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Abstract 

In this study, geometric forms of maraging steel dies used in aluminum extrusion were 

optimized by means of flow dynamics as well as surface quality and mechanical properties of 

the final part. Maraging steel (MS1) dies were produced by Direct Metal Laser Sintering 

(DMLS), a Selective Laser Sintering (SLS) method, using EOS M290. Dies were not 

subjected to any conventional finishing post processes. Field tests were carried out in an 

industrial aluminum extrusion facility. Results presented that DMLS is a promising method 

for the production of dies with complex inner sections with high accuracy, high speed and low 

cost. Production of high quality extruded profiles was possible using additive manufactured 

dies directly from production without applying any finishing post process. 

 

Keywords: Aluminum extrusion, Rapid Tooling, Additive Manufacturing, Selective Laser 

Sintering, Direct Metal Laser Sintering, DMLS.  
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1. Introduction 

Extrusion is a process where an aluminum billet is pushed through a die by a ram or screw to 

create objects of a fixed cross-sectional profile. The die has a cavity in the form of the final 

extruded cross section. Main advantages of extrusion process are the ability to create very 

complex cross-sections, to form profiles with excellent surface finish, and to work with 

materials that are brittle [1]. Aluminum is the most commonly extruded material. Examples of 

products include profiles for tracks, frames, rails, mullions, and heat sinks. 

An extrusion die is simply a steel disk with an opening, the size and shape of the cross-section 

of the final profile, cut through it. The opening includes all the geometric details and 

dimensional tolerances of the final product. Consequently, faults that are present in the die are 

directly reflected in the profile. These faults are geometrical and dimensional errors as well as 

surface flaws. Extrusion dies can be designed and produced with a virtually limitless array of 

shapes and sizes. Die design and shape affect the extrusion pressure, speed, exit temperature, 

material flow and friction. The pressure in the extrusion of fine-sectioned profiles is very high 

and the die needs to supported by a backing to prevent bending and cracking under high 

pressure. Therefore, dies are used together with components such as backer and bloater. These 

components are processed (machining, honing, shaving etc.) to reduce friction thus enhance 

material flow and profile surface quality [1-5]. Faults such as cracks, stress accumulation, 

improper processing (burning), commonly occur in extrusion dies produced by conventional 

production techniques. Due to the limited capabilities of existing production systems and 2-

dimensional perspective in die design, the package length of multi-portal and long-tongue 

dies, in particular, grow unnecessarily and production of such dies can be impossible. As the 

package size of the dies grows, the internal friction increases and therefore the mechanical 

and surface properties of the products deteriorate and the capacities of the presses must be 

increased. 

Selective laser sintering (SLS) is a novel manufacturing method which has been utilized by 

many industries especially for complex parts productions. As part of additive manufacturing 

technology, SLS based on fine layers of powder materials being fused by laser energy to 

create complex structures. In this technique, a solid layer is formed by using a high energy 

laser directly from the data in the CAD drawings of the parts to be produced by partially 

melting and sintering the metal powders at the appropriate points to form the part geometry 

[6-9]. The manufacturing process which is carried out by adding these layers on top of each 

other makes it possible to produce engineering parts with complex geometries, internal 

features and passages that are not easy to produce with traditional production techniques 

(machining, casting, and forging) [9-12]. DMLS provides the possibility to produce fine 

details with high precision, and is a high time and cost-saving technology with the ability to 

annihilate manufacturing processes such as die design, tool shaping etc. and produce multiple 

parts simultaneously. This method allows metal parts with complex shapes to be produced 

directly from metal powders without using conventional metal forming tools [11,13,14]. 
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Figure 1. Selective laser sintering technology [15] 

 

The aim of this study was to alter the existing design concept of extrusion dies based on a 

novel 3-dimensional perspective within the geometrical limits of Selective Laser Sintering 

(SLS) and to resolve the limits in die production which are introduced by conventional linear 

design perspective. Geometric forms of maraging steel dies used in aluminum extrusion were 

optimized by means of flow dynamics as well as surface quality and mechanical properties of 

the final part. Multiple-bridge dies have large set sizes due to lack of flexibility of 

conventional die production methods. It is possible to decrease the pressure and temperature 

due to friction and geometry in such dies by decreasing the set size. In addition, optimization 

of the flow dynamics of the extrusion dies improve the mechanical and surface properties of 

the products. 

Section 2 details the literature review and presents the previous works related to aluminium 

extrusion dies. Section 3 describes the methodology as well as design details of extrusion dies 

and field trials. In section 4 and 5, results are presented and discussed with details. Section 6 

gives the concluding remarks and future works to be done.  
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2. Literature Review 

In recent years, owing to the improvements in machinery and materials, additive 

manufacturing technology, which has many more applications the industries, has begun to be 

used in the production of extrusion dies. However, additive manufacturing of the entire 

extrusion die set (die matrix, bloater, backer and other components) from maraging steel has 

not yet been undertaken. The main reason for this lack of literature is thought to be as follows: 

 Product surface quality is limited by the Z-axis and grain size. 

 Surface finishing processes are needed.  

 The support mechanisms must cover the entire construction. Die sets should be redesigned 

to optimize support systems.  

 Machining of support structures requires additional workmanship and materials. 

 Material variety is limited (stainless steel, maraging steel, cobalt chromium, Inconel 625, 

Inconel 718, AlSi10Mg, and Ti6Al4V) 

 Production cost is high compared to conventional methods. 

Consequently, most of the studies are on the construction of the important geometrical 

structure (die matrix) by additive manufacturing on an existing hot work steel die set (hybrid 

production).  Studies were carried out especially on the design of cooling channels to increase 

production speed and surface quality.  

Hönkel et al. [16], studied the production of an extrusion die with integrated local cooling 

channels by Selective Laser Melting (SLM). To analyze the effects of this cooling system, hot 

extrusion trials with different ram speeds (6, 12, 18, 24 m/min) and preheating temperatures 

were performed. Results of this study revealed that exit temperature of the profile was 

reduced significantly (41°C) at low ram speeds. However, at high ram speeds, surface defects 

in the shape of stripes of high roughness occurred. It was reported that these defects could be 

prevented by internal die cooling.  

Recently, Hörkel et. Al (2016) studied the hybrid production of aluminum alloys by Selective 

Laser Melting (SLM). In this study, the die bridge was manufactured conventionally by 

subtractive methods and the part with the complex geometry was built-up on the conventional 

die by SLM. An isolated cooling channel for local cooling was produced inside this part. The 

results indicate that extrusion exit temperature was locally reduced and controlled. It was 

shown that hybrid tools can withstand the high mechanical and thermal loads that occur 

during hot extrusion [17].  

These studies found in literature were focused solely on the improvement of conventional die 

designs in a number of contexts by combining Selective Laser Melting (SLM) method with 

conventional production concepts.  
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3. Methodology 

Aluminum extrusion dies should be resistant to high temperature, fatigue, wear and should 

have high thermal conductivity. The characteristics of the part produced, as it is in all powder 

metallurgy methods, depends highly on raw material (powder), production technology and 

process parameters [18]. Therefore, dies made of hot work tool steels are generally preferred. 

Table 1 gives the chemical composition of 1.2344 hot work tool steel commonly used in 

extrusion. Table 2 gives the mechanical properties of 1.2344 hot work tool steel [4]. 

 

 

Table 1. Chemical composition of 1.2344 hot work tool steel [4]. 

Standard C Si Mn P S Cr Mo V Nb 

DIN 1.2344 

(X40CrMoV5-1) 

0,4 1 0,35 <0,02 <0,005 5,2 1,3 1 - 

 

 

Table 2. Mechanical properties of 1.2344 hot work tool steel [4]. 

Standard Tensile Strength (MPa) Hardness (HRC) 

Temperature RT 550
o
C RT 550

o
C 

DIN 1.2344 1920 MPa 1765 MPa 55 52 

 

 

Maraging steel used in this study is commonly used for the production of plastic injection 

dies. Table 3 gives the chemical composition of 1.2709 maraging steel [19]. Table 4 gives the 

mechanical properties of DMLS maraging steel products, provided by EOS [20]. 

 

 

Table 3. Chemical composition of 1.2709 maraging steel [20]. 

Standard C Si Mn Ni Co Ti Mo 

DIN 1.2709 =<0,03 =<1 =<1 17-19 9-11 0,9-1 4-6 
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Table 4. Mechanical properties of DMLS maraging steel products, provided by EOS [20]. 

Property As built Age hardened 

Tensile strength  Min. 1930 MPa 

Horizontal (XY) Typ. 1100+-100MPa Typ. 2050+- 100MPa 

Vertical (Z) Typ. 1100+-100MPa 

Yield strength (0,2%)  Min. 1862 MPa 

Horizontal (XY) Typ. 1050+-100MPa Typ. 1990+-100MPa 

Vertical (Z) Typ. 1050+-100MPa 

Elongation at break  Min. 2% 

Horizontal (XY) Typ. 10+-4 % Typ. 4+-2% 

Vertical (Z) Typ. 10+-4 % 

Hardness Typ. 33-37 HRC Typ. 50-56 HRC 

 

 

In the first stage of this study, production of the die with the design given in Figure 2 was 

carried out. The aim of this stage was to investigate the manufacturability and the properties 

of the simple geometry (solid-bridged) dies and to determine the difficulties and necessary 

precautions for DMLS. The conventional die design was optimized with a 3-dimensional 

perspective and production was completed in 18 hours. Images of the die are given in Figure 

3. 

 

  

Figure 2. 3-Dimensional solid model of the die to be produced from maraging steel. 
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Figure 3. Solid die with simple geometry produced by DMLS. 

 

 

Before the extrusion operations, the aluminum billet is heated to 440-470°C, the die is heated 

to 450-460°C and the container is heated to 420ºC. The billet is pushed through the die 

section with a pressure of approx. 67 kg/mm² (±10%). Temperature of the extruded profile is 

approx. 500ºC. To test the mechanical properties of maraging steel die at operation 

temperatures, annealing in at 550
o
C for 3, 6, 9 and 12 hours followed by air cooling and 

hardness measurement was carried out (see Table 6). 

Following the aforementioned preliminary study, it has been decided to perform field tests on 

a solid die produced by DMLS for the following reasons: 

 Observation of the flexing behavior of the die under pressure 

 Observation of tribological behavior between the die and the aluminum billet 

 Observation of hardness variations due to operation temperatures 

 Inspection of the extruded profile surfaces with and without coating (eloxal) 

In the second stage of this study, a two-hole solid die design for a cross section with sharp 

edges and flat surfaces was used to observe all possible problems and develop solutions. In 

this stage conventional die materials and additive manufactured materials were combined. 

The aim of this stage was to produce the parts which have no effect on the die geometry and 

the mechanical and surface properties of the product by conventional methods and the 

strategic parts by DMLS. Thus, it was possible to determine the problems to be encountered 

in multiple-bridged dies and to acquire the date required to reduce the cost of DMLS. 

Production of the die was completed in 58 hours (see Figure 4a). Following the DMLS 

process, the production platform and the die was annealed at 490ºC for 8 hours to reduce the 

residual stresses through the die section (see Figure 4b). Surface hardness of the die was 

measured both after production and stress relieving. 
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(a) (b) 

Figure 4. Extrusion die, (a) as produced in EOS M290 machine and (b) after stress relieving. 

 

 

The inner surfaces of the die cavities were polished. No finishing post-processes were applied 

to the die. The backer and the bolster of the die set were made of 1.2344 hot work steel by 

conventional methods. Images of the die set with all components are given in Figure 5. 

Surface hardness of each component of the die set was measured using a portable hardness 

tester (see Table 7). System tests of the die were carried out using US1100Ton extrusion 

press. Test conditions are given in Table 1.  

 

 

   

Figure 5. Combined die set including all components. 
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Table 5. Field test conditions for die set 

Die temp. (ºC) 
Initial Final 

443 430 

Furnace temp. (ºC) 
Initial Final 

553 500 

Billet temp. (ºC) 480 

Exp. pressure (Bar) 
Initial Final 

180 150 

Extrusion pressure (Bar) 
Initial Final 

50 50 

Speed (m/min.) 
Initial Final 

14 43 

Profile temp. (ºC) 553 

Profile weight (kg/m) 0.209 
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4. Results 

Average hardness values of maraging steel die acquired at each step of the study are given in 

Table 6. Typical hardness of 1.2344 hot work steel is 52 and 55 HRC at room temperature and 

at 550°C respectively. Results showed that the hardness values of the dies produced by 

DMLS were satisfactory after stress relieving and annealing (550°C, 3h) processes.  

Hardness values of the die set components measured by the portable hardness tester are given 

in Table 7. Measurements revealed that hardness values, therefore mechanical properties, of 

the die set components were suitable to be used in production. 

Images taken during field tests of the die set are given in Figure 6. Figure 6 (a) shows the 

extrusion process by US1100 tons press and the image of the die after manufacturing process, 

taken out of the machine is given in Figure 6 (b). Then die was sent to post processing unit for 

causticization. Images of the extruded profile surfaces (uncoated, after eloxal coating, after 

static powder paint) are given in Figure 7.  

 

 

Table 6. Average HRC hardness values of the extrusion die after each step of production 

Surface  

# 

After 

Production 

After Stress 

Relieving 

After 

Annealing 

(550ºC, 3h) 

After 

Annealing 

(550ºC, 6h) 

After 

Annealing 

(550ºC, 9h) 

After 

Annealing 

(550ºC, 12h) 

1 34.87 53.87 51.23 47.53 50.40 48.57 

2 34.00 53.63 52.77 49.10 45.57 44.87 

3 34.47 56.30 51.70 50.73 45.37 45.87 

4 34.93 55.37 53.03 49.13 46.90 48.33 

5 31.67 53.30 51.83 49.33 49.83 47.93 

6 39.07 53.00 51.40 49.47 48.40 47.20 

 

 

 

Table 7. Average surface hardness values of die components 

Component Average Hardness (HRC) 

Backer (1.2344 Steel) 47.3 

Bolster (1.2344 Steel) 47.1 

Die (Maraging Steel) 53.4 
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                      (a)                                                       (b) 

Figure 6. Field tests of the die set 

 

 

   

Figure 7. Images of the extruded profile surfaces. (a) uncoated, (b) after eloxal coating, (c) 

after static powder paint 
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5. Discussion 

After the DMLS production, the die was not subjected to any finishing operations other than 

polishing. Results presented that a mathematically designed solid extrusion die could be used 

without further processing if the production was optimized. The machining process in 

conventional die manufacturing causes further involuntary faults and an extra allocation 

process is carried out to correct it. DMLS makes it possible to eliminate these allocation 

(correction) operations. The surface and dimensional controls of the as-produced die were 

suitable to be used directly in production with no need to further post processing for 

allocation.  

During the extrusion process, the profile at the die outlet temperature was measured to be no 

more than 550°C. Faults such as color, change, directed lines commonly encountered in 

anodic oxidation and static powder paint which are caused by an inhomogeneous heat 

distribution at the die outlet were not observed. At the controls on the outlet ends, it was seen 

that the profiles were ejected from the die in the ideal flow. No obvious signs of flexing were 

observed on the product. Although no surface treatment was performed on the extrusion die 

produced by DMLS, there were no surface defects such as scratches, bubbles and tears on the 

products. 
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6. Conclusions 

Results of this study showed that by optimizing ideal flow dynamics in multiple-bridged dies 

and reducing the size of die set; 

 Mechanical and surface properties of products can be improved by obtaining ideal flow 

dynamics, low pressure and temperature. 

 Application of multi-bridged dies in low pressure presses can be provided.  

 Competition conditions of die manufacturers can be improved. 
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