into three main categories. 
The classification includes: (i) screw-based fabrication, 
encompassing fused granular fabrication; (ii) plunger-
based fabrication; and (iii) fused filament fabrication.20 
Among these three types, fused granular fabrication 
enables the direct use of conventional, low-cost IM raw 
materials instead of specialized, expensive metal-loaded 
filaments.20-22 It also enables continuous material feeding 
and is significantly more cost-effective compared to 
filament-based metal three-dimensional (3D) printing. 
Therefore, the fused granular fabrication process provides 
an alternative solution for the rapid production of IM tools, 
while offering better scalability for industrial applications.

Additionally, the layer-by-layer nature of 3D printing 
enables the fabrication of complex geometries, such as 

conformal cooling channels, which are difficult or even 
impossible to produce using conventional methods.23 The 
principle of near-contour cooling is based on guiding 
coolant fluids through channels that closely follow the 
geometry of the mold, enabling more efficient heat removal 
during the molding cycle. This results in faster demolding 
and significantly reduces cycle time.7,24 Nevertheless, 
a comprehensive analysis of cooling channel design is 
essential to evaluate its effectiveness and its impact on the 
IM production cycle, with particular emphasis on cooling 
time, in order to enhance overall process efficiency.25

Computational fluid dynamics (CFD) simulations have 
become indispensable for assessing and optimizing the 
IM process. CFD simulations enable manufacturers to 
refine tool designs prior to physical prototyping, thereby 
reducing costs and shortening development time.26,27 
Furthermore, CFD allows the evaluation of alternative 
cooling designs, leading to improved thermal control 
and enhanced component uniformity. Previous studies 
comparing conformal and conventional cooling strategies 
demonstrated that conformal designs considerably 
improved cooling efficiency, significantly reducing cooling 
time compared with conventional techniques.28-30 

This study investigates the application of fused granular 
fabrication for producing large, near-net-shape MIM tools. 
The effects of printing parameters on the quality of the 
tool components are systematically analyzed. Moreover, 
CFD simulations are conducted to compare conventional 
and conformal cooling channel designs. The objective 
is to develop an efficient process chain that enables cost-
effective and accelerated production of IM tools.

2. Material, simulation, and tool designs 
2.1. Materials

A commercially available low-alloy steel metal IM (MIM) 
feedstock—PolyMIM® 8740 (1.6546 steel, 40NiCrMo2-2), 
supplied by polyMIM GmbH (Germany)—was utilized 
for fused granular fabrication. This feedstock consists of 
metal particles bound by water-soluble polymer binders. 
The details regarding the feedstock have been provided 
previously.18 Furthermore, polypropylene was selected as 
a representative moldable material for the CFD simulation 
of the IM process, and its material properties used for the 
numerical modeling were obtained from the literature.31-33

2.2. Geometry

The geometries of the IM tool components are presented 
in Figure 1. They were designed using Ansys SpaceClaim 
software (2020 R2, ANSYS Inc., USA)34 and provided by 
Stenzel MIM Technik GmbH, Germany. The molded 
part was designed with target dimensions of 36.45 mm in 
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length, 40.60 mm in width, and 30.45 mm in height. The 
tool itself measures 100 mm in length, 80 mm in width, and 
60 mm in height in its post-sintering state, representing a 
near-net-shape 3D-printed tool. 

To compensate for sintering shrinkage, the computer-
aided design (CAD) model of the IM tool was scaled prior 
to 3D printing. An average oversizing factor of 1.219 was 
applied, according to the manufacturer’s instructions.35 
The geometrical details are provided in Figures S1–S5. 

The IM tool consists of two sides: the cavity side and 
the core side. Although the cooling channel configurations 
differ between the conventional straight-drilled and 
the conformal designs, the remaining geometry and 
dimensions are identical. This ensures that the same 
molded part is produced in each case.

For 3D printing, both the cavity and core sides were 
fabricated with conformal cooling channels. To ensure 
printability, the cooling channel cross-sections were 
modified from conventional circular shapes to square 
profiles to avoid support structures and prevent material 
sagging during printing. After the designs were completed, 

CFD simulations were performed on both geometries to 
compare their cooling performance. In the simulations, 
the model was divided into two fluid zones and three 
solid zones to accurately represent heat transfer and flow 
behavior. The cavity, core, and molded part were defined 
as solid zones, whereas the cooling channels in the cavity 
and core were defined as fluid zones. Geometrical details 
of the molded part, conventional and conformal channel 
designs, and complete IM tools (used for 3D printing 
with the conformal design and for simulations with both 
designs) are provided in Figures S1–S5.

3. Additive manufacturing of tools
3.1. Fused granular fabrication 

The fused granular fabrication 3D printer ExAM 225 
(AIM3D GmbH, Germany) was used to print the 
feedstock. This screw-based printer operates according to 
the composite extrusion modeling (CEM) process and is 
equipped with a heated build platform of 255 × 255 × 255 
mm3.18,36 In contrast to fused filament fabrication printers 
that process filaments, the CEM printer extrudes granulates 
directly. The printer is operated using the commercial 

Figure 1. Exploded view of the cavity side, molded part, and core side with (A) conventional cooling channels and (B) conformal cooling channels
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Simplify3D® software (version 4.1.2, Simplify3D, USA). 
Further details of the CEM process have been reported 
previously.17,18 

The printing was performed using a nozzle with a 
diameter of 0.4 mm, an extrusion temperature of 180 
°C, and a raster angle of 45° with 100% infill. The effect 
of extrusion multiplier (EM), layer thickness (LT), and 
printing velocity (PV) was investigated prior to printing 
the designed IM core and cavity. These three printing 
parameters (EM, PV, and LT) strongly influence the quality 
of the printed green part.17,18,22 

To reduce printing time while maintaining high green 
part quality in terms of density and dimensional accuracy, 
these parameters must be carefully optimized to achieve 
the highest possible printing velocity. Therefore, an EM 
tower with two perimeters was initially printed, and 
three different EM values (0.9, 1.0, and 1.1) were selected 
based on the EM tower examination reported in previous 
studies.17-19 Then, five cubes for each EM value with LT of 
0.10 mm and 0.15 mm and PV of 30 mm/s, 45 mm/s, and 
60 mm/s were printed. The resulting cubes were evaluated 
for green density and dimensional accuracy, with the latter 
determined by deviations from their nominal dimensions.17 

Optimal values for the EM, LT, and PV were selected 
based on their performance in terms of green density, 
dimensional accuracy, and printing time. These optimized 
parameters were subsequently used to print the IM tool 
components, the core and the cavity sides, with integrated 
conformal cooling channels. The printed cavity and core 
sides were precisely sectioned at two horizontal segments 
using a diamond saw to evaluate the cooling channels 
and identify any unwanted defects. Additional cuts were 
made to produce small cubes with edge length of 10 mm 
from the printed tool components for further density 
measurements.

The samples with cylindrical shapes measuring 4.9 mm 
in diameter and 11.6 mm in height were also printed for 
differential scanning calorimetry (DSC) measurements.

3.2. Debinding and sintering

The 3D-printed small samples and 3D-printed IM tool 
components underwent water debinding at 60 °C for 48 h, 
with 4 vol% Inhibitor 4000 (ZSCHIMMER & SCHWARZ 
GmbH & Co KG, Germany) added to the solvent bath 
to prevent corrosion of the green parts. Subsequently, 
sintering was performed at 1,280 °C with a holding time of 
2.5 h at elevated temperature, as described in the previous 
study for the sintering of green parts.17 The resulting 
sintered parts were assessed for surface roughness, 
dimensional accuracy, shrinkage measurements, DSC, and 
laser flash analysis. Furthermore, the sintered IM tools 

were also precisely cut cross-sectionally using a diamond 
saw to produce small samples for density measurements. 

4. Experimental measurements
4.1. Differential scanning calorimetry

The average specific excess heat capacity (cp) of the 
3D-printed and sintered PolyMIM® 8740 parts as a function 
of temperature was determined by DSC using a Calvet-type 
heat flux calorimeter (Setaram 121 DSC, KEP Technologies, 
France). A high-entropy alloy, Al20Co20Cr20Fe20Ni20, was 
used as the reference material due to a similar absolute heat 
capacity. The DSC scans were undertaken in a protective 
nitrogen atmosphere with a flow rate of 20 mL/min to 
avoid oxidation. The investigated temperature range in this 
study was 30–150 °C using continuous slow heating and 
cooling rates of 0.1 K/s. A minimum of three individual 
samples were tested for the chosen scan rate. Between the 
two sample measurements, one baseline measurement was 
performed. During the baseline run, reference samples 
were placed in both sensors.

4.2. Laser flash analysis

Laser flash analysis was conducted to determine the 
thermal conductivity using an LFA 467 HT HyperFlash 
device (Netzsch Gerätebau GmbH, Germany). The device 
is equipped with a xenon flash lamp, which heats one 
side of a sample, and a liquid nitrogen-cooled infrared 
detector, which measures the time-dependent increase 
in temperature on the rear sample surface due to heat 
diffusion. 

The sintered samples were machined precisely to Ø 12.6 
× 2.0 mm and were covered with a thin graphite layer. The 
four furnaces of the device were purged with a 20 mL/min 
argon gas flow, and the flash pulse width of the xenon lamp 
was 300 ms with a 200 V capacitor voltage. The thermal 
diffusivity measurements were performed during heating 
from 30 °C to 150 °C in steps of 20 K and vice versa during 
cooling. The measured thermal diffusivity was converted 
into thermal conductivity using the experimental values 
from density and specific cp of the sintered PolyMIM® 8740 
parts.

4.3. Density and dimensional accuracy

Density measurements of green parts and sintered samples 
(cubes and IM tool components) were performed at 
room temperature using Archimedes’ principle on a 
Sartorius LA230s precision scale (Sartorius, Germany).  
The Archimedes method was selected due to its capability 
to determine the apparent density of 3D-printed parts, 
making it particularly suitable for AM processes such as 
MEX, which often result in porous components.37 
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To assess the dimensional accuracy of the cubic green 
parts, all 3D-printed samples were measured with a 
digital caliper. Then, the volume deviation percentage 
of each sample was calculated as described in a previous 
study.17 Additionally, the printing quality of the printed 
IM tool components (green parts) was analyzed using a 
3D scanner (ATOS Core 200, Carl Zeiss GOM Metrology 
GmbH, Germany). The parts were scanned, and a surface 
comparison was performed using the GOM Inspect 
software (GOM Inspect 2018, Carl Zeiss GOM Metrology 
GmbH, Germany) to detect signs of under- or over-
extrusion compared to the CAD.

Following post-processing, the sintered parts were 
scanned to analyze the shrinkage after sintering. The 
length, height, and width of the green and sintered parts 
were measured in GOM Inspect software using the caliper 
inspection tool. An outer disc caliper with a clearance 
of 5.00% and an edge height of 2 mm was used. Three 
measurements were performed per x-, y-, and z-axes, and 
the results were finally averaged.

4.4. Confocal laser scanning microscopy

Surface roughness measurements of green parts and 
sintered IM tool components were conducted using the 
LEXT OLS4000 confocal laser scanning microscope 
(Olympus Europa SE & CO. KG, Germany). The 
measurements were performed on the top and sides of the 
samples in line scan mode, oriented perpendicular to the 
printing layers. A sampling length of 2.5 mm and a total 
evaluation length of  12.5  mm were used for the surface 
profile analysis.

For comparison, the same measurements were 
performed on a conventionally manufactured (non-
additive) IM tool (1.6546 steel, 40NiCrMo2-2). 
Additionally, to separate the roughness (Ramp) from the 
waviness (Wamp) inherent to the layer-by-layer nature of 
3D-printed samples, a cut-off wavelength (λc), satisfying 
the condition Ramp < λc < Wamp, was applied.18 Surface profile 
parameters were evaluated according to the ISO 4287:2010 
standard: Pz from the primary profile (raw surface profile 
including both roughness and waviness), Wz from the 
waviness profile (excluding roughness), and Rz and Ra 
from the roughness profile (excluding waviness). 

It is important to note that λc was only applied when 
measuring surface roughness on the sides of the green or 
sintered parts, not on the samples’ top or bottom surfaces. 
This approach ensured a proper comparison between the 
roughness of the additively manufactured parts and the 
conventionally produced components. 

4.5. Numerical simulation model

Computational fluid dynamics simulations were 
performed using ANSYS Fluent 2020 R2 (Ansys Inc., USA) 
to investigate the cooling performance of conventional 
and conformal cooling channel designs in IM. A transient, 
pressure-based solver was used to represent time-
dependent heat transfer and flow behavior. The fluid flow 
was modeled using the Reynolds-averaged Navier–Stokes 
equations, with the k–ω shear stress transport model used 
for turbulence modeling due to its enhanced accuracy 
in near-wall areas. The model solves the continuity and 
Navier–Stokes equations described by Anderson.38

Heat transfer was modeled as a combination of 
conduction from the mold to the tool body and convection 
from the cooling channel walls to the coolant flow. To 
account for heat transfer within the fluid and solid regions 
in the model, the energy equation was solved using 
Equation 1:39

( ) ( )

( ) ( )

/   

  eff j j eff h
j

E t u E p

k T h J u S

ρ ρ

τ

 ∂ ∂ +∇ ⋅ + 
 

= ∇ ⋅ ∇ − + + 
 

⋅∑
	 (1)

where ρ is the density of the fluid (kg/m3), E is the total 
energy per unit mass (J/kg), u is the fluid velocity vector 
(m/s), p is the fluid pressure (Pa), keff is the effective 
thermal conductivity (W/m.K), T is the temperature (K), 
hj is the enthalpy of the species j, Jj  is the diffusion flux 
of species j, effτ  is the effective stress tensor (Pa), and hS  
is the volumetric heat source (W/m3). The left-hand side 
of the equation represents energy accumulation over time 
and convection, whereas the right-hand side represents 
energy transfer by conduction, species diffusion, and 
viscous dissipation, and accounts for heat generation rate 
due to chemical reactions.

In solid regions without rotational or translational 
motion, the total energy equation was simplified, and 
ANSYS Fluent solves the following energy transport in 
Equation 2:39

( ) ( )/p hc T t k T Sρ∂ ∂ = ∇ ⋅ ∇ + 	 (2)

where pc  is the specific heat capacity at constant pressure 
(J/kg·K). The left-hand side of this equation represents the 
rate of internal energy change rate per unit volume, while 
the right-hand represents the heat flux due to conduction 
and volumetric heat generation within the solid material.39
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4.6. Boundary conditions, mesh generation, and 
solution setup

The simulations start after the cavity has been filled. It is 
assumed that polypropylene at 190 °C is initially present in 
the cavity between the two tool sides, which have an initial 
temperature of 60 °C. The simulation focuses mainly on 
the cooling process, during which the cooling channels are 
flushed with water at 20 °C at a constant mass flow rate. 
The cooling process is simulated over 20 s, and the cooling 
behavior of the molded part is analyzed by evaluating 
the surface temperature as a function of time. The initial 
condition parameters for the simulation model were 
selected based on practice-relevant data from IM processes 
provided by Stenzel MIM Technik GmbH (Germany).

For the inlets, the type of boundary condition was set 
to a mass-flow inlet, and the flow passing through the inlet 
is turbulent based on the Reynolds number calculation. 
For the outlets, the boundary condition type was chosen 
as a pressure outlet to ensure that the gauge pressure is set 
to 0 Pa. Boundary conditions and initial conditions are 
reported in Table 1.

The optimum mesh size of 1 mm was used, and time 
step sizes of 0.01 and 0.1 s were chosen for the conventional 
and conformal designs, respectively. The details of mesh 
generation, mesh size, and solution setup are provided in 
Figures S6 and S7.
Table 1. Boundary and initial conditions

Boundary/initial conditions Detail

Solver ANSYS Fluent

Turbulence model k–ω shear stress 
transport model

Inlet mass flow rate 0.1 kg/s

Inlet water temperature 20 °C

Outlet pressure (gauge) 0 Pa

Mold-part (polypropylene) initial temperature 190 °C

Core and cavity surfaces Walls

Initial wall temperature of tool components 60 °C

5. Results and discussion
5.1. Experimental results

The effect of 3D printing parameters on the cube green 

density and accuracy was evaluated, and the time 
required for printing large-scale core and cavity sides was 
estimated. The large-scale IM tool components were 3D- 
printed, and their densities, dimensional accuracy, and 
surface roughness were analyzed. The shrinkage of the 
final components after debinding and sintering was also 
evaluated.

5.1.1. Effect of printing parameters on green density, 
accuracy, and tool printing time

Figure 2A shows the green density and volume deviation 
as a function of PV, together with varying EM and LTs. A 
clear decrease in cube green density was observed when 
printing with different EM and LTs as PV increased from 
30 mm/s to 45 mm/s, and further to 60 mm/s. The increase 
in LT from 0.10 mm to 0.15 mm negatively impacts green 
density, whereas the increase in EM from 0.9 to 1.1 has a 
positive effect. This trend indicates that green density is 
strongly influenced by EM and LT, particularly at higher 
PV, due to their combined effect on the material extrusion 
behavior at the nozzle.17,18 This finding indicates that EM 
and LT should be selected carefully to achieve high green 
density, particularly at high PV. The volume deviation of 
the printed parts should be minimized while maintaining 
high green density. Otherwise, even if high green density 
is achieved, the desired printing dimensions may deviate 
significantly due to material over-extrusion, leading to 
increased surface roughness. Such adverse effects of over-
extrusion have also been reported in previous studies.17-19 
Singh et al.22 demonstrated that surface roughness can 
be improved by adjusting the printing parameters, such 
as decreasing LT and PV, and increasing EM within an 
optimal range. 

In the present study, a PolyMIM® 8740 green density 
of ≥4.92 g/cm3 and a volume deviation of ≤12.7% were 
considered acceptable for producing high-quality sintered 
parts, which can be achieved by optimizing the printing 
parameters.17 This range was achieved with certain EM and 
LT values (Figure 2A) when printing at 30 mm/s and 45 
mm/s, but not at 60 mm/s. 

An EM of 1.0 with an LT of 0.10 mm and a PV of 30 
mm/s resulted in the highest-quality part; however, the 
printing time for the IM tools increased significantly, as 
shown in Figure 2B. Therefore, to reduce printing time 
and manufacturing cost without compromising the quality 
of the printed parts, a PV of 45 mm/s was selected while 
maintaining the same EM and LT values shown in Figure 
2A. 

With this combination of printing parameters, the 
desired part quality range was maintained. Increasing the 
PV from 30 mm/s to 45 mm/s reduced the printing time 
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of the core and cavity by approximately 14 h and 24 h, 
respectively. The comparison of the printing times for these 
IM tools under different parameter sets, together with the 
selected printing parameters, is presented in Figure 2B. 

5.1.2. Additive manufacturing of injection molding 
tool components

(a)	 Three-dimensional printing, density, and mechanical 
properties

The 3D printing of complex shapes involves specific 
geometric limitations that can affect both the feasibility 
and quality of the final parts.40 Apart from optimizing 
printing parameters to minimize micro-scale defects, two 
well-known limitations must be considered carefully to 
produce high-quality parts without macro-scale defects. 

The first limitation concerns the 3D printing of 
complex internal geometries, such as the conformal 
cooling channels in this study. The key issue arises when 

the channels are closed during the layer-by-layer printing 
process. If the gap between the opposing walls of a cooling 
channel is too wide at the point of closure, the overhanging 
layers may collapse instead of forming correctly, leading 
to significant structural defects. Therefore, the tool design 
must be adapted such that the gap between the cooling 
channel walls in the second-to-last printing layer is at least 
equal to the selected LT. This adjustment was made during 
the design of the tools, resulting in the geometry presented 
in Section 2.2. The cooling channels were successfully 
realized, as shown in Figure 3A, captured during the 3D 
printing of the IM cavity side, demonstrating the precise 
closing of the channels. 

The second limitation involves printing steep overhangs 
that exceed a certain angle, as well as cavities or large 
hollow structures. Therefore, an overhang test (Figure S8) 
was performed using the printing parameters described 
above. It was found that, under the printing conditions 

Figure 2. Effects of (A) EM, PV, and LT on the density and volume deviation of the test cubes with an edge length of 10 mm, and (B) PV and LT on the 
printing time of the designed core and cavity of the IM tool. The selected printing parameters (PV = 45 mm/s, EM and LT unchanged) are indicated by 
dashed squares with arrows in (A), and the corresponding printing time comparison is shown in (B). 
Abbreviations: EM: Extrusion multiplier; IM: Injection molding; LT: Layer thickness; PV: Printing velocity.
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used in this work, support structures are required for 
overhang angles above 65°. Thus, the cooling channels 
were designed to be printed below this angle limit to avoid 
the need for support structures that cannot be removed 
afterwards. However, a support structure was required to 
print the cavity, which was subsequently removed.

Figure 3C shows the cavity horizontal plane view of 
cross-sectional cuts after cleaning and removal of the 
support structure. However, the traces of the support 
structure lead to increased surface roughness, which 
needs to be addressed. The cooling channels, hollow 
structures, and fringe structures for mold production 
are also presented in Figure 3B, which demonstrates the 
fabrication of complex IM tool geometries (core and cavity 
sides) without any macro-scale defects.

 Moreover, the relative green densities of the printed 
tools were measured after sectioning the tools into small 
cubes (Figure 3B and 3C). The corresponding density 
values for each cube are presented as an example in Figure 
3B. These relative density values were determined with 
respect to a highly densified reference sample with a density 
of 4.95 g/cm3, which was produced using a high-pressure 
capillary rheometer as described in a previous study.18 

The average relative densities of the green parts for the 
core and cavity were 98.59 ± 0.23% and 97.37 ± 0.24%, 
respectively. Moreover, after being cut into small cubes, 
the average relative density of the sintered core was 98.08 
± 0.10%. This value falls within the upper range (≥98%) 
of sintered densities for cubes printed under optimized 
printing parameters in a previous study using the same 
feedstock.17,18 The uniform density distribution across 
the tool demonstrates the successful potential of AM to 
produce densely consolidated, large-scale IM tools using 
the fused granular fabrication approach employed in this 
study.

Since the average relative density of the sintered core 
is comparable to the density achieved for the cubes in17, 
the Young’s modulus, tensile strength, and yield strength 
measured for the cubes can be reasonably considered 
representative of the 3D-printed tools. In a previous study, 
the sintered samples were tested according to DIN EN 
ISO 527-2 Type 1BA, and DIN EN ISO 2740 Type B. After 
sintering, the Young’s modulus reached approximately 193 
GPa, with a tensile strength of approximately 891 MPa 
and a yield strength of approximately 568 MPa.17 These 
tensile and yield strengths values of the sintered parts are 
within the range of values reported in the manufacturer’s 
datasheet,35 which specifies values exceeding 700 MPa for 
tensile strength and 550 MPa for yield strength. 

These findings suggest that IM tools can be produced 

using the fused granular fabrication approach, with 
mechanical properties that are consistent with the material 
manufacturer’s specifications.

(b)	 Dimensional accuracy and shrinkage

Figure 4A and 4B present the 3D-printed IM core and 
cavity green parts, along with their corresponding sintered 
parts, reflecting the successful debinding and sintering 
of complex large parts with high relative density. High-
quality, large green parts are essential for achieving 
superior sintered components. While small parts, such 
as  cubes, can be post-processed more easily due to faster 
and more uniform solvent debinding, large green parts 
pose significant challenges. Cracks and delamination can 
easily form in large geometries along the printing layers 
if the layers are not adequately deposited, representing a 
critical weakness.41 However, in this study, no evidence 
of interlayer separation or cracking was observed. This 
indicates not only efficient post-processing (debinding 
and sintering) but also the high quality of the green parts 
produced using the selected fused granular fabrication 
process parameters.

The dimensional accuracy measurements were also 
performed on the 3D-printed IM core and cavity sides 
using the 3D scanner with a colormap deviation pattern, 
as shown in Figure 4C and 4D. The findings demonstrate 
that both parts exhibited good alignment with the nominal 
CAD data,42,43 within the maximum deviation of less than 
approximately 0.7 mm, showing smooth surfaces and no 
significant under- or over-extrusion effects. The negative 
deviation in the core bottom side was attributed to the 
removal of the support structure. This local deviation 
(negative or positive) can be minimized by carefully 
removing the support structures used for printing the 
hollow (groove) parts. 

Moreover, apart from the colormap deviation 
measurements, the dimensions of the tools and their 
shrinkage after sintering were evaluated and are presented 
in Table 2. The shrinkage in the z-axis of the core and cavity 
sides is closely aligned with the z-axis linear shrinkage 
observed in dilatometer measurements.17 However, the 
shrinkage in the x- and y-axes is 15.35–15.96%, slightly less 
than that of the z-axis. This slight anisotropic shrinkage is 
associated with the layer-by-layer 3D printing process.41,44 
The effect mainly results from the printing LT and raster 
angle.45 As the LT increases, linear shrinkage slightly 
decreases because thicker layers can better accommodate 
the deformations that occur during the debinding and 
sintering process, thereby mitigating gravity-induced 
effects. Air gaps (small voids  that form between adjacent 
printed layers during material deposition) significantly 
impact dimensional variation along the z-axis; however, 
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Figure 3. Images of injection molding tool components: (A) Cavity side during three-dimensional printing, (B) horizontal plane view of the upper section 
of the core side after a cross-sectional cut, showing the relative densities of the marked region, and (C) horizontal plane views of the cavity side after cross-
sectional cuts at three levels (1, 2, and 3 represent the top, middle, and bottom parts of a complete printed cavity, respectively)

Figure 4. Images of injection molding green parts and their corresponding sintered components: (A) cavity side and (B) core side. Computer-aided design 
(CAD) geometries, green parts with colormap deviation patterns, and the corresponding sintered (C) cavity side and (D) core side. In the green parts, 
positive deviations (over-extrusion) are highlighted in yellow to red, while negative deviations (under-extrusion) are shown in blue.
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the gravity effect complicates the isolation of its specific 
contribution. This influence is less pronounced along the 
horizontal (x and y) axes, although increasing the air gap 
generally reduces linear shrinkage resistance, leading to 
higher shrinkage.44,45 Such anisotropic shrinkage must be 
carefully considered to ensure the final morphological 
accuracy of the mold, rather than merely its dimensional 
precision.  

(c)	 Surface roughness

The surface roughness values of the fused granular 
fabricated green parts and sintered tool components 
(core and cavity sides) are presented in Table 3, alongside 
those of the conventionally manufactured IM tool. The Pz 
roughness is attributed to the peaks and valleys in the height 
direction of the scan profile, resulting from the sample 
surface’s waviness and roughness. The Pz value (λc= 50 μm) 
at the scanned surface of the green part is approximately 
0.12 mm, primarily due to the selected LT of 0.10 mm used 
for printing IM parts. Wz is comparable to the Pz value, 
with a slight decrease of 19 μm. This is because the main 
contribution to the Pz value is the waviness effect caused 
by layer-by-layer printing. These roughness values (Pz and 
Wz) are consistently associated with the printing LT and 
are approximately within the range of the selected LT.17,18 

In contrast, Rz (maximum height roughness) and 
Ra (arithmetic mean height roughness) are the primary 
surface roughness parameters reflecting the actual surface 
texture.  These values can be used to assess printing quality 
while eliminating the layer-by-layer waviness effect. They 
are related to the consistency of material extrusion during 
printing. For example, insufficient material extrusion 
results in under-extrusion, whereas excessive extrusion 
leads to over-extrusion, both of which directly influence 

Rz and Ra due to micro-scale surface defects. The Rz and 
Ra values obtained in this study for large complex green 
parts are comparable to those reported for 10 mm3 cubes 
printed using optimized parameters.17,18 This indicates 
that the surface roughness performance of fused granular 
fabrication is not significantly affected by the fabrication of 
large complex structures with extended printing durations 
(approximately 36 h).

Furthermore, the top-side roughness values Rz and Ra 
(without λc) are significantly lower than those of the layer-
side surfaces, due to the nature of the layer deposition 
process. The reduced roughness on the top surface is 
attributed to the continuous and smooth deposition of 
material, where each layer fuses with the previous one, 
resulting in a relatively smooth surface. In contrast, the 
side surfaces exhibit higher roughness due to visible layer 
boundaries and the stair-step effect arising from layer 
stacking.46,47

The Pz and Wz values on the layer side were reduced 
after sintering due to dimensional shrinkage associated 
with LT. No significant reduction in Rz and Ra values was 
observed. However, the top-side Rz and Ra values were 
slightly reduced due to sintering shrinkage, as no cut-off 
filter was applied to remove waviness effect. 

Overall, the slight reduction in roughness values after 
sintering is not attributed to the elimination of micro-
defects on the surface during sintering. This is because the 
green parts already exhibit high density (>97–98%), and 
the sintered density remains within a similar range. It is 
also observed that the top-side Rz and Ra of the fabricated 
sintered parts are comparable to those of the conventional 
IM tool, suggesting that the surface quality of the fabricated 
parts falls within the acceptable range for IM applications. 

Table 2. Dimensions of CAD, green, and sintered IM core and cavity sides, and corresponding sintering shrinkage values of 
3D-printed green parts

Directions

Dimensions (mm)
Shrinkage (%)

CAD Green parts Sintered parts

Cavity Core Cavity Core Cavity Core Cavity Core

X 96.09 96.09 96.10 ± 0.05 96.02 ± 0.05 81.16 ± 0.03 80.70 ± 0.06 15.54 ± 0.04 15.96 ± 0.07

Y 119.82 119.82 119.67 ± 0.07 119.55 ± 0.04 101.20 ± 0.07 101.19 ± 0.07 15.44 ± 0.07 15.35 ± 0.06

Z 48.64 24.92 48.57 ± 0.01 25.02 ± 0.04 40.79 ± 0.04 20.80 ± 0.15 16.02 ± 0.09 16.89 ± 0.70

Abbreviation: CAD: Computer-aided design.
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However, certain limitations remain in the AM of 
tooling, particularly the waviness effects from the printing 
process and surface defects caused by residual support 
structures. As a result, 3D-printed tools typically require 
post-processing, such as machining or electrical discharge 
machining, to achieve the required surface finish. These 
factors currently limit the direct application of 3D-printed 
IM tools without surface treatment. Nevertheless, although 
post-processing is required, fused granular fabrication still 
offers significant time savings in IM tool production, along 
with the advantage of enabling conformal cooling channel 
integration.

5.2. Simulation results

Numerical simulations were conducted to evaluate the 
performance of the designed 3D-printed conformal 
cooling channel compared with the conventional cooling 
design. For this purpose, the material properties of sintered 
PolyMIM® 8740 (1.6546 steel, 40NiCrMo2-2), fabricated in 
this study, were applied to both the core and cavity sides, 
assuming a constant density of 7.64 g/cm3. The remaining 
thermal properties, including specific heat capacity 
(cp) and thermal conductivity (k), were incorporated. 
The thermal properties of the sintered tool used in the 
simulations are presented in Table 4. These properties 
were experimentally determined using DSC and laser flash 
analysis, as described in Section 4.2. The simulations also 
account for the temperature-dependent properties of the 
molded material.

Previous computational studies have investigated 
cooling time reduction in IM processes26 and analyzed 
design parameters as well as the thermo-mechanical 
performance of optimized cooling configurations.29 
Efficient cooling is essential in IM to improve cycle time 
and product quality. 

Table 4. Thermal properties of sintered polyoxymethylene-
based metal injection molding at different temperatures

Temperature ( °C) Specific heat 
capacity (J/kg·K)

Thermal conductivity 
(W/m·K)

30 467.90 39.10

50 477.36 39.09

70 484.98 39.58

90 493.21 39.69

110 501.56 39.88

130 509.03 39.83

150 517.02 39.86

160 518.02 39.82

Figure 5 compares the cooling performance of 
conventional and conformal cooling channels by evaluating 
the area-averaged surface temperature of the molded part, 
starting from an initial temperature of 190 °C over a 20 
s cooling period. The temperature curves represent area-
weighted averages computed over the entire molded part 
surface at each simulation time step. As shown in Figure 
5, the molded part using conformal cooling channels 
exhibits a significantly faster cooling rate than that using 
conventional channels. Within the first 5 s, the temperature 
of the conformally cooled part decreases to below 80 °C, 
whereas the conventionally cooled part remains above 120 
°C. 

Table 3. Surface roughness of fused granular fabricated green and sintered parts and conventionally manufactured IM part

Scan

Surface roughness (μm)

Layers-side with λc = 50 μm Top-side without λc

Pz Wz Rz Ra Rz Ra

Fabricated green part 119 ± 21 108 ± 9 19 ± 2 3.0 ± 0.6 32 ± 8 3.4 ± 1.7

Fabricated sintered part 89 ± 14 56 ± 16 18 ± 1 2.5 ± 0.2 20 ± 6 2.1 ± 0.7

Conventional injection 
molding tool − − − − 27 ± 5 1.8 ± 0.3
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After 20 s, the conformally cooled part reaches a 
stable temperature of approximately 30 °C, while the 
conventionally cooled part remains at approximately 80 
°C, indicating significantly slower heat dissipation. This 
enhanced cooling performance of the conformal cooling 
channels can be attributed to their optimized geometric 
configuration, which enables more efficient heat transfer 
from the molded part. Specifically, positioning the 
channels closer to the hot surface than in the conventional 
design allows heat-accumulating regions to be cooled 
more effectively. Moreover, the wall-normal swirling flow 
generated in the bend regions of the conformal channels 
locally reduces the boundary layer thickness, thereby 
increasing the temperature gradient and enhancing heat 
transfer.48 Previous numerical studies have also reported 
that conformally cooled IM tools exhibit lower overall 
temperatures and improved temperature uniformity 
compared with conventionally cooled systems.49,50

However, a direct quantitative comparison with 
previous studies is not feasible due to variations in 
material properties, cooling channel geometries, mold 
configurations, and boundary conditions. A higher cooling 
rate reduces cycle time, thereby increasing production 
efficiency while mitigating defects such as thermal stress 
and warpage.49,50 In contrast, conventional designs retain 
heat for longer durations, resulting in extended cooling 
times and associated quality issues.51 These findings 
demonstrate the advantages of conformal cooling in 
improving IM efficiency, making it a more suitable option 
for high-performance production. This is consistent 
with recent studies, which also report that conformal 
cooling channels reduce cooling time and thermal stress 
while improving thermal uniformity compared with 
conventional designs.27,30,48

Figure 6 shows the temporal cooling behavior of the 
molded part for both conventional and conformal cooling 
channel configurations, illustrated through temperature 
contour plots. The temperature at each probe point 
represents the local temperature at a specific location, 
extracted at every simulation time step. The average 
surface temperature of the molded part is presented at 
four time points: 1.0 s, 3.0 s, 13.0 s, and 20.0 s, enabling 
a direct comparison of cooling performance between the 
two systems. 

At 1.0 s, both cooling designs exhibit elevated surface 
temperatures across the molded part, indicating that 
heat remains concentrated immediately after injection. 
However, heat dissipation—and consequently temperature 
reduction—is significantly faster in the conformal cooling 
channel design than in the conventional design. By 3.0 
s, the differences between the two designs become more 

pronounced. The conventionally cooled part retains a 
substantial amount of heat, particularly within the fin 
structures. At 13.0 s, the average surface temperature of the 
conventionally cooled part remains around 100 °C, whereas 
the conformally cooled part exhibits a significantly lower 
average surface temperature. By 20.0 s, the conformally 
cooled part has nearly dissipated all accumulated heat, as 
indicated by the predominance of blue regions representing 
lower temperatures. In contrast, the conventionally cooled 
part continues to retain heat, particularly within the fin 
structures and base region (Figure 6).

 Taken together, the IM tool with conformal cooling 
channels provides more efficient and more uniform cooling 
compared with the conventional design. The enhanced 
heat dissipation achieved by the conformal channels helps 
reduce residual stresses, warpage, and defects, thereby 
improving production efficiency and lowering rejection 
rates.27 Temperature homogeneity is especially critical, as 
it reduces residual stresses within the molded part.52 If not 
properly controlled, these stresses can lead to deformation, 
particularly in thin-walled regions, resulting in twisting 
or distortion of the final part geometry. The uniform 
cooling performance is further supported by temperature 
calculations at specific points on the mold surface, as 
presented in Figure S9 and discussed in detail in the 
Supplementary File. 

Video S1 shows a comparison of the cooling behavior 
of both cooling channel designs during a single cycle. It 
demonstrates that conformal cooling channels enable 
more efficient and spatially uniform heat dissipation 
during the early stages of cooling. The difference in cooling 
performance becomes increasingly pronounced over time.  

5.3. Advancements in injection molding tooling 
through fused granular fabrication

The fused granular fabrication process demonstrated the 
capability to produce relatively large metal components of 
high quality. To the best of our knowledge, this study is the 
first to report the use of fused granular fabrication and the 
successful post-processing of such large-sized near-net-
shape metal parts. The utilization of IM tools fabricated 
through this process can contribute to significant 
advancements in the IM industry. The traditional 
production of IM tools is costly and time-intensive, 
particularly when complex cooling channels are involved. 

Conventional IM tooling also limits the complexity of 
cooling channels required for effective cooling.1,8,53 Among 
the 3D printing processes, fused granular fabrication allows 
the straightforward fabrication of complex geometries, 
including conformal cooling channels that are difficult or 
impossible to achieve with conventional manufacturing 
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Figure 5. Area-average surface temperature of the molded part during cooling

Figure 6. Comparison of the temperature contours of the mold during the cooling process between conformal and conventional designs at (A) t = 1.0 s, 
(B) t = 3.0 s, (C) t = 13 s, and (D) t = 20 s for conventional (left) and conformal (right) cooling channels
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methods. These conformal cooling channels can enhance 
the thermal control of the IM tools, thereby reducing cycle 
times and improving the quality of the molded parts by 
maintaining a uniform temperature distribution. The 
ability to produce tools directly from CAD models without 
extensive machining also reduces material waste and 
production time. This makes the process more effective, 
particularly for low-volume or custom production runs. 
Furthermore, integrating fused granular fabrication 
enables faster iteration of mold designs and facilitates the 
direct utilization of conventional and cost-effective raw 
materials used in MIM. 

Current research in 3D printing for tooling also 
includes powder-based techniques, such as selective laser 
melting and binder jetting.54,55 These methods are well 
known for their high resolution and ability to produce 
dense metal parts, but they come with their own challenges 
and limitations.56 Powder-based 3D printing techniques 
generally provide a superior surface finish and higher 
resolution than fused granular fabrication.57,58 However, 
these methods tend to be more expensive due to the cost 
of metal powders and the need for specialized equipment. 
In contrast, fused granular fabrication uses more readily 
available and inexpensive IM raw materials, making 
it a more scalable solution for industrial applications. 
However, the roughness and the waviness effect associated 
with layer-by-layer 3D printing, in most cases, still require 
further surface treatment of the finished tool parts.59 
Finally, the numerical simulations of the 3D-printed 
conformal cooling channel design show that the proposed 
geometry significantly enhances heat transfer efficiency 
while ensuring a more uniform temperature distribution 
within the mold, compared with conventional straight-
channel designs.

6. Conclusion
This study successfully demonstrates the large-scale 3D 
printing, debinding, and sintering of the core and cavity 
sides of an IM tool with conformal cooling channels, which 
are difficult to produce conventionally. The influence of 
printing parameters on the quality of green parts produced 
via the fused granular fabrication process was investigated. 
CFD simulations demonstrated the enhanced performance 
of the IM tool with conformal cooling channels compared 
with conventional designs.

The 3D printing process analysis showed that increasing 
PV adversely impacts the green density, especially at higher 
velocities such as 60 mm/s. The optimized parameters (PV 
= 30 mm/s, EM = 1.0, LT = 0.10 mm) yielded the highest 
green density and lowest dimensional deviation of 10 mm 
test cubes. To reduce the overall printing time without 

compromising green density or dimensional accuracy, a 
slightly higher PV of 45 mm/s was selected to print the core 
and cavity sides, resulting in time savings of approximately 
14 h for the core side and approximately 24 h for the cavity 
side. The printed tools exhibited relative green densities of 
98.59 ± 0.23% (core) and 97.37 ± 0.24% (cavity), marginally 
lower than those of the smaller test cubes due to micro-
scale porosity inherent to larger, complex geometries. After 
sintering, the core reached a high relative density of 98.08 
± 0.10%, confirming the scalability of the process. The 
dimensional accuracy evaluations via non-destructive 3D 
scanning and colormap analysis revealed deviations within 
approximately 0.7 mm.

Surface roughness parameters (Pz, Wz) were mainly 
influenced by layer thickness and surface waviness, while 
Ra and Rz remained comparable to those of conventional 
IM tools. Furthermore, sintering exhibited only a minor 
effect on roughness reduction, primarily impacting 
shrinkage rather than defect healing, since the green 
parts were already highly densified (>97%). Nevertheless, 
post-processing may still be required to remove artefacts 
resulting from residual support structures and surface 
patterns caused by the printing layers.

Simulation results confirmed that conformal cooling 
significantly enhances heat dissipation, leading to faster 
and more uniform reduction in mold surface temperatures. 
The conformal cooling channel design showed a markedly 
superior cooling performance, reducing the molded part 
temperature to below 80 °C within 5 s. This enhanced 
thermal efficiency translates into shorter cycle times 
and improved product quality. In contrast, conventional 
cooling required approximately 20 s to reach a similar 
temperature. To experimentally validate these simulation 
results, a dedicated IM study using both cooled tool 
variants under realistic processing conditions should be 
conducted as a next step. For this purpose, temperature 
sensors could be integrated into the core and cavity of the 
IM tool to validate the temperature evolution within the 
closed mold during the IM process by means of localized, 
point-based measurements. 

These findings demonstrate that fused granular 
fabrication of tools with conformal cooling channels 
provides a cost-effective, design-flexible, fast, and scalable 
approach for advancing IM tooling technology.
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