
1 
 

COOLING SYSTEM STUDY FOR THE INDUSTRY OF INJECTED PLASTIC MOLDS 

José Diogo Tavares Desterro 

diogodesterro@hotmail.com 

 
Instituto Superior Técnico, Universidade de Lisboa, Portugal 

July 2019 

 

ABSTRACT 

This thesis intends to size and analyze the implementation of conformal cooling channels in 

plastic injection molds using additive manufacturing with metallic powders. 

The implementation of conformal cooling channels over traditional channels reduces the 

manufacturing cycle time, saving costs and making the additive manufacturing with metal powder 

process economically viable. 

The production of a part using plastic injection is a complex process with numerous variables, 

both in the injection process and in the mold manufacturing, which influence the quality of the final 

part. 

In the first phase the process was simplified to a plane in order to allow the dimensioning of the 

conformal cooling channels through the calculation by finite elements. In the second phase, the 

conclusions of the previous phase were implemented in full scale in order to validate the process. 

The safety factor obtained in the calculations was taken into account as the control parameter. 

The distance between the channels and the molding zone (P3), the distance between channels 

(P2) and the diameter of the channels (P1) are the three parameters that define the geometry of 

the conformal cooling channels.  

Two critical zones were analyzed: the contact surface of the mold with the final part and the inner 

surface of the channels.  

The mold with conformal cooling channels is produced by additive manufacturing with metallic 

powders, it is a process that allows to obtain complex geometries and of high mechanical strength.  

The material used in this research is the Maraging steel because it is the best material available 

by the manufacturer of the equipment for the plastic injection process. An uniaxial tensile test was 

performed to determine the properties of the material and compare the results with other 

manufacturing methods of the same material. 

 

Keywords: Conformal cooling channels, sizing, plastic injection, additive manufacturing, 

Maraging steel, fatigue, safety factor 
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1. INTRODUCTION 

The production of molds and the production 

of injected plastic parts is a growing market 

as it allows the manufacturing of final pieces 

with high manufacturing rate. With the 

evolution of materials, it is increasingly 

possible to manufacture better and more 

varied pieces at different levels. 

In recent years, the mold industry in Portugal 

has grown due to the increase of external 

demand resulting from good quality / price / 

delivery dates in Portugal, being the 

automotive industry the main mold-buying 

industry [1]. 

Additive manufacturing by metal powders 

synthesizing is a costly process, with little 

supply of materials but allows geometries 

that were previously not possible. For these 

reasons, it is still a method not used too often 

in the industry because it is difficult to 

achieve economic viability. In the mold 

industry the economic viability is possible 

because the advantage obtained with a new 

geometry allows to reduce the cycle time of 

the part therefore lowering the final cost of 

the part. The metal powder industry has 

been increasing in recent years, leading to 

an adaptation of materials to industries 

rather than industries to existing materials. 

2. THE PLASTIC INJECTION MOLD 

The Plastic Injection Mold is a complex 

equipment intended for the production of 

complex, lightweight parts with a high 

productivity rate and without the need to 

perform finishing processes, ie a final part is 

removed from the mold.[2] [3][4]. 

The injection mold is an equipment / tool that 

must be able to reproduce the same part in 

the shortest possible time. It consists of 

several systems: [5]: 

• Molding zone, mold surfaces that give 

shape to the injected material; 

• Centering and guiding system required 

during opening and closing of the mold 

• Feeding system or channels, to get the 

plastic to the molding zone; 

• Gas leakage system consists of small 

channels through which trapped gases 

are extracted that would otherwise 

cause part imperfections or mold steel 

damage; 

• Cooling system is formed by channels 

that allow the part to cool and keep the 

mold at a controlled temperature. An 

efficient system allows a fast and 

uniform cooling leading to few defects 

and bends; 

• The Extraction system removes the part 

during the opening of the mold; 

2.1 Mold Materials 

An injection mold for high production rates 

(standard molds) is subjected to great 

mechanical stresses due to the operating 

temperature and the injection pressures. 

The main materials used are: 1.2738, 

1.2711, 1.2344 (orvar supreme), 1.2083 

(stavax), 1.2709 and AMPCO 18 

2.2 Thermoplastic injection process 

A cycle is the name given to the various 

steps of the injection process in order to 

obtain a part. The goal of manufacturers is 

to reduce cycle time as much as possible 

because it is a high rate process and time is 

important. The steps of a cycle are [5]: 

Step 1 -The Mold closure should be as fast 

as possible, limited by the need for a smooth 

closure between the core plate, the cavity 

plate and moving parts synchronized with 

the mold closure 
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Step 2 - Injection of the material is 

guaranteed by the feeding of the spindle 

inside the cylinder, thus allowing the mold to 

fill up to approximately 95% of the total 

volume. The filling speed must be adjusted 

as high speeds create defects in the part 

Step 3 - Pressurizing or second pressure, a 

pressure is applied on the part in order to 

avoid contraction by cooling and reflux. The 

pressure cannot be too high because it 

creates internal stresses on the part thus 

making it difficult to extract 

Step 4 - Cooling of the part, during this step 

two procedures happen, the retraction of the 

spindle that is achieved by the accumulation 

of material for the next injection and the 

cooling of the part. The cooling stops when 

the part reaches the extraction temperature, 

the time depends on the part thickness and 

the design of the cooling circuit. It is 

noteworthy that very high times reduce the 

internal stresses in the part, but make the 

process expensive, so a balance must be 

obtained. Cooling of the part corresponds to 

the highest percentage of cycle time; 

Step 5 - Opening and extraction of the part, 

it takes the time necessary for the opening 

of the mold and extraction of the part. 

Automated systems are now increasingly 

used to remove parts and increase process 

productivity. 

2.3 Operating Variables  

Operating variables are all parameters that 

the operator can control in the injection 

machine in order to get the best part possible 

in the shortest time possible. 

The main variables are:  

Temperature in the cylinder, it’s determined 

by the plastic material to be used; 

Mold temperature, it’s an important variable 

because it influences both workpiece 

finishing and cycle time; 

Injection speed, it’s the speed with which the 

spindle advances, increasing the flow of 

material; 

Injection pressure, it’s the maximum 

pressure in the filling of the part,  

Second Pressure, it’s the pressure applied 

after filling. It is at this point that the highest 

pressures occur throughout the injection 

cycle; 

The cooling time starts when the second 

pressure expires and takes the time required 

until the part reaches a temperature that 

guarantees dimensional stability and 

extraction. 

Closing force, it’s the force applied by the 

machine to keep the mold closed while the 

part is being injected. 

2.4 Cooling System 

The fluid that can circulate inside the 

channels is water or oil. 

Currently, most of the cooling channels are 

straight, drilled through deep drills, leading to 

non-uniform cooling of parts with complex 

geometries [6][7] The conformal cooling 

channels, consist in adapting the cooling 

channels to the walls of the mold in order to 

have an improvement of the cooling that will 

be transmitted in the final piece with better 

quality and in a shorter time[4][8]. The use of 

additive manufacturing technology for this 

purpose is increasing. 

3. ADDITIVE MANUFACTURING 

(SLS/SLM) 

The additive manufacturing with metal 

powders allows the manufacture of complex 

parts often impossible to achieve by 

conventional methods. The process consists 
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in placing the 3D model in the program that 

will create the code according to the 

geometry and the determined parameters. 

[9] 

The parameters that most influence the 

quality of the piece in terms of both 

roughness and density are: laser power, 

height of the powder layer, distance between 

two consecutive laser passages and laser 

speed. 

These four parameters can be used to obtain 

the volume energy density[10], [11]: 

E =
P

V ∗ h ∗ l
 [

J

mm3
] (1) 

Where "E" is the energy density, "P" is the 

power of the laser, "V" is the speed of the 

laser, "h" is the distance between passages 

and "l" is the height of the powder layer. 

3.1 Material properties 

The Maraging steel will be the material used 

in this thesis. The standard MIL-S-46850D 

[12] indicates four Maraging steel alloys: 

200, 250, 300 and 350. This nomenclature 

comes from its yield stress in ksi, in the 

international system it is 1380 MPa, 1724 

MPa, 2068 MPa and 2413 MPa. The 

minimum mechanical properties to be 

obtained according to the standard for bar, 

sheet, forged or extruded material with aging 

treatment are 1380 MPa, 1655 MPa, 1930 

MPa and 2275 MPa. For minimum hardness 

the standard requires, HRC42 for alloy 200, 

HRC48 for alloy 250, HRC52 for alloy 300 

and HRC56 for alloy 350. 

3.2 Maraging Steel aging treatment 

In order to obtain the best properties of 

Maraging steel it can be subjected to two 

types of treatment, aging or tempering plus 

aging with the objective of increasing the 

mechanical resistance with the formation of 

precipitates, strengthening the martensitic 

structure. 

The authors Casati et al. [13] carried out a 

study on the thermal treatments at different 

times and temperatures, presenting the 

results obtained in Figure 1. The indicated 

points with arrows happen as a function of 

the temperature at 10 minutes, at 1 hour, at 

4 hours and at 8 hours. Just like the author 

Kempen et al. [9] we can see that the two 

higher temperatures have a rapid 

degradation of the hardness due to the 

reversal of the molecular structure and for 

the lower temperatures after reaching the 

maximum hardness the material has a linear 

behavior. For lower temperatures it is 

possible to obtain higher hardnesses. 

 

Figure 1 – Aging treatment results 

4. MECHANICAL PROPERTIES 

CALCULATION 

Maraging steel (1.2709) will be the material 

studied and used in additive manufacturing 

to produce the inserts with conformal cooling 

channels, it’s currently the best material 

available by the manufacturer of the additive 

manufacturing equipment. 

The manufacture of inserts with conformal 

cooling channels is executed in the ProX 

DMP 300 machine of the manufacturer 3D 

Systems, this equipment has the 

characteristic of compacting the metallic 
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powder through a roller in each layer that it 

deposits. 

In order to obtain more precise mechanical 

properties, 9 specimens (Figure 2) were 

manufactured. 

 

Figure 2- Final Specimen 

 

Figure 3 – Specimens after printing with zero 
degrees 

The specimens were printed with an extra 

thickness of 0.5mm and with orientations of 

90, 0 (Figure 3) and 45 degrees in the xy 

plane, corresponding to the printing base. 

After being printed the 3 sets of test pieces 

were subjected to a heat treatment at 

Thyssenkrupp Materials Ibérica, S.A at 

Marinha Grande, where a hardness of 49-50 

HRC was obtained. 

4.1 Uniaxial Tensile Testing 

The tests were performed at Instituto 

Superior Técnico in Lisbon, on the Instron 

equipment 8502H0368 prepared for a 

maximum tensile force of 100 kN. The test 

was performed at a rate of 1mm / min at 

room temperature. A digital extensometer 

was placed in the material elastic phase. 

The yield strength was calculated at 0.2%. 

The tensile strength is obtained from the 

maximum force applied by the machine. 

Table 1 shows the mean values that were 

obtain and will be used in future calculations. 

Table 1 – Mean results 

The results obtained for the hardness and 

yield strength are in agreement with the 

standard. The hardness is higher, and the 

yield strength is between the two alloys’ 

(200, 250) values. 

The average extension of 3% is below the 

values required by the standard. This result 

can be explained by the method of 

manufacturing the material since the values 

obtained by other authors using the same 

process are of the same order of magnitude, 

between 3,28%[11]; 1,6%[9] and 2,5%[14]. 

4.2 Fatigue 

The values C = 0.7033 and P = 0.0002 are 

in the same order of magnitude as the 

constants that Wang et al.[15] obtained in 

the study of several steels. A heat treatment 

with the objective of obtaining the higher 

yielding strength is not the most advised for 

the resistance of the material to fatigue. The 

maximum value of fatigue limit (618.3 MPa) 

is obtained for a tensile strength of 1760 

MPa. 

For a tensile strength of 2050 MPa Brookes 

[16] obtained a fatigue limit of 601.3 

MPa.This values are in agreement , 

concluding that the constants previously 

achieved are also feasible for the Maraging 

steel produced by additive manufacturing. 

From equation (2) together with the 

constants previously obtained (C and P) the 

Speciman Mean Value 

E (GPa) 194,2 

𝝈𝒄𝒆𝒅 (MPa) 1567 

𝝈𝒓𝒐𝒕 (MPa) 1749 

ε (%) 3 
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fatigue limit for the steel of the specimens is 

618 MPa. 

𝑆𝑒
′ = (𝐶 − 𝑃 ∗ 𝜎𝑟𝑜𝑡) ∗ 𝜎𝑟𝑜𝑡 (2) 

(0,7033 − 0,0002 ∗ 1749) ∗ 1749

= 618 𝑀𝑃𝑎 

 

After determining the correction factors, the 

fatigue limit is calculated for the stresses to 

which the material will be subjected. There 

are a big reduction of the value for the 

channels due to the roughness of the 

surface. 

𝑆𝑒𝑚𝑜𝑙𝑑𝑖𝑛𝑔 𝑧𝑜𝑛𝑒 = 618 ∗ 0,838 ∗ 1 ∗ 0,85

∗ 0,965 ∗ 0,897 ∗ 1

= 381 𝑀𝑃𝑎 

𝑆𝑒𝑐ℎ𝑎𝑛𝑒𝑙 = 618 ∗ 0,161 ∗ 1 ∗ 0,85 ∗ 1 ∗ 0,897

∗ 1 = 76,1 𝑀𝑃𝑎 

The mold will produce 30,000 pieces, for this 

reason the maximum fatigue limit will be 

higher than previously calculated. 

Molding Zone 

𝜎𝑟𝑒𝑣 = 3204 ∗ 30.000−0,154 = 654 𝑀𝑃𝑎 

Channel 

𝜎𝑟𝑒𝑣 = 16042 ∗ 30.000−0,392 = 296 𝑀𝑃𝑎 

5 SIMPLIFIED MODEL 

With the objective of sizing conformable 

cooling channels in order to obtain the best 

possible cooling, it was necessary to simplify 

the process due to the complex geometry of 

the molds and the injected parts. With the 

geometry simplification, Figure 4, it was 

possible to reduce the calculation times and 

understand the influence of the several 

parameters involved (Table 2) 

The materials used in the calculations were: 

Maraging steel for the mold, the thermal 

properties of Maraging steel were obtain 

from [17] and the mechanical properties 

were calculated in the previous chapter 

except for the Poisson coefficient that was 

retrieved from [18]. 

Polyamide for the part. Polyamide properties 

were obtained from Ansys software library 

Water for the channels. The water properties 

were taken from Ansys software library. 

 

Figure 4 - 2D design used for refrigeration 

Table 2 - Parameters introduced in the study 

Name Symbol 

Channel diameter P1 - Dc 

Distance between channels P2 - a 

Distance between channels 

and molding zone 

P3 - c 

Part thickness P4 - esp 

Injection temperature P5 

Water temperature P6 

Injection temperature P9 

Table 3 - Outcome parameters in the studies 

Transient thermal study 

Name Symbol 

Maximum temperature in the 

injected part 

P7 

Minimum temperature in the 

injected part 

P8 

Static structural study 

Soderberg safety Coefficient on 

the channels 

P18 

Soderberg safety Coefficient on 

the molding zone 

P19 

 

The safety factors are obtained over time 

with the value presented at the moment 

where it is minimum. The mean and 

alternating stresses are obtained using the 

maximum and minimum values obtained 

respectively over time as illustrated by 

Figure 5 
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Figure 5 - calculation of the mean and 
alternating stress in the cooling channel 

The Soderberg method was chosen 

because it is the most conservative criterion. 

Soderberg safety factor method was 

obtained using the fatigue failure criterion 

equation, the yield strength obtained in 

Table 1 and the fatigue limit value for 30,000 

cycles obtained for the channels and the 

molding zone respectively in chapter 4.2. 

Figure 6 and Figure 7 are the most important 

figures obtain in the results, they show how 

P3 and P2 influence the safety factor in the 

molding zone and in the channels. 

 

Figure 6 - Safety coefficient in the molding zone 
as a function of the distance between the 

channels and the molding zone and the distance 
between the channels, for 30.000 cycles 

 

Figure 7 - Safety coefficient in the channels as a 
function of the distance between channels and 

the distance to the molding zone for 30.000 
cycles. 

 

Table 4 was the conclusion obtain between 

the inputted and outputted parameters. 

Table 4 - Simplified study conclusions 

 P7 P19 P18 

↑ 

P3 

↑ ↑; min 2mm; 

>3mm 

↑; 2mm 

(p2↓)<P3< 

4mm(p2↑) 

↑ 

P2 

↑ ↑ ↓; 

1,5mm<P2<

8mm 

↑ 

P1 

= = = 

↑ 

ΔT 

↑ ↓ ↓ 

↑ 

P4 

↑ = = 

 

5.1 Simplified calculation 

optimization 

The objective of the design is to maximize 

the cooling considering the mechanical 

strength, the objectives and constraints 

placed were: 

Highest possible safety factor in the 

channels. From the previous analysis is the 

most critical result. 

Lowest possible temperature in the part 

Highest possible safety factor in the molding 

zone 

The result obtain was, P3 = 2.2mm; P2 = 

1.5mm and P1 = 3.1mm. These dimensions 

will be used to draw the geometry of the 

channels inside the insert. Afterwards, a 

simulation will be performed and the results 

between the simplified simulation and the 

simulation of the final geometry will be 

compared. 

6 ANALYSIS OF CONFORMAL 

COOLING IN THE MOLD 

In the studies mentioned in the state of the 

art, the authors conduct studies of conformal 
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cooling channels in all of the molds. This was 

not possible in the study carried out with the 

company due to the fact that the molds are 

of greater dimensions than the printing area 

of the machine. 

For this reason and also for economic 

reasons the company applies the conformal 

cooling channels in critical parts of the mold.  

 

Figure 8 - Temperature gradient at the end of 
injection 

For the final result a transient thermal 

simulation was done (Figure 8). The thermal 

gradient was inserted in the structural study 

plus an injection pressure of 5,53MPa. 

Table 5 shows the final simulation result 

obtained in the structural mechanical study: 

Table 5 - Results obtained in the mold 

 Safety factor 

Molding zone 1,24 

Channels 0,18 

The safety factor value in the channels is 

very low due to a design error, this error is 

showed in Figure 9 labeled "Min". Not 

considering the design error, the minimum 

value obtained for the channels was 0.56.

 

Figure 9 – Safety factor in cooling channel 

A second simulation was performed with 

different parameters for the channel 

geometry to validate the conclusions 

obtained in Table 4. The parameters used 

were P1 = 3.5mm; P2 = 2 mm and P3 = 2.6 

mm. The result obtained for the safety factor 

of the channels was 1.13 and for the molding 

zone was 3. 

The values obtained on the surface of the 

molding zone are in agreement with Table 

14, the higher the value of P3 and the value 

of P2 the higher the safety coefficient. In this 

example it increased from 2.5 to 3. 

The values obtained on the surface of the 

channels are not totally conclusive because 

the values obtained are similar. For P3 = 2,2 

mm and P2 = 1,5 mm, a safety factor of 1,12 

was obtained and for P3 = 2,6 mm and P2 = 

2mm was obtained 1,13. The table indicates 

that increasing P3 the safety factor in the 

channel increases and that by increasing P2 

the safety factor decreases. Because there 

is a compensation of the two variables the 

values are similar 
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7 CONCLUSION 

The objective of this thesis was to an insert 

mold with conformal cooling channels in 

order to simplify future designs. 

Uniaxial tensile tests were carried out on 

specimens made by additive manufacturing 

with metal powders and their properties 

determined. The results obtained are 

satisfactory because they are in agreement 

with the standard [12], with the exception of 

the extension values. The values of the 

extension are in agreement with values 

obtained by other authors. 

In a first phase, the geometry was simplified 

to a plane in order to understand the 

influence of geometry parameters that will 

size the conformal cooling channels. The 

results obtained were later validated in the 

final phase of the mold simulation. An 

optimization tool was used to obtain the best 

possible configuration in order to achieve the 

best mechanical strength in the mold. 

The simplified study shows that the distance 

between the channels and the molding zone 

(P3) is the most important parameter and 

has the most influence on the cooling of the 

injected part and on the mechanical strength 

of the mold. 

In the final calculation of the mold, using the 

dimensions obtained in the optimization, the 

results achieved are not satisfactory 

because the suggested design cannot be 

applied due to fact that the material will not 

withstand the mechanical stresses to which 

it is subjected. 
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