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CONFORMAL COOLING CHANNEL DESIGN FOR DIRECT METAL LASER SINTERING OF 
MARAGING STEEL INJECTION MOULD INSERTS 

I. Adam1*, W. B. du Preez2, J. Combrinck3 and M Zwemstra4 

 

ABSTRACT 

The design capabilities of tool designers have been enhanced through the use of additive manufacturing in the 
tool making environment, by lending its greatest advantage: freedom of design. The efficiency of injection mould 
tooling is positively influenced by an enhanced cooling rate achieved through conformal cooling, which in turn 
has a positive influence on the quality of the parts produced. The refinement of design rules for conformal 
cooling channels serves to further enhance the use of additive manufacturing in the injection moulding industry. 
This paper reports on a determination of the limitations of conformal cooling channels built through Direct Metal 
Laser Sintering.  
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1. INTRODUCTION 

Additive manufacturing (AM) has developed a reputation as an essential manufacturing process for the production 
of prototype components. Often, these components are just conceptual models and are not durable for long term 
use. However, the development of various AM techniques as well as materials for AM use, has seen AM becoming 
a formidable addition to the manufacturing industry at large. Through its convenient layered build fashion AM 
provides virtual freedom of design and is increasingly being used as a valuable complementary technique to 
conventional manufacturing techniques and serves to enhance the current manufacturing environment.  
 
An increase in global competition has seen a general trend to reduce costs and improve product quality in the 
injection moulding (IM) industry. The IM process requires a molten polymer to be injected into a mould, which 
consists of two halves that are clamped into position. The mould is allowed to cool down to a certain temperature 
where after the mould is opened and the solidified plastic object is ejected. In this manner geometrically similar 
objects are mass produced [1]. The IM process thus consists of the following phases: filling, cooling and ejection, 
with the cost efficiency of the process being dependent on the moulding cycle time [2].

Since cooling time contributes approximately to more than 50% of the IM cycle time, there exists a direct 
correlation between the manufacturing costs of plastic components and the IM cycle time [1, 3]. Hence, IM has 
come under scrutiny to drastically reduce the IM cycle time, thereby increasing production and ultimately 
increasing profits [4]. When considering a simplified heat flow equation, Equation 1, as described in Figure 1, 
the variable which would result in more efficient cooling is the reduction of the distance xm between the mould 
cavity surface and the cooling channel [5]. 
 
           (1)  
 
In Equation 1 and Figure 1 Qin is heat inserted into the system, Qout heat removed from the system, t1 is the 
temperature of the injected plastic, t2 is the temperature of the cooling medium,  is the heat flow through the 
system, γ is the thermal conductivity coefficient of the mould material and A is the cross-sectional area through 
which the heat flow occurs. 
 

 
 

Figure 1: Deflection of a rectangular channel, showing simplified heat transfer [5]. 
 
In developing Equation 2 below [6], the worst case scenario was considered, whereby a rectangular channel was 
loaded with the injection pressure  as shown in Figure 1. Since commonly used channels are circular in cross-
section, they experience relatively smaller stresses and deflections. The stress experienced under the applied 
injection pressure  can be expressed by Equation 2 [6]:  
 

 . . . (2) 

 
Where 

 Stress experienced under the applied injection pressure 
Pm = Injection pressure  
DH = Hydraulic diameter of the cooling channel 
xm = Distance between the mould cavity surface and cooling channel 
 
Through manipulation of this expression it is possible to calculate the distance  at which the mould material 
will fail under a specified injection pressure. With this baseline a study was done to determine a minimum value 
for the distance xm between the cooling channel and the AM mould insert, where the mould insert material will 
not fail. This is of importance as a current lack of published conformal cooling design criteria results in tool 
designers to over compensate for the mould material strength, thus sacrificing on cooling efficiency [1]. 
 

xm 
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While this holds true, another option of improving IM tool cooling efficiency includes making use of a mould 
material having better heat conduction properties. However, the physical limitations set by conventional 
manufacturing techniques make the reduction of this distance xm virtually impossible in tools having complex 
geometries. With the introduction of AM to the tool making industry, tool designers now have greater freedom 
of design allowing for the use of conformal cooling channels that follow the contours of the part, thereby 
increasing the cooling potential of the IM tool. With the availability of this technology, not only are designers 
able to place cooling channels in “hard to reach” parts of the IM tool, but they can also place cooling channels 
closer to the mould cavity surface, which would further enhance the cooling efficiency of the moulding cycle 
[3].  
 
However, there are physical limitations such as the strength of the insert material, which sets a limit for the 
distance xm between the cooling channel and the mould surface. The material used in this study, maraging steel 
(MS1 powder) has excellent mechanical properties in the as-built state. The MS1 properties as specified by the 
supplier, EOS [7], compare well the DIN/EN (1.2312) specification (40CrMnMoS8-6) [3, 8, 9]. Maraging steel, an 
iron-nickel steel alloy, is well known for a combination of good material properties such as high strength, high 
toughness, good weldability and dimensional stability during aging heat treatment. This superior strength, 
hardness and toughness is achieved by aging the martensitic phase, making maraging steel ideal for high strength 
applications as required by the aircraft industry as well as the tooling industry. What sets maraging steels apart 
from conventional high strength steels, is the hardening mechanism used during the hardening process. Where 
maraging steels are concerned, the relatively soft body-centered cubic martensite, which is formed upon cooling, 
is hardened by the precipitation of intermetallic compounds at prolonged exposure to a temperature of 495°C 
[10,11]. It is from this martensitic aging process that the term “maraging steel” is derived. 
 
The cooling of IM tooling is crucial to the performance of the tool set, influencing the rate of the IM process as 
well as the quality of the parts produced. Tool designers have always been limited to the capabilities of 
conventional manufacturing methods, while this is effective, the full potential of IM tool cooling systems is yet 
to be unlocked. The refinement of design rules for conformal cooling channels serves to further enhance the use 
of additive manufacturing in the IM industry. This paper reports on the development of a minimum distance xm 
between the cooling channel and mould wall for conformal cooling channels built through Direct Metal Laser 
Sintering (DMLS). 

 

2. METHODOLOGY 

In order to verify the material strength specifications of the powder supplier Electro-Optical Systems (EOS) 
GmbH, mechanical tests were performed on six test samples. These samples were produced on an EOSINT M280 
machine at the Centre for Rapid Prototyping and Manufacturing (CRPM) in Bloemfontein, South Africa. Of the six 
samples, three were in an as-built state and three were stress relieved and age-hardened.  
 
The stress-relieving process occurred at a temperature of 890 °C with a soaking time of 3 hours, while the age-
hardening occurred post stress-relieving at a temperature of 495 °C with a soaking time of 6 hours [10, 11, 12]. 
The resultant alloy properties were then compared with that provided by the supplier EOS [7].  
 
In order to gain a better understanding of the mechanical test results, optical microscopy was conducted on cross 
sections of the specimens. The specimens were mounted, polished and etched with a 10% Nital solution, where 
after the optical microscopy was performed using an Axioskop optical microscope using various magnifications. 
Further microscopy was performed using a JEOL scanning electron microscope (SEM). Energy-dispersive X-ray 
spectroscopy (EDS) was conducted on an age-hardened specimen to allow for further understanding of the 
material compound. 

 
With material strength verification in mind, values for the distance xm were calculated at which the mould 
material was expected to fail. Through the use of SIGMASOFT® virtual mould simulation software, it was possible 
to determine the stresses and deformation in the cavity walls due to the injection pressure. In order to determine 
a value for the distance xm at which the mould material would fail, a maximum plastic injection pressure of 260 
MPa was used for both the theoretical calculations as well as the SIGMASOFT® virtual mould simulations. This 
plastic injection pressure of 260 MPa is the maximum found in the IM industry [13]. Computer Aided Design (CAD) 
files were generated and test inserts were produced from MS1 powder using the DMLS process, to the geometry 
shown in Figure 2. 
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  Figure 2: Dimensions and CAD model of the insert used during the simulations. 
 

In order to further verify the theoretical results, experimental test runs were done on a DKM H268T IM machine 
using the various mould inserts. The experimental test runs reported on in this paper could only be conducted 
using a maximum available plastic injection pressure of 140 MPa, which is still an acceptable injection pressure 
used commonly in the IM industry [13]. Table 1 shows the various conformal cooling channel diameters used in 
this study. These channel diameters are based on the DMLS limitations for circular holes which are perpendicular 
to the Z-axis of the build plate [14]. 

 
 

Table 1: Channel diameter considerations. 
 

 (mm) 4 6 8 10 

 

3. RESULTS AND DISCUSSION 

3.1 Material properties 

Table 2 provides a comparison between the mechanical properties determined for the test specimens built 
through DMLS from MS1 powder and the data as specified by the supplier, EOS [7].  
 

Table 2: Comparison of the experimentally determined mechanical properties with the EOS data for as-
built and age-hardened specimens. 

 
As-built EOS Test Samples 
Yield Strength (MPa) 1100 100 1022 ± 35.35 

Ultimate Tensile Strength (MPa) 1100 100 1161 ± 20.41 

Young’s modulus (GPa) 180 20   168 ± 2.026 

% elongation at break 8% ± 3% 7.33% ± 3.65% 
Age-hardened EOS Test Samples 
Yield Strength (MPa) 1900 100 1967 ± 10.02 

Ultimate Tensile Strength (MPa) 1950 100 2031 ± 50.90 

Young’s modulus (GPa) 180 20  189 ± 2.956 

% elongation at break 2% ± 1% 3.93% ± 2.797% 
 
The yield strength (YS) of the DMLS specimens in the as-built state is approximately 78 MPa lower than the EOS 
specification, while in the age-hardened state the YS is approximately 67 MPa higher than the EOS specification. 
The ultimate tensile strength (UTS) is 61 MPa higher than the EOS specification in the as-built state and 81 MPa 
higher in the age-hardened state. In the as-built state, the Young’s modulus (E) is approximately 12 GPa lower 
than the specification, while in the age-hardened state it is approximately 9 GPa higher. However, given the 
measurement uncertainty shown in Table 2, the experimental values lie within the EOS specified range. 
 
The microstructures shown in Figures 3(a) and (b) highlights the microstructure of the test specimens in an as-
built and an age-hardened state, respectively. In the as-built state (Figure 3(a)), a microstructure is presented 
which shows the typical DMLS layered tracks. From the observed microstructure it is evident that the metal 
powder fused thoroughly and an almost parabolic edge characterized the solidification pattern of each track of 
the molten powder. From this it can be deduced that each layer solidified on the underlying layer, with the laser 
tracks overlapping each other, thereby reducing any porosity [15].  
 
 

±
±
±

±
±
±
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(a) As-Built 

 
(b) Age-Hardened 

Figure 3: DMLS Maraging Steel (MS1) microstructure as seen through an optical microscope. 
 

 
Figure 3(b), shows the microstructure in the age-hardened state in which the track boundaries shown in Figure 3(a) are 
no longer visible and a more homogenous microstructure appears to have formed. This can be as result of the stress-
relieving annealing heat treatment which occurred prior to the age-hardening. In this treatment the specimens were 
soaked at a temperature of 890°C for 3 hours. 

 
Point A in Figure 3(b) is a typical percipitate formed during the age-hardening process, of which the material composition 
was analysed using the EDS technique. Table 3 shows the material composition of this precipitate in the age-hardened 
state as acquired through EDS analyis.  
 

A 
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Table 3:  Material composition of a precipitate in the age-hardened DMLS MS1 maraging steel. 

 
Elements %wt 

Fe 63.54 
Ni 16.76 
Co 9.38 
C 5.71 

Mo 3.8 
Ti 0.83 

 
From Table 3, it is evident that the detected percentages of Ni, Co, Mo and Ti confirm that this precipitatehas a 
composition of 16Ni9Co4MoTi, which is typical of an age-hardened maraging steel [9]. The 63.54 wt % Fe is from 
the surrounding steel matrix.   
 
As expected from the age-hardening process, there is an increase in both the YS and UTS when comparing the as-
built data with the age-hardened data. This is as a result of the hardening mechanism acting in the age-hardening 
process, whereby the material is hardened by the precipitation of intermetallic compounds during prolonged 
exposure to a temperature of 495°C [3,4]. An increase in Young’s modulus to 189 GPa after applying the heat 
treatment was observed.  
This increase in Young’s modulus is as a result of the formation of Ni3(Mo, Ti) precipitates, which restricts the 
homogenous distribution of nickel in the martensitic matrix [16]. The decrease in ductility indicated by the increase 
in Young’s modulus is further confirmed by the reduction of the percentage elongation from 7.33 % in the as-built 
state to 3.93 % in the age-hardened state.  
 
Figure 4 shows typical SEM secondary electron images (SEIs) of the fracture surfaces of as-built and age-hardened 
DMLS MS1 tensile specimens. The as-built specimen shown in Figure 4(a) fractured after substantial plastic 
deformation, in which the formation of dimples, typical of ductile fracture is observed. Figure 4(b) shows a SEM 
image of the fracture surface of the test sample which was age-hardened. On the latter fracture surface micro-
cavities are observed which are indicative of the presence of precipitates expected in the age-hardened metal.  
 

 
(a) Ductile fracture in the as-built specimen. 



 230 

 
(b) Inter- and trans- granular fracture in the age-hardened specimen. 

 
Figure 4: SEI images of fracture surfaces of the DMLS MS1 as-built and age-hardened tensile specimens. 

 

3.2 Distance between mould surface and cooling channel 

By manipulating equation 1, it was possible to calculate a value for xm at which the mould insert material was predicted 
to fail. Since the strength specifications were within the specifications of the supplier EOS, it was decided to make use 
of the data provided by EOS, because it was readily available to designers. This approach would be more conservative 
than using the experimentally obtained mechanical test properties.  

 
By applying a maximum plastic injection pressure of 260 MPa and using the UTS for age-hardened MS1 (1950 MPa), the 
value of xm was calculated as follows:  

 
For   = 4 mm: 

From (1):        

          

                                                             
 

Table 4 provides values of  for the various channel diameters at which the mould material was expected to fail. In 
order to achieve a comparable safe distance for xm, various distances were simulated and tested experimentally. These 
distances were determined by increasing the calculated distance where xm was expected to fail (1 mm) by increments 
of 0.5 mm.  

 
Table 4:  Calculated values of  for the selected channel diameters 

 
 (mm) 4 6 8 10 

) 1 1.5 2 2.5 
 

Figure 5 shows the simulated stress distribution experienced by the mould inserts having a conformal cooling channel 
cross-section of 4 mm in diameter.  
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Figure 5: Stress experienced by 4 mm conformal cooling channels. 

 
From Figure 5 it was observed that the maximum pressure exerted on the cavity wall was 19.13 MPa as highlighted 
in green on the insert with a distance xm of 1mm.  
 
The insert experiencing the least pressure on the mould cavity surface, was the insert having a distance xm of 
2.5mm, where the maximum pressure exerted on the mould wall is observed to be 9.58 MPa as indicated in 
turquoise in Figure 5. 

 
Figure 6 shows the stress experienced by the mould inserts having a conformal cooling channel with a cross-
section of 6 mm in diameter. It is observed that the maximum pressure exerted on the mould wall was 38.61 MPa 
as highlighted in orange on the insert having a distance xm of 1.5  mm. The insert experiencing the least pressure 
on the mould cavity surface, was the insert having a distance xm of 3 mm, where the maximum pressure exerted 
on the mould wall was observed to be 19.34 MPa as indicated in light green in Figure 6.  

 
Figure 6:Stress experienced by  6 mm conformal cooling channels. 

 
Figure 7 shows the stress experienced by the mould inserts having a conformal cooling channel with a cross-
section of 10 mm in diameter. 
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Figure 7: Stress experienced by 10 mm conformal cooling channels. 
 

It is observed that the maximum pressure exerted on the mould wall was 95.3 MPa as highlighted in green on the insert 
having a distance xm of 2.5  mm. The insert experiencing the least pressure on the mould cavity surface, was the insert 
having a distance xm of 4 mm, where the maximum pressure exerted on the mould wall was observed to be 23.8 MPa as 
indicated in turquoise in Figure 7.  

 
The data acquired through SIGMASOFT® virtual mould simulation software indicates that under an injection pressure of 
260 MPa the inserts underwent deflection on the mould cavity surface which is greater than the applied minimum 
distance xm, as shown in Table 5. It is thus evident that at this deflection the mould material will fail.   

 
Table 5: Deflection of mould cavity surfaces under an injection pressure of 260 MPa. 

 
 (mm) 4 6 8 10 

) 1 1.5 2 2.5 
Deflection (mm) 1.4 1.6  2.1 8.3 

 
From the results obtained through SIGMASOFT® virtual mould simulation software, it is evident that the inserts having 
conformal cooling channels placed further away from the mould surface experiences significantly less stress. It was also 
noted that the inserts experienced some stress at the outlet of the mould gate as a result of the shear experienced by 
the injected plastic due to the sudden change in flow direction. This stress can be neglected as it does not influence 
the deformation of the cavity surface where the cooling channels are placed. 

 
Figure 8 shows the deflection on the inserts having a 4 mm conformal cooling channel as obtained through the use of 
SIGMASOFT® virtual mould simulation software. It is seen that for an insert having a minimum distance xm of 1 mm, the 
predicted deflection was 0.00067mm under an injection pressure of 140 MPa. Through IM trials with this insert it was 
shown that the insert having a 4 mm conformal cooling channel with a minimum distance for xm of 1 mm showed little 
to no displacement under an injection pressure of 140 MPa, which coincides with the results acquired from SIGMASOFT® 
virtual mould simulation software.  
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Figure 8: Deflection experienced by 4 mm conformal cooling channels under an injection pressure of 140 

MPa. 
 

From this it was possible to deduce that a safe minimum distance for xm for a channel having a DH of 4 mm under 
an injection pressure of 140 MPa is 1 mm. The results yielded by the experimental tests verified that SIGMASOFT® 
virtual mould simulation software is indeed a valuable tool which can be used to aid the design process.  
 

4. CONCLUSION 

The metallography conducted indicated the use of stress relieving followed by age-hardening to be beneficial to 
this application of MS1 components produced using the DMLS process. The microstructure of the age-hardened 
samples was indeed a homogenous precipitation hardened structure. 

 
From the IM trials with an insert having a 4 mm conformal cooling channel it became evident that the theoretical 
calculations as well as experimental results verified the reliability of the SIGMASOFT® virtual mould simulation 
software. This confirmed that this simulation software could be a valuable tool to augment the IM mould design 
process.  
 
Although the SIGMASOFT® virtual mould simulation software predicted the pressure exerted on the mould wall, 
as well as the displacement, it could not predict whether any plastic deformation would take place. This need 
to be determined experimentally. Further experimental tests have to be conducted for channels having a DH of 
6, 8 and 10 mm. 
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