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Summary 

The objective of this work is to improve the durability in an aluminium 
extrusion die tool, focusing on critical elements. The results on this 
investigation can be used for planning, design, and production of elements of 
the same characteristics. The life expectancy of an extrusion die is related to the 
amount of kilograms extruded. In many occasions, these dies extrude less than the 
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desirable amount of kilograms. The heat treatment, properties and composition of 
the current material, and their nitriding process were investigated.  

A new heat treatment for H13 tool steel samples was proposed. The heat 
treatment consisted of quenching, double tempering, and a cryogenic treatment. 
Additionally, several PVD coatings were applied to the samples. A block-on-
ring type test was done using a T-05 machine. The sliding wear of the samples 
were measured and analysed.  

The current treatments, nitriding and material selections used by the 
manufacturing company were found to be acceptable. Results show that PVD 
coatings improve the sliding wear resistance of the samples. AlCrN PVD 
coating shows 1270% improvement in relation to only nitrided samples. 
Cryogenic treatment did not show any improvement in the sliding wear.   

INTRODUCTION  

The extrusion process consists in forcing with pressure a malleable material 
through an extrusion die of predetermined shape. When the material passes 
through the die, it adopts the opening shape. This can be done by hot or cold 
extrusion.  

The process of extrusion is of great utility in the industry. As we can see in 
Figure 1, many processes like machining, soldering, and other process can be 
avoided. The figure shows how using the extrusion process has the advantage of 
only one process. 

 
 

 
 

Fig. 1.  With extrusion is possible to minimise the machining [L. 2] 
Rys. 1.  Profile wyciskane minimalizują proces obróbki [L. 2] 
 
 

 
 

Fig. 2 Profiles a) Solid,  b) semi-hollow, c) hollow [L. 2] 
Rys. 2. Profile:  a) prosty, b) wklęsły, c) zamknięty [L. 2]  
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Hot extrusion consists in rising the temperature of the process so that the 
metals acquire more ductility, thus reducing the pressure of the process. The 
manufacturing company uses a temperature of 500 °C for their aluminium ex-
trusion die. Excessive wear is presented due to thermal fatigue, oxidation, and 
decarburization, and by sliding friction forces in the system.  

The aluminium billet develops a thin film of oxide while being preheated 
without a controlled atmosphere. This film affects the flux pattern due to its 
abrasive characteristics. This affects the finished products with unacceptable 
surfaced patterns.  

The company has three types of extrusion dies: solid, semi-hollow and 
hollow (the name describes the shape of the products). Each category has its 
own advantages. Figure 2 shows the different types of simple profile design that 
can be made with different type of dies. Solid dies will produce solid shapes; 
semi-hollowed will produce profiles that are almost hollow. Finally, hollow dies 
will produce hollow profiles. 

CURRENT  MATERIAL  AND  HEAT  TREATMENT  

The current dies of the company are made of an H13 tool steel. This steel is 
used for hot working. It has the following composition: 0.37-0.42% C, 0.2-0.5% 
Mn, 0.025% P, 0.005% S, 0.80-1.20% Si, 5.00-5.50% Cr, 0.8-1.20% V. 1.20-
1.75% Mo. H13 steel is air-quenched; however, depending on the size of the 
die, the velocity can vary to obtain a desirable microstructure.  

After studying the microstructure and related literature, the current 
treatment presents retained austenite. This makes room for other investigation to 
determine whether the current heat treatment is the optimal for this company. 
Adding a cryogenic treatment to the current heat treatment process in order to 
improve the mechanical properties was investigated.  

 

 

Fig. 3. Current  heat  treatment  process [L. 11] 
Rys. 3. Schemat  procesu obróbki cieplnej [L. 11]   
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Figure 3 shows the current heat treatment process of the company. H13 
steel is preheated to 600°C for two hours. Temperature is then raised to 1030°C 
(austenitization temperature) for another two hours and sustained for 45 
minutes. Then it is quenched with air for 1.5 hours until it reaches 350°C. 
Double tempering is done after quenching with a temperature of 600°C for 2.5 
hours each. Note that there is hardly any lowering between each tempering. In 
total, the cycle ends between 15 and 16 hours.  

Nitriding of steel consists in diffusing nitrogen to the superficial layer of 
the material. The die is put in a furnace with an atmosphere rich on nitrogen. 
The purpose is to achieve a higher hardness on the surface of the material.  

The manufacturing company uses a gas furnace and is currently implement-
ing a new plasma furnace. For the gas furnace, the dies are heated to 535°C for 
10 hours with a flux of ammoniac gas 330 ft3/h and nitrogen 420 ft3/h. 

Literature and metallography indicate better results for a plasma nitriding; 
nevertheless, it is to be noted that both processes achieve the tolerances for the 
tool to work in the extrusion press.  

 
 

 
 

Fig. 4 Microstructure of a new Steel H13 200x etched with nital 4%  [L. 11]   
Rys.4. Mikrostruktura stali H13, pow. 200x, atakowane Nitalem 4% [L. 11]      

CRYOGENIC  TREATMENT 

The sub-zero treatment is an additional step added to the current heat treatment 
after the quenching and double tempering is done. The goal is to achieve 
a 100% transformation to martensitic microstructure and to create transition 
with eta-carbides homogeneously.  

Martensitic transformation occurs during the quenching process. It starts 
from a determined temperature (Ms) and finishes with the Mf temperature. H13 
tool steel can achieve 100% martensitic structure at ambient temperature. 
Nevertheless, note that, in the current heat treatment process, the die is cooled to 
315°C, thus creating a martensitic – bainitic microstructure with visible 
amounts of retained austenite.  
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Due to limited resources and time, it was not an option to change the 
current heat treatment. Instead, a cryogenic treatment was allowed to determine 
whether it improves sliding wear resistance and overall mechanical properties of 
the die tool, thus encouraging the enterprise to research and determine if the 
current heat treatment process is optimal for their extrusion process. 

Figure 5 shows a comparison between a die (A) and with cryogenic treat-
ment applied after the heat treatment (B). Much finer needles and homogenous 
structure can be appreciated. All austenite is converted to martensite. 500x - 4% 
Nital etched. 

 

 
 

Fig. 5.   a) Die without cryogenic treatment b) Die with cryogenic treatment 200x [L. 11]                                                              
Rys. 5. a) Matryca bez obróbki podzerowej, b) Matryca z obróbką podzerową, pow. 200x  

[L. 11]   

 
Figure 6 shows finer martensite structure and a homogenous structure. 

This improves the mechanical properties of the material, specifically impact 
strength. 

 

 
 

Fig. 6. a) Used die without cryogenic b) Used die with cryogenic treatment 500 x [11]                                                                 
Rys. 6.  a) Matryca używana bez obróbki podzerowej, b) Matryca używana z obróbką podzerową, 

pow 500x [L. 11]   
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Die Materials 

It is important for die materials to fulfil the following specific properties for the 
extrusion process: 
− High mechanical resistance at high temperatures, 
− Wear resistance in high temperatures, 
− Fatigue resistance,  and 
− Stabilised microstructure resistant to decarburization and oxidation.  

Steel H13 

H13 steel is a widely used material for the extrusion of non-ferrous materials at 
high temperatures, like aluminium. The manufacturing company currently 
purchases H13 according to NADCA standards. This means that the chemical 
composition tolerances are lower compared to the ASTM 681 standard. 
Figure 7 shows the current microstructure of H13 tool steel with NADCA 
standards (200X etched with 4% Nital).  

 

 
 

Fig. 7.  Microstructure of steel H13 according to NADCA 200x [L. 11]                                  
Rys. 7. Mikrostruktura stali H13 zgodna z NADCA, pow. 200x [L. 11]   

 
 

This steel is good in relation to critical properties.  
As mentioned before, this includes the extrusion properties.  
Nevertheless, new composite materials or other hot work tool steels should 

be taken into consideration for further research and further improvement in the 
durability of the die. Powder metallurgy CPM 1V and CPM 9V materials and 
H19 tool steel are some of the options.  

Material analysis 

Metallography analysis of the material was done by optical microscope. 
A predominant martensitic structure was found, mostly with traces of retained 
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austenite. The characteristically stripes of H13 steel were found in all new dies. 
Nitrided layers were measured to ensure they had current working specifications.  

Figures 8 and 9 show the microstructure of H13 steel dies used in the 
company. Left (Figure A)  shows a new die without work, while right (Figure 
B) shows dies that are no longer usable. This is due to the extreme conditions 
presented in the extrusion process.  

 

 
 
Fig. 8.  Differences in the nitrated layer, used dies show decarburization on the layer and 

several crack and fissures [L. 11] 
Fig. 8.  Różnice wastwy azotowanej, matryca używana wykazuje odwęglenia, pęknięcia  

i zużycie [L. 11]   
 
 

 

 
 
Fig. 9. A die border with oxidation on the surface layer. Oxidation in the layer is very 

dangerous because its fragility can fracture parts of the layer [L. 11]   
Rys. 9. Widok wastwy utlenionej powierzchniowej.  Utlenienie powierzchni jest bardzo groźne, 

ponieważ  powoduje pęknięcie części [L. 11]   
 
 
Vickers hardness tests were done to several of the sample to obtain the av-

erage hardness of the nitride layer and the martensitic structure.   
 Table 1 shows some of the hardness measurements and their averages.  
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Table 1. Results of the micro hardness at different points of the testers [L. 11] 
Tabela 1. Wyniki badań mikrotwardości w różnych punktach próbki [L. 11]   
 

 

SEM (Scanning Electron Microscope)  

It is important to determine whether our conclusion that the used die contains 
a descarburized nitrided layer and oxidation. In order to do this, we further 
analysed the samples in a scanning electron microscope (SEM) with x-ray 
spectroscopy. The results were as expected, showing a high concentration of 
oxygen in some samples and lower levels of carbon in the nitrided layer. 
Furthermore, the elemental composition of the die matches NADCA H13 tool 
steel.  

 
Fig. 10. Results from the SEM [L. 11] 
Rys. 10.  Wyniki badań na mikroskopie skaningowym [L. 11]   
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Figure 10 shows a small section analysed with SEM, the exact spot where 
the chemical composition shows that there were large amounts of aluminium, 
which could be inclusions of the aluminium passing the die during extrusion. 
These inclusions could have accommodated the breaking of the nitrided layer. 
Performing a cryogenic treatment on the probe would result in a better 
distributed and fully martensitic structure, meaning a diffused layer which is 
more stable, improving the quality of the nitrided layer. 

PVD Coatings 

Physical Vapour Deposition is a process in which the substrate (outer layers of 
the probe) are submitted to chemical reactions due to gases that contain 
chemical compounds of the material that is going to be deposited. The thickness 
of this layer is usually of a few micrometers, far less than those in the nitriding 
process. Usually these materials are often metal compounds, alloys, carbides, 
nitrides, borides, ceramics, or oxides. 

For this study, we were provided by a coating company with relevant 
information to select which PVD coatings were best suited for this kind of 
application or the specifications required to attack the problems presented in the 
dies.  These coatings are shown in Table 2. 

 
Table 2.  PVD Coatings [L. 12] 
Tabela 2. Charakterystyki warstw PVD [L. 12]   
 

 
 
The main factors concerning the selection of these coatings were their su-

perficial hardness, which is related to the wear resistance, friction coefficients, 
and the process temperature. 
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Taking into account the main characteristics of the coatings, we proceeded 
with a tribological study with similar conditions as used in  the extrusion 
process performed in the company. 

Tribology 

The word tribology comes from the Greek term, “tribos” which means, “to 
rub”; thus, this could be interpreted as “the science of rubbing.” 

In a tribological model there are one or more surfaces interacting with each 
other, where there is friction and surface wear. 

Wear is the damage that a surface encounters and generally implies the 
progressive loss of material and is generated by the relative movement between 
the surface and one or more substances. The material may be removed by three 
different methods: by fusing surfaces, chemical dissolution, or physical 
separation 

To achieve a proper study of the properties that the different materials have 
relative to wear and friction, the proper instruments should be used, in this case, 
tribotesters. 

 

 
 
Fig. 11.  Diagram of a tribological model: 1) base, 2) opposite body, 3) external influences:                                 

temperature, humidity, pressure, 4) intermediate elements: lubricant, grease, wa-
ter, particles,   contaminants, 5) load, 6) direction of movement [L. 10] 

Rys. 11. Schemat modelu tribologicznego: 1) baza, 2) część przeciwna, 3) czynniki zewnętrzne:  
temperatura, wilgotność, ciśnienie, 4) czynniki pośrednie: smarowanie, woda, cząstecz-
ki, zanieczyszczenia, 5) obciążenie, 6) kierunek ruchu  [L. 10] 

Block on ring test 

This test is mainly use to determine the wear resistance of several metals, as 
well as plastics, and its coating layers. Additionally, the properties of lubricants 
in thin layer form as well as liquid and greases. 
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Fig. 12.  Schematics of the T-05 tribometer, where P is the applied load, n are the RPM and 

T is the friction force [L. 10] 
Rys. 12.  Schemat tribotestera T-05, gdzie P jest obciążeniem, n liczbą obr./min, T siłą tarcia 

[L. 10] 
 

 

The test consists in making a ring spin on its own axis at a certain speed or 
at a certain frequency (reciprocal displacement). This ring is in contact with 
a small probe in the shape of a block, which is worn by the ring. To quantify the 
wear of the probe, the volume lost in the probe is measured, or the weight lost, 
as long as the rotational speed and the load applied by the ring are the same in 
all tests so to be a valid comparison. 

 

 

 
 

Fig. 13.  T-05 tribometer [L. 11]       
Rys.13.  Tribotester T-05  [L. 11] 

 
This test is under the following standards: 

• ASTM D 2714 
• ASTM G 77 
• ASTM D 2981 
• ASTM D 3704 
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In this study, the T-05 tribometer was used to perform the investigation of 
the material as well as the coatings and was to determine the following: 
− Lineal wear, 
− Wear by volume lost, and  
− Friction Coefficient. 

 
 

 
Fig. 14.  Samples type used in the T-05 tribometer, where the ring is the counter probe and 

the block is the probe [L. 9]  
Rys. 14. Próbki używane w tribotesterze T-05, gdzie pierścień jest przeciwpróbką, a blok próbką 

badaną 
 

 
Wear resistant properties and the extreme pressure of lubricants can be 

measured, and the wear rate, friction coefficient, and temperature can be meas-
ure in real time. 

Test parameters 

The average extrusion speed of aluminium is 25 m/min, equal to 227 rpms 
in the T-05 tribometer. The average pressure of the billet against the die is 3300 
psi, equal to 23.19 kg on the T-05 tribometer. The running distance of the test 
was 1 km. Three runs per set of probes were made and the results are shown 
below. 
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Fig. 15.  (Left) Graph in real time of the friction force along the Nitrided probe (above) 
against a  Nitrided + TiAlN(PVD). It is visible how the friction force is much more 
stable in the second probe [L. 11] 

Rys.15.  Wykres siły tarcia próbki azotowanej podczas przebiegu 1 km próby (u góry), próbka 
azotowana + pokrycie TiAlN(PVD) (u dołu). Jest widoczna większa stabilność siły tar-
cia podczas drugiej próby [L. 11] 

 
 
 

 
Fig. 16. (Left) Graph in real time of the displacement the Nitrided probe (above) against 

a Nitrided + TiAlN(PVD) probe. It shows how the Nitrided + TiAlN(PVD) probe 
stabilises after the 1500 second, and how there is much  less displacement  than in 
the only Nitrided probe [L. 11] 

Rys. 16. Wykres przemieszczenia pionowego (zużycia) próbki azotowanej podczas przebiegu 
1 km próby (u góry), próbka azotowana + pokrycie TiAlN(PVD) (u dołu). Jest widoczna 
stabilizacja zużycia po 1500 sekundach próbki  pokrytej w porównaniu z tylko azotowa-
ną [L. 11] 
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Table 3.  Comparisons of all the sets run in the study, where an average displacement is 
presented and a ratio against the Nitrided surface, Company actual treatment 
[L. 11]    

Tabela 3. Porównanie przeprowadzonych prób, w których przeciętne zużycie próbek pokrywa-
nych porównano z azotowanymi obecnie przez zakład [L. 11] 

 

 

 
The ALCRONA PVD coating presents a wear resistance around 12 times 

better than of the nitided surface, currently applied by the company. 

 
 

 
 
Fig. 17.  Results of the wear of all the sets used in the study [L. 11]  
Rys. 17.  Wyniki pomiarów zuzycia wszystkich przeprowadzonych prób [L. 11] 

 

 
In the graph above, average displacement of all the treatments applied to 

the probes are shown. All the PVD coatings (X-CELL, TiAlN, and ALCRONA) 
are much more wear resistance that only the nitrided surface. Cryogenic treat-
ment also presents a small improvement. 
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CONCLUSIONS 

With a chemical analysis, we verified that the material used in the dies really 
was H13 tool steel. It was proved that a martensitic structure was present in the 
dies and none of the residual austenite was present. H13 tool steel, along with a 
proper heat treatment and a nitriding treatment, is a good option for the hot 
extrusion of aluminium; however, there are other material options for this task, 
such as H19 tool steel, CPM1V, CPM9V.  

All the metallographs as well as the literature indicate that the heat 
treatment is correct. With this treatment, the optimum conditions of the steel are 
obtained, but better results are shown when a nitride treatment plus a cryogenic 
treatment are applied. 

The nitriding process by plasma recently performed by the company is 
better than the old gas furnace method. The new treatment gives the dies a much 
deeper nitrided surface and a better distribution. It is more energy efficient and 
produces less variability in the results of the depth of the nitride surface. 

Adding a cryogenic treatment does not improves the wear resistance 
compared to the nitride process; however, it is advised that further test are done 
because the cryogenic treatment should improve the toughness of  the material 
due to the better shape of the martensitic needles and the presence of eta 
carbides along the whole material.  

The PVD coatings proposed have a better wear resistance than the plasma 
nitride actually applied by the company and it is economically viable. 

The ALCRONA coating has a wear resistance nearly twelve times more 
than of the plasma nitride. This is the next step in the fabrication and treatment 
of the aluminium extrusion dies to increase the wear resistance. 
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Streszczenie 

Przedmiotem pracy jest wydłużenie trwałości matryc do wyciskania profili 
aluminiowych. Rezultaty badań mogą być wykorzystane w planowaniu, 
projektowaniu i produkcji elementów o podobnych charakterystykach. 
Trwałość  użytkowa matryc do wyciskania jest określana ilością kilogra-
mów wyprodukowanych profili. Badania dotyczyły składu chemicznego 
materiału matryc, ich obróbki cieoplnej i procesu azotowania. 

Zaproponowano nowy proces obróbki cieplnej stali narzędziowej H 13. 
Obróbka cieplna składa się z hartowania, podwójnego odpuszczania i ob-
róbki podzerowej w ciekłym azocie. Zaproponowano również różne pokry-
cia PVD.  Badania tribologiczne przeprowadzono na testerze T-05, na któ-
rym analizowano zużycie tarciowe i współczynnik tarcia. 

Materiał  matryc i obróbka azotowania plazmowego stosowane przez 
zakład są do zaakceptowania. Zaproponowano zmiany w obróbce ciepnej, 
włączając obróbkę podzerową oraz pokrycia PVD celem zmniejszenia 
współczynnika tarcia i podwyższenia odporności na zużycie. 

Pokrycia  PVD typu AlCrN wykazuj ą przedłużenie trwałości matryc 
o 1270% w porównaniu z materiałem tylko azotowanym. Obróbka podze-
rowa nie wpływa w istotny sposób na podwyższenie odporności na zużycie, 
natomiast zwiększa wytrzymałość na obciążenia dynamiczne. 


