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Abstract: This work examined previously developed injection mold inserts with reduced 
thermal mass, with regard to lightweight construction approaches. These were optimised for 
oil-variothermal temperature control using simulative support. Additive manufacturing (AM), 
with its high degree of freedom in design, enables the implementation of individual, conformal 
cooling channels and can additionally support the efficiency of the variothermal process. The 
thermal mass of the injection mold is often a limiting factor in terms of process efficiency, which 
is also addressed in the analysis and optimisation considering the possibilities of additive manu-
facturing. A comparison of lightweight inserts with comparable variants made of solid material 
revealed a significant difference, with consideration of several tempering cycles. The validation 
of selected inserts confirmed the simulation. These investigations show that AM combined with 
lightweight construction approaches can support an additional increase in efficiency as well as 
a reduction in cycle times for the f luid-variothermal process control.
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Introduction

Injection molding (IM) enables the economical mass-scale production of complex plastic compo-
nents [1]. Variothermal temperature control is often required for parts with complex geometry or 
optical requirements. In this process, the mold is heated to a defined, required temp erature prior 
to filling and cooled down afterwards for demolding [2]. In most cases, this is associated with an 
increase in cycle time. Faster and more efficient heating processes have therefore been the sub-
ject of several studies and can be achieved by various methods [3-6]. The least complex variant to 
implement regarding the mold design, and thus the dominating technology [6], is heating with f lu-
ids such as oil or water, since the same temperature control channels can be used for heating and 
cooling. A disadvantage is that the heat is generated outside the mold, which limits the dynamics 
of the process [7].

Due to the high degree of design freedom in the production of any component, additive manu-
facturing (AM) allows a decoupling of the design of cooling channels from the constraints of con-
ventional manufacturing methods [8]. This enables a reduction of the thermal mass of the mold 
and is increasingly used for isothermal processes.

Fundamentals

Heat transfer must be differentiated into three mechanisms, all of which occur in IM: conduction, 
convection (also: convective heat transfer), and radiation [9]. The resulting heat f lows based on 
these mechanisms, regarding the injection mold as a system boundary, is shown in Figure 1 [10].
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Figure 1. Heat flows at an injection mold (schematic).

The resulting total heat f low balance is given by equation 1 [11]:
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 describes the heat f low coming into the system by the plastic melt. 
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 are 
the heat losses due to conduction, convection, and radiation. 
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 considers additional heat f lows 
(e.g. using hot runner systems) and 
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 gives the heat f low leaving the system with the cooling 
medium. The calculation of the heat f lows is given in [9]. Another important factor is the thermal 
mass of a mold [7]. The heat Q supplied to or dissipated from a body with a mass m and a specific 
isobaric heat capacity cp for a change in temperature ∆T is calculated using equation 2 [9]:

𝑄𝑄 = 𝑐𝑐! ∙ 𝑚𝑚 ∙ ∆𝑇𝑇 2)

Assuming Q and cp are given and constant, the relationship given in equation 3 applies:

1
𝑚𝑚~∆𝑇𝑇 3)

Accordingly, the smaller the mass of a body, the greater the change in temperature. This can also 
be achieved by thermally decoupling individual mold sections by means of insulating layers [7].

Scope of This Work

In this research, an oil-variothermal temperature control is optimized using AM. By combining the 
state-of-the-art and new developments, investigations are carried out for additive manufactured 
mold inserts. The aim of this work is to show suitable measures to make this process more efficient. 
As shown schematically in Figure 2, this on-going research project is divided into different phases. 
The overall development of the mold has already been subject in Fitzlaff et al. [12]. This research 
focuses on the third row of the process: thermal simulation and validation.

Mould design Part Design Design cooling system

Simulation IM Design insertVerification (mechanical)

Thermal ValidationThermal Simulation Mechanical Validation

Figure 2. Schematic of the development process.
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Preparations and Implementation

Thermal Simulation

The inserts shown in Figure 3 are considered for thermal simulation. Insert V01 (a) consists of a 
component additive manufactured from stainless steel AISI 316L with conformal cooling chan-
nels to produce a cup-shaped part. This insert is back-casted with ultra-high performance concrete 
(UHPC) (in blueish grey). Due to its lower specific heat capacity and density [13], UHPC provides 
a lower thermal mass compared to the 316L. Furthermore, its lower thermal conductivity provides 
an additional insulation to the master mold. The V02 (b) insert made entirely of 316L bulk material 
serves as a reference in the simulation. In Fitzlaff et al. [12] a complex arcade like cooling system 
(ACS) with only 2 mm distance to the cavity surface has been developed. The VGen variant (c) uses 
the ACS in addition to an external lightweight structure for the production of a tensile test bar. Two 
additional reference inserts were modelled for this purpose. VGen,ref (d) also uses the ACS, but does 
not have an external lightweight structure. VGen,ref-cc (e) has an external lightweight structure and 
uses a conformal cooling system.

Figure 3. Designed inserts for the simulation (half section, cooling channel in red).

For the thermal simulation, a transient thermal simulation (ATTS) in “Ansys Workbench” (Ansys, 
Inc., Canonsburg, U.S.) in view of the similarity theory of heat transfer [9,14] is considered. The 
equations to determine the heat transfer coefficient α are given in [9]. Radiation was considered 
with an emission coefficient ε = 0.36…0.9, [15]. Natural convection is included using the heat trans-

fer coefficient 𝛼𝛼! = 10	
𝑊𝑊

𝑚𝑚" ∙ 𝐾𝐾  [14]. For the simulation, a mold target temperature ϑt = 125°C is 

https://doi.org/10.51573/Andes.PPS39.GS.IM.3


6DOI: https://doi.org/10.51573/Andes.PPS39.GS.IM.3

Investigations on Injection Mold Inserts with Reduced Thermal Masses using Additive Manufacturing

defined for the process for V01 and V02, using a f luid temperature ϑF = 145°C, limited in these inves-
tigations considering the properties of the UHPC used. For the inserts VGen, VGen,ref and VGen,ref cc a 
f luid temperature ϑF = 195°C is taken into account, for a mold target temperature of ϑt = 170°C. 
The target temperature already corresponds for V01 and V02 to the melt temperature of a polyeth-
ylene (PE)–Eraclene MS 80 U (Versalis S.p.A., Italy) [16], which was also used in the subsequent 
IM trials. The parameters of the simulation are summarized in Table 1.

Table 1. Parameters of the thermal simulation.

Variation Fluid flow �̇�𝑽 #
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 V01 and V02 2x4.5 145–60 2359–860

VGen and VGen,ref 9 195–60 614 – 543 

VGen,ref-cc 9 195–60 4318–1061

Thermal Validation

Thermal validation is carried out by taking thermographic images using a FLIR A655sc (Teledyne 
FLIR, Täby, Sweden) while the mold is open. The temperature is evaluated at ten points across the 
cavity, see Figure 4. The validation is performed on V01 and VGen with five repetitions each.

Figure 4. Measuring points for inserts V01 (left) and VGen (right).

Mechanical Validation

The investigations for mechanical validation are performed using the selected inserts on an injec-
tion molding machine, Arburg Allrounder 170S, (Arburg GmbH, Loßburg, Germany). The machine 
parameters are given in Table 2. Prior to the molding, as well as after 10 and 100 cycles, inserts 
VGen and V01 are inspected for visible damage by means of an optical inspection by the naked eye. 
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In the same intervals, the inserts are inspected for deformations using a coordinate measuring 
machine “Prismo 7” (Zeiss GmbH, Oberkochen, Germany). Additional non-destructive examina-
tions using a computer tomography (CT) “Phoenix V|tome|x M”, (Waygate Technologies, Huerth, 
Germany) enable an evaluation of the material condition inside the inserts and, thus, the detection 
of material failure.

Table 2. Parameters of the mechanical validation for selected inserts.

V01 VGen

clamping force [kN ] 35 25

injection pressure [MPa] 20 16,5

Results and Discussion

Thermal Simulation and Validation

Figure 5(a) gives a comparison of the simulations and measurements for the inserts V01 and V02 for 
ϑF = 145°C and Figure 5 (b) for the inserts VGen, VGen,ref and VGen,ref-cc with ϑF = 195°C, showing the 
mean value of all points. The minimum and maximum temperatures are represented by error bars.

The measurements show a high consistency of the experiment with the simulation for cooling 
channels with a regular cross-section (V01) for the considered inserts. The mold target temperature 
for V01 is reached at every point after only 22.2 s, which is consistent with the simulation (25.6 s). 
According to the simulation, a heating time of 90 s is to be expected for the insert V02.

Figure 5. Comparison of V01 and V02 (a) and VGen, VGen,ref and VGen,ref-cc (b).
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For the insert with ACS (VGen), there is initially a higher deviation from the simulation and the 
mold target temperature is reached for the first time at every point after only 23.9 s. However, the 
temperature drops afterwards because remaining cold oil from the backf low of the mold is mixed 
with the oil from the hot circuit. As a result, the experiment and simulation are again consistent. 
This drop in temperature has been addressed in Regloplas AG [17] and can be counteracted with 
a suitable system. According to the simulation, the target mold temperature for the insert VGen,ref-cc  
is reached after 57.9 s. Hence, with optimised peripheral equipment the ACS can outperform a 
conformal cooling system. Furthermore, the use of an ACS results in a more homogeneous sur-
face temperature. It is also shown that the ATTS approach in the known method is only partially 
suitable for highly irregular cooling systems, such as the ACS.

These investigations suggest that a reduction of the thermal mass can reduce the required time to 
reach a target temperature in an oil-variothermal process by up to 50% to 66%.

Mechanical Validation

The measurements on the inserts on the coordinate measuring machine show no noticeable 
mechanical defects in the area around the cavity, even after 100 cycles. The CT results show no 
damage to the cooling systems. However, the visual inspection of insert V01 revealed the presence 
of microcracks and hairline fractures in the UHPC after ten cycles. The crack propagation pro-
gresses slightly after 100 cycles. Due to the high intensity of the x-ray beam, the CT is limited to 
further characterize the extent of these cracks. The hairline fractures in the concrete do not result 
in immediate failure of the mechanical stability of the insert. Endurance tests with periodic moni-
toring can provide a more precise prediction of the long-term stability of such an insert. Further 
methods for a reliable non-destructive testing must be evaluated.

Conclusion

The approaches used in this work show the possibility of reducing the cycle time for an oil-vario-
thermal IM process and thus an improvement in efficiency. In simulation studies, the reduction of 
the thermal mass, the selection of materials with low thermal conductivity, and the reduction of 
contact surfaces between the insert and the master mold show a reduction in heat losses.

The simulative approach using the similarity theory of heat transfer is only of limited significance 
for complex cooling systems and therefore is initially less consistent. This discrepancy is compen-
sated over time by a temperature drop in the system due to the cold oil in the return f low.

It has also been shown that the distance from the cooling system to the cavity can be reduced by 
using a complex, large-area cooling system, while still enabling a homogeneous temperature. This 
also has a positive effect on shortening the temperature control time. The use of thermally optimized 
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inserts such as those developed in this research can therefore further increase the efficiency of a 
f luid-variothermal process and thus contribute to saving energy and cycle time.
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