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Abstract 
 
As hot metal forming processes are becoming more and more popular, especially in the 
automotive industry, the need for a better understanding about the tribological behaviour of tool 
and workpiece is increasing. Ultimately the enhanced knowledge should lead to better quality of 
the produced parts as well as improved process economy through reduced maintenance and 
longer life of the tools. 
 
This masters’ thesis has been carried out at the Division of Machine Elements at Luleå University 
of Technology as a part of an ongoing project. The aim of this work was to analyse the failure 
mechanisms of real hot forming tools and also to investigate the influence of contact pressure and 
tool surface roughness on the tribological behaviour of tool steels and high strength boron steel at 
elevated temperatures. The project has been carried out in cooperation with Accra Teknik AB, a 
manufacturer of hardened boron steel components through roll forming and form fixture 
hardening. 
 
To perform the failure analysis, a Wyko 1100NT optical surface profiler and SEM/EDS have 
been used to analyse the surfaces. Microhardness measurements and microstructural 
investigations were also carried out. To study the influence of contact pressure and surface 
roughness on friction and wear at elevated temperature, a high-temperature pin-on-disc 
tribometer was used. 
 
The results show that the two tools (Stützrohr and A76) seem to experience similar damage 
mechanism with subsurface initiated cracks caused by thermal cycling. The tool Stützrohr has a 
lower hardness than what is expected in the bulk. Tool A76 suffers from quite severe corrosive 
wear as a result of exposure to cyclic heating in presence of water. A strong gradient between the 
nitrided layer and the bulk material will make cracks propagate faster and this has been especially 
found in case of Stützrohr. 
 
Steadier friction in case of rougher tool surface is caused by formation of compacted layers of (Fe 
and O) oxidized wear particles. The rougher surface will generate more particles initially and 
facilitate the formation of compacted layers quickly thereby resulting in relatively stable friction 
and smother wear scars. Similar friction at 10 and 15 MPa on both smooth and rough tool steel 
surfaces has been attributed to formation of similar surface layers on the UHSS and tool steel. 
Plasma nitriding of the tool steel results in a higher surface roughness and a smoother surface will 
be affected more compared to a rough surface. A rougher tool surface will induce more wear on 
the counter surface at higher contact pressures. There is no difference in wear of the work piece 
material when sliding against a smooth tool surface, regardless of the contact pressure.  

 iii



Table of contents 

Preface ............................................................................................................................................ ii 

Abstract ......................................................................................................................................... iii 

1. Introduction ............................................................................................................................1 
1.1 Hot forming process .........................................................................................................1 
1.2 Damage mechanisms in hot forming tools.......................................................................2 
1.3 Thermal fatigue ................................................................................................................3 
1.4 Hot forming tribology ......................................................................................................3 
1.5 Nitriding ...........................................................................................................................5 

2. Objectives................................................................................................................................7 

3. Experimental work.................................................................................................................8 
3.1 Surface roughness measurement of new and worn tools .................................................8 
3.2 Material and specimens for failure analysis .....................................................................9 
3.3 Materials and specimens for the tribological tests .........................................................10 
3.4 Experimental techniques ................................................................................................11 
3.5 Test parameters ..............................................................................................................12 
3.6 Test procedures ..............................................................................................................13 

3.6.1 Tribological tests ....................................................................................................13 
3.6.2 Thermal fatigue tests ..............................................................................................13 

3.7 Surface analysis of worn/damaged specimens ...............................................................14 
3.7.1 Wyko 1100 NT 3-D optical surface profiler ..........................................................14 
3.7.2 SEM/EDS...............................................................................................................14 
3.7.3 Micro hardness Tester ............................................................................................15 

4. Results and discussion..........................................................................................................15 
4.1 Failure analysis of hot forming tools..............................................................................15 

4.1.1 Surface roughness of new and worn tool ...............................................................15 
4.1.2 Hardness and microstructure of damaged tools .....................................................17 
4.1.3 Etched cross-sections .............................................................................................19 
4.1.4 Surface characteristics............................................................................................22 
4.1.5 SEM pictures A76 ..................................................................................................22 
4.1.6 EDS spectra’s of A76.............................................................................................24 
4.1.7 SEM-pictures Stüzrohr ...........................................................................................26 
4.1.8 Thermal fatigue tests ..............................................................................................28 

4.2 Tribological Studies .......................................................................................................28 
4.2.1 Effect of nitriding the tool steel on the surface roughness.....................................28 
4.2.2 Frictional behaviour ...............................................................................................29 
4.2.3 Wear behaviour ......................................................................................................32 
4.2.4 Hardness measurement on worn UHSS pins and tool steel disc............................35 

5. Conclusions ...........................................................................................................................36 

6. Future work ..........................................................................................................................37 

References .....................................................................................................................................38 

Appendices ....................................................................................................................................39 

iv 



1. Introduction 
 
As the automotive industry strives to produce more efficient cars, the usage of hot formed high 
performance components has increased considerably. High strength boron steel has proven to be 
a highly suitable choice for structural reinforcements and energy absorbing system mainly owing 
to its high strength to weight ratio and good mechanical properties. 
 
With a view to understand the failure mechanisms in hot forming tools as well as the tribological 
behaviour of tool steels and high strength boron steel at elevated temperatures, this thesis has 
been carried out at the Division of Machine Elements at Luleå University of Technology as a part 
of an ongoing research project. The project has been in close cooperation with Accra Teknik AB, 
a manufacturer of hardened high strength boron steel components through roll forming and form 
fixture hardening.  
 
The work aims at enhancing the knowledge of the tribological conditions in hot sheet metal 
forming operations through both measurements of wear on actual hot forming tools combined 
with laboratory tests. The laboratory tests have been aimed at studying the friction and wear 
behaviour of nitrided tool steel and high strength boron steel as a function of contact pressure and 
surface roughness of the tool steel under unidirectional sliding conditions.  
 
By enhancing the current knowledge concerning the  failure as well as friction and wear 
mechanisms of hot forming tools, the tool life can be improved which can lead to an improved 
process economy.  
 

1.1 Hot forming process 
 
In the form fixture hardening process the high strength boron steel is formed at a temperature of 
about 800 oC and subsequently quenched to harden the steel and to obtain the desired mechanical 
properties. The workpiece is quenched by flushing water through it. This is possible since the 
workpiece is roll formed and laser welded to a closed profile. With a specific geometry of the 
tool, the workpiece is formed to its new shape as shown below in Figure 1.  

 
Figure 1- Schematic of the form fixture hardening process 
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1.2 Damage mechanisms in hot forming tools 
 
Tools in most hot forming processes are repeatedly subjected to high temperatures and loads. To 
endure these severe conditions, the tools are made of hot-work tool steels which are designed to 
have a combination of hot strength, toughness, good ductility, high thermal conductivity and low 
thermal expansion. Damages still occur and there are many ways in which a hot forming tool can 
be damaged, for example by wear, plastic deformation, gross cracking, thermal fatigue and 
mechanical fatigue. The most commonly encountered damage mechanism is thermal fatigue [1].  
When thermal fatigue occurs it often takes the form of heat checking and that is the principal 
causes of tool failure [2]. Heat checking seems to increase with the surface roughness [3] as 
shown in Figure 2 and Figure 3. Heat checking also depends on contact temperature and the 
temperature gradient in the material. Thermal fatigue and other damage mechanisms are often 
studied in laboratory tests, the most common test method are the Thermal Shock Test [4]. These 
problems are most often encountered in the aerospace engine industry and in the development of 
gas turbines, power plants and die casting dies.   
 

 
Figure 2 - Heat checking in gas nitrided Orvar tool steel [3] 

 
 

   
Figure 3 – (a) polished sample, Ra = 0.01um (b) Sample grinded with 360paperRa= 0,3-0,4um 
(c)sample grinded with 180paper Ra=0,6-0,7um [3] 
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1.3 Thermal fatigue 
 
Thermal fatigue may be defined as fatigue produced by the repetition of thermal stresses. These 
stresses arise because of expansion and contraction from heating and cooling. The damage is 
usually recognised as a network of surface cracks created by the accumulated thermal stresses 
and is most often facilitated by creep and environmental effects such as oxidation [1]. The rapid 
temperature changes in the material make it to expand during heating and contract during cooling 
as shown in Figure 4. This induces thermal stresses in the material usually below the materials 
yield point. The large number of repetitions eventually lead to fatigue in the material which 
eventually leads to failure.    
 
 

 
Figure 4 - Schematic picture of heating and cooling 

1.4 Hot forming tribology 
 
Tribology is an important consideration in manufacturing processes. In metal forming operations, 
friction increases tool wear and the power required to deform a workpiece. This results in 
increased costs due to more frequent tool replacement, lack of quality in tolerance as tool 
dimensions change and greater forces are required to deform the workpiece material. A lubricant 
which reduces the interfacial shear strength (friction) can reduce tool wear and decrease the 
required power. 
 
Tribology is defined as the science and technology of interacting surfaces in relative motion. It 
includes the study and application of the principles of friction, lubrication and wear. The word 
"tribology" is derived from the Greek τρίβω ("tribo") meaning "(Ι) rub" (root τριβ-), and λόγος 
("logos") meaning 'principle or logic'. 
 
This science is commonly applied in bearing design but also affects almost all other design areas 
of modern technology even unlikely areas for example cooking when the egg is stuck in to the 
frying pan or different kinds of hair conditioners.   
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When a material slides or rubs over another it creates a complex regime of tribological 
interactions, whether it is lubricated like in hip implants and other artificial prosthesis, or 
unlubricated as in high temperature sliding wear in which conventional lubricants cannot be used 
due to their rapid decomposition and deterioration. During sliding at elevated temperatures, the 
formation of compacted oxide glazed layers have been observed which protect the surfaces 
against wear [5,6]. 
 
Most metals are thermodynamically unstable in air and will react with oxygen to form oxide 
layers on the surface. During sliding at elevated temperatures, the generated wear debris can 
consist of oxidised and partially oxidised particles that can influence the wear behaviour in 
different ways [7]. These debris can be removed from the sliding contact. These may also be 
retained or entrapped at the interface and cause two- or three-body abrasive wear. The retained 
debris may form compacted layers and provide protection against wear. At higher ambient 
temperatures there is also a possibility of formation of hard oxide layers, or ‘glazes’, through 
compaction and sintering of the wear debris. Even though the formation of such layers has been 
extensively studied it is difficult to predict under which conditions these layers are formed.  
 
Parameters like load and hardness also affect the tribological behavior at elevated temperatures 
mainly in view of how these types of wear protective layers are formed. Earlier work has shown 
that lower loads let the wear protective layers to develop and endure for a longer period than at 
higher loads. Softer substrates could form wear protective layers better owing to formation of 
entrapment grooves for the wear debris [8].  
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1.5 Nitriding 
 
In view of the wide range of applications, nitriding and nitrocarburising processes are becoming 
more and more important. Its not only mechanical and technological characteristics that are of 
importance for the functionality but also corrosion resistance play a vital role for the functionality 
of the surfaces. The Corr-I-Dur® process not only enhances wear properties but also significantly 
improves the corrosion resistance. Nitriding and nitrocarburising carried out in the Corr-I-Dur® 
process is a combination of various thermo-chemical process steps, which are gas nitro 
carburising and oxidising. Wear and corrosion resistant layers are created which show a dark grey 
colour. 
By diffusion of elementary carbon and nitrogen into the surface, a diffusion zone and a 
compound layer are created. This is shown in Figure 5. The components are then oxidised and a 
compact oxide layer (Fe3O4) is created which is mainly responsible for the corrosion resistance 
and the black colour of the surface. The compound layer determines the components wear 
properties, while the diffusion zone influences the mechanical and dynamic properties. Several 
process parameters must be considered in order to ensure successful nitriding in terms of 
metallurgy and distortion. These parameters are: 
  

• Nitrogen source  
• Heat  
• Time  
• Steel composition  

 
 

 
Figure 5. scematic picture of the nitriding layer [9] 
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In gas nitriding, the nitrogen source is almost always derived from the decomposition of ammonia 
gas via an external bulk storage system. When adding heat the ammonium gas begins to 
decompose. At the usual nitriding temperatures of 500 to 570 oC, ammonia is in an unstable 
thermodynamic state and decomposes in the following manner: 
 
2NH3  2N + 3H2     (Eq 1) 
 
Three reactions take place at the steel surface when the steel is at the set process temperature: 
 
NH3  3H + N     (Eq 2) 
2N  N2      (Eq 3) 
2H  H2      (Eq 4) 
 
The atomic nitrogen and hydrogen components shown in Eq 2 are unstable and will unite with 
other atoms to form molecules as shown in Eq 3 and 4. It is while they are in the atomic state that 
diffusion takes place. The released nitrogen diffuses into the steel at the nitriding processing 
temperature, but very slowly, to the point where it is not economically practical or effective. This 
process is controlled inside a furnace with a simple design. It is important to have good control 
over process temperature, gas flow and gas circulation to preventing gas stagnation. A god design 
on a nitriding furnace is shown in Figure 6 [10]. 
 

 
Figure 6 - Shematic of bell-type furnace containing an internal fan for gas circulation [10] 
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2. Objectives 
 
The main objectives of this thesis are: 
 

• To perform a failure analysis of a real hot forming tool in order to determine the main 
damage mechanisms. 

 
• To investigate the influence of contact pressure and tool surface roughness on the elevated 

temperature friction and wear behaviour of tool steel and high strength boron steel pairs. 
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3. Experimental work 
 
The experimental studies have mainly been performed at Tribolab which is the research 
laboratory at the Division of Machine Elements, Luleå University of Technology. The test 
equipment utilised for the tribological tests was a pin-on-disc machine and the surfaces of the 
specimens were characterised by using a Wyko 3D-optical surface profiler, microhardness tester 
and SEM/EDS technique. 
 

3.1 Surface roughness measurement of new and worn tools 
 
The surface roughness is measured on replica moulds made with a type of silicon that dentists use 
for casting tooth replicas. The replicas are made on a real unworn tool and on the same tool after 
it has been in production for about 32000 strokes. The new and worn tool pieces are shown below 
are Uddeholm Impax Supreme®  in Figure 7 and SSAB Toolox44®  in Figure 8 resepctively. 
 

 
Figure 7- New and worn tool made from Impax supreme 

 

 
Figure 8 - New and worn tool made from Toolox44 
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3.2 Material and specimens for failure analysis  
 
Two different kinds of form fixture hardening tools have been investigated, Figure 9. Both tools 
have been in production at Accra Teknik AB until the tool life is considered expired as the 
produced workpieces did no longer fulfil the demands of quality.   

 
Figure 9 - The stützrohr and the A76 tool. The numbers indicates where the smaller samples has been 

cut out. 

 
The two different tools are in fact only sections of two bigger tools that form the workpiece. 
These two sections are from a part of the bigger tools that show most severe damages such as 
cracks, corrosion and wear scars. Furthermore the tool sections with areas indicating 
representative damage mechanisms are cut out for examination as shown in Figure 10. 
 

 
Figure 10 - Cut out samples for analysis 

These parts have been analyzed using SEM/EDS and the polished cross-sections from the surface 
are measured with a microhardness tester to obtain a hardness profile from the surface into the 
bulk of the material. The polished cross sections are also etched with a 5% Nital solution to 
reveal their microstructures. Examples of different analysis methods are shown below in Figure 11
 

 
Figure 11 – SEM-image, polished cross section and etched cross section 
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3.3 Materials and specimens for the tribological tests 
 
In the tribological tests, Toolox44 tool steel is used as the disc material. The discs are hand 
polished to two different surface roughness values, one rough surface representing the unworn 
tool and a fine surface having roughness similar to that of a run-in tool. After polishing, the discs 
were sent to Bodycote for the nitriding process. Figure 12 shows example of a fine surface test 
disc. 
 

 
Figure 12 - Nitrided test disc with a fine surface 

 
The pins shown in Figure 13  represent the workpiece and are made from unhardened high 
strength boron steel (UHSS). They have a taper to a specific top area to give the desired contact 
pressure. These pins are placed in a holder that is mounted in the pin carrier. See Table 1 for the 
material composition.   
 

 
Figure 13- The UHSS- pin 

 

Table 1 - Chemical composition (wt%) of the materials employed. Fe makes up the balance. 
Compositions are provided by the material  suppliers. 

Material C Mn Cr Si B P S Ni Mo V 

Toolox44 0.31 0.9 1.35 0.6 - 
Max 

100ppm 
Max 

40ppm 0.7 0.8 0.145 
UHSS 0.2- 1.0- 0.14- 0.2- 0.005 >0.03 >0,01 - - - 
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3.4 Experimental techniques 
 
The experimental studies were carried out by using a TE67 microprocessor controlled pin-on-disc 
machine from Phoenix Tribology as shown in Figure 14. This is a standard equipment used to 
determine friction and wear properties of materials. The test equipment consists of two 
assemblies, the pin carrier assembly and the disc carrier assembly.  The two assemblies are held 
together by a base frame to ensure good alignment between the contacting specimens and enables 
in the usage of flat-on-flat geometry. A potentiometer measures the movement of the pin piston 
and can provide wear measurements. The friction coefficient can be measured by using the 
normal force and friction force. The disc can also be heated to about 700 °C by using an external 
heater. A computerised control system enables accurate control of the temperature and speed. The 
data acquisition system records friction, temperature, load and wear during the tests. In Figure 15, 
the pin on disc test configuration is shown. 
 

 
Figure 14 - Pin on disc tribometer 

 
Figure 15 - The pin and disc assembly                                              
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3.5 Test parameters 
 
The test parameters chosen for the experimental studies are based on values from hot metal 
forming processes and simulations, Table 2 and Table 3.  
 
 

Table 2 - Pin on disc tribometer tests 

Test parameters                  Value 
Duration    1 Hour 
Temperature   400 °C 
Contact pressure   1, 10, 15 MPa 
Roughness    Fine, Rough 
Speed    0.2 m/s   

 
 

Table 3- Thermal fatigue test 

Test parameters                  Value 
Heating temperature   600 oC 
Temperature of cooling water  ~10 oC 
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3.6 Test procedures 
This section describes the procedure of cleaning and the method of conducting the tribological 
and thermal fatigue tests. 
 

3.6.1 Tribological tests  
The specimens were cleaned in industrial petrol in an ultrasonic cleaner, rinsed with ethanol and 
dried. After cleaining, the pin specimens were weighed and then mounted in the test rig together 
with the disc. In these tests, three different contact pressures were used. This was done by loading 
the pin carrier using different dead-weights so as to apply the desired contact pressure. After 
loading the pin carrier, the heater was switched on to heat the disc to 400 oC before starting the 
test. After completion of the test, the pin and disc were cleaned in the same order as before and 
the pins were weighed and the disc specimens were analysed by using 3D optical surface profiler 
to obtain wear scar profiles.  
 

3.6.2 Thermal fatigue tests  
For the thermal fatigue test, two different potential test methods were identified. The first one 
involved a thin metal rod that is bent in a U-shape to introduce some compressive and tensile 
stresses and strains. The other one was just a plain steel disc that was polished to a low surface 
roughness and then an indentation was made on the surface using a Vickers indenter. The idea 
was to induce an initiation site for stress concentrations. The test based on the disc was chosen 
due to its practical convenience and alleviating the need of a bending machine. Both types of test 
specimens are showed in Figure 16. The test specimen was then heated to 600 oC in a furnace and 
retained at that temperature for about 4 minutes and thereafter quenched in cold water. This test 
procedure is extremely time-consuming and the tests were stopped as no thermal cracks were 
detected. To make this sort of testing more practical it is essential to develop an alternate efficient 
test. 
 
 

 
Figure 16 - Prototype sketch of thermal fatigue testing 
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3.7 Surface analysis of worn/damaged specimens 
This section describes the work of analysing the test specimen surfaces by employing the Wyko 
3D optical surface profiler and scanning electron microscope incorporating energy dispersive 
spectroscopy (SEM/EDS). 
 

3.7.1 Wyko 1100 NT 3-D optical surface profiler 
The Wyko 1100 NT, Figure 17, is an optical surface profiler that combines light reflected from the 
specimen and a reference surface to form interference fringes. By moving the reference surface 
with piezoelectric transducer a phase shift is produced between the specimen and reference beam. 
With this data, the software generates a 3D visualisation of the surface and enables calculations 
of various surface parameters and image processing.  
 

 
Figure 17 - Wyko 1100 NT 3-D optical surface profiler 

 
The optical profiler has been used for analysis of the surfaces on the tool replicas, manufactured 
test specimens and for quantification of wear of test specimens from the tribological tests. 
 

3.7.2 SEM/EDS 
In scanning electron microscopy (SEM), an electron beam is focused on the specimen surface. 
The secondary electrons emitted from the surface are utilised for producing an image of the 
surface. Energy dispersive spectroscopy (EDS) uses the emitted X-rays from the surface of the 
specimen to analyse the surface elements. These two methods were utilized in analyzing the worn 
surfaces of both the worn tools and the test specimens. The main focus of SEM/EDS analysis was 
to examine the nature of surface damage and analyse the chemical composition of the worn 
surfaces. 
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3.7.3 Micro hardness Tester 
To provide a hardness profile on the test specimens a Vickers hardness test was carried out. A 
Vickers hardness test involves loading a diamond indenter (shaped like a pyramid) on the surface. 
By measuring the dimensions of the indentation, using a computer software and microscope, a 
value of the hardness is obtained. The hardness value is determined by the load over the surface 
area of the indentation and that should be seen in conjunction with the experimental methods and 
hardness scale used. When the hardness test where carried out, the indentations were made 2.5 
indentation diameters apart to avoid interaction between the work-hardened regions. 

4. Results and discussion 
In the following section the results from the tool failure analysis and tribological studies are 
presented and followed by a discussion on the specific topic.  
 

4.1 Failure analysis of hot forming tools 
The real tool is here investigated by the techniques described in section 3 to document and 
categorise the wear and the metallurgical changes of microstructure in the hot forming tool steel.  
 

4.1.1 Surface roughness of new and worn tool 
 
The surface roughness measurements are made on two different kinds of tool steels Uddeholm 
Impax® Supreme in Figure 19 and SSAB Toolox® 44  in Figure 20. A Smoother more polished 
surface is observed in the worn tools and the worn surface of the two steel types differ in Sq 
roughness of about 0.5µm. The surface roughness data observed in these measurements are later 
simulated in the tribological tests for fine and rough surfaces, this is visualised in Figure 18 below.  

 
Figure 18 – new (left) and worn (right) surface 
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Figure 19 - surface roughness of new and worn Impax steel 

 
 Figure 20 - surface roughness of new and worn Toolox steel 

 
In some positions of the measurements, the surface values are relatively high and this is due to 
the geometry and the quality of the replicas in silicon. These areas are either hard to filter with 
curvatures in more than one directions or owing to the presence of wear scars that also complicate 
the geometry.  
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4.1.2 Hardness and microstructure of damaged tools  
 
The hardness profile on the A76 tool made from Impax supreme® shows an even diffusion of the 
nitrogen to a depth that can be expected, about 200µm as shown in Figure 21 and Figure 22. On 
most worn areas of A76, the surface hardness is a little lower compared to the other areas. The 
bulk material hardness has an expected hardness of 300 HV. 
 
 

 
Figure 21 - Hardness profile from a cross section of part 3 in A76 

 

 

 
Figure 22 - Hardness profile from the bottom of cross section in part 2, A76 
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The hardness profile conducted on the stützrohr tool made from Orvar supreme® shows a sharp 
gradient of the hardness into the bulk of the tool material, see Figure 23. This can cause cracks to 
propagate faster as the induced tensile stresses become greater in these areas. The nitrided layer is 
thin, only between 20µm and 40µm. A nitrided layer in this kind of tool material is expected to 
be around 200µm. The bulk material is softer than the expected hardened tool. This could be the 
effect of a tool steel that has not been hardened at all prior to nitriding, see Figure 23 and Figure 
24. Hardened tool steel like this have an expected hardenss of about 550HV. 
 

 
Figure 23 - Hardness profile from the bottom of cross section in part 3, Stützrohr 

 
 
 
 

 
Figure 24 - Hardness profile from the bottom of cross section in part 2, Stützrohr 
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4.1.3 Etched cross-sections 
 
Figure 25 shows the A76 tool steel etched with 5% nital at 10x magnification in a cross section  
from the bulk material from Part 1 below the surface treatment. The figure shows a metallurgical 
microstructure of martensite. Captured area height is about 0,46mm. Figure 26 shows the same 
area with magnification of 40x with a captured area height of 0,12mm.  
 

 
Figure 25 - Martensite microstructure of the bulk material in the A76 tool (10x) 

 
Figure 26- Martensite microstructure of the bulk material in the A76 tool (40x) 
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Figure 27  shows the top layer of the A76 from part 2 and Figure 28 the top layer in 40x 
magnification. 
 

 
Figure 27 - The nitrided top layer of a tempered martensitic A76 tool steel (10x) 

 

 
Figure 28 - The nitrided top layer of a tempered martensitic A76 tool steel 40x 

 

 

20 



 
Figure 29 shows the Stützrohr etched with 5% nital in 10x magnification from the top layer in a 
cross section from Part 2. Captured area height is about 0,46mm. Figure 26 shows the same area 
with magnificasion of 40x with a captured area height of 0,12mm.  
 

 
Figure 29 - Nitrided top layer of a Stützrohr tool steel part 2 (10x) 

 

 
Figure 30- Nitrided top layer of a Stützrohr tool steel part 2 (40x) 
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4.1.4 Surface characteristics 
To study the surfaces of the worn tools, scanning electron microscope (SEM) and energy 
dispersive X-ray spectroscopy (EDS) techniques have been utilised. This enables visual 
observation of wear mechanisms and elemental analysis of the surfaces. For additional 
micrographs see Appendix 1-4 

4.1.5 SEM pictures A76 
The A76 tool suffers from quite severe corrosive wear as a result from exposure to cyclic heating 
in presence of water as shown in Figure 31 taken from part 1.  
 

 
Figure 31 - SEM picture of the corrosive surface on the A76- tool 

 
 
Damage in A76 is caused by pitting/corrosion, see Figure 32. A subsurface initial crack 
propagates to the surface, Figure 33, water enters the crack and starts to corrode the material. 
Eventually a chunk of material is removed which leaves a pit, Figure 34. Water fills the pits and 
continues to corrode the steel. The crack can also propagate further into the material from the tip 
of the first crack.  

 
Figure 32 - SEM picture of corrosive pitting on the surface of A76 
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Figure 33- SEM-picture of a cross section in a subsurface initiated crack on A76 

 

 
 Figure 34 – SEM-picture of a cross section where a crack has propagated into a corrosive pit.    
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4.1.6 EDS spectra’s of A76 
 
To confirm that the corrosive pits wa caused by the presence of water, an EDS-spectra was taken 
inside, Figure 35, and outside,  Figure 36, of a crack pit in the A76-tool. This is correlated to the 
results of a water analysis, Table 4, conducted on the cooling water that have been used to quench 
the workpiece and which also ends up on the tool surface. The EDS-spectra of the surface in a 
crack pit shows the presence of both calcium and oxygen. This can be correlated to the water 
analysis which shows that calcium is present in the water. The fact that these elements are only 
found in the pit indicates that the damage is caused by interaction with the cooling water. 
 

 
Figure 35 - EDS spectra taken inside a crack pit from the A76-tool 
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 Figure 36 – EDS-spectra taken outside a crack pit from the A76-tool 

Table 4 - Water anlaysis 
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4.1.7 SEM-pictures Stüzrohr 
The sides of Stützrohr tool part 2 suffers from pits/grooves caused by harder particles which are 
embedded, or just indents the surface as shown in Figure 37.  
 
 

 
Figure 37 - SEM-picture of the side surface in the Stüzrohr tool showing a pit 

The SEM micrograph taken from the side surface of part 2 in Figure 38 shows effects of fishbone 
cracking which is a typical heat checking phenomena in thermal fatigue initiated cracks.   
 
 

 
Figure 38 - Heat checking phenomena in Stützrohr 
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The cross-section of Stützrohr tool part 2 has deeper cracks, Figure 39, and also some crack 
initiations rather deep inside the material, Figure 40. 
 
 

 
Figure 39- BSE - Deeper cracks in Stüzrohr( part 2) 

 

 
Figure 40 - Crack in Stüzrohr (part 2) 
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4.1.8 Thermal fatigue tests 
 
In the thermal fatigue tests, it was hard to simulate thermal cracking in a reasonable time. 
Different kinds of colours could be observed as result of oxidation/corrosion to the polished 
surface. To reduce the time required for this test method a more automated procedure is 
necessary. A suggestion regarding a suitable test method could be to induce an electrical current 
in a metal rod to conduct the heating of the test piece. Cooling could be achieved by air or 
quenching in water. The heating and cooling should be controlled with a computerised system 
and software so that the thermal cycling is easy to monitor and repeat. 
 

4.2 Tribological Studies 
In the following section the results from the tribological studies are presented. These are made to 
get better understanding of the parameters that controls the damage mechanisms of hot forming 
tools using the different experimental techniques described in section 3.       
 

4.2.1 Effect of nitriding the tool steel on the surface roughness 
 
The results from the measurements of the tool steel disc surface roughness before and after 
nitriding are shown in Figure 41. The result from these measurements show that plasma nitriding 
the tool steel results in higher surface roughness and a smooth surface seems to have been 
affected relatively more compared to a rough surface. The surface gets rougher after exposure to 
the nitiriding process. The Corr-I-Dur® process of the surface gives an oxidation layer that is built 
up between the asperities in a way that it will “fill out” gaps and sometimes have a more 
smoothening effect when measuring the asperities difference in height compared to a fine surface.  

 
Figure 41 -Iinfluence of nitriding on surface roughness for both fine and rough tool steel surfaces 
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4.2.2 Frictional behaviour 
The frictional results obtained from the pin on disc tests are shown in Figure 43 and Figure 43. 
Figure 42 shows the friction coefficient for a smooth surface at three different contact pressures 
and Figure 43 shows the results for the rough surface at different pressures. With a low contact 
pressure the friction coefficient is high and unstable, regardless of surface roughness. The most 
constant and stable friction is obtained when having a rough tool surface and high contact 
pressure. In order to explain this phenomena better, the contacting surfaces of the pins were 
analysed. Figure 47 –SEM micrographs shows the worn surfaces of UHSS pin ((A)-(F)) and tool 
steel disc ((G)-(L)). r. Figure 47 shows the wear scars of the worn specimens after tests at the 
different surface roughness and pressures in the order of Table 5.  The friction behaviour with a 
steadier friction in case of rougher tool surface is explained by the formation of compacted layers 
consisting of oxidized wear particles (Fe and O). These elements can be seen in the EDS-spectra 
in Figure 44 and Figure 45  The rougher tool surface will generate more particles initially which 
can make such layers form quicker which results in more stable friction and smother wear scars.   
 

 

Figure 42 - Coefficient of friction as a function of time during unidirectional sliding of UHSS pin 
against  fine tool steel disc 
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Figure 43 - Coefficient of friction as a function of time during unidirectional sliding of UHSS pin 
against rough tool steel disc 

 
Figure 44 - EDS-spectra from the wear track produced on disc with a rough surface at 1MPa 
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Figure 45 - EDS-spectra on disc with a rough surface as a reference sample 
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4.2.3 Wear behaviour 
 
After the weight loss was determined for the pins, the results were converted to wear volume in 
order to compare with the wear volume calculated for the discs as shown in Figure 46. Wear of 
the workpiece during the UHSS-pin sliding against a tool steel disc with fine surface roughness 
shows no dependence on the contact pressure. However, while using a rougher tool steel disc 
surface, the wear on the workpiece is influenced by the surface pressure and the wear volume 
increases at higher contact pressure. In comparison to the wear volume of the pin, the diagram for 
wear volume of the disc shows that the tool is more worn if the tool surface is made of a fine tool 
steel disc, at higher contact pressures. This can be partly explained by looking at both Figure 46 
shown in order of Table 5 and Figure 49. When having a smother tool surface the workpiece pin 
material does not wear down its thin temperature- and work-hardened surface as easy. The hard 
particles remain in the contact and plough in the tool steel disc surface. Figure 48 shows the area 
changes depending on the surface pressure in the order of Table 6. On the other hand, when 
having a rough tool surface, more wear is induced on the workpiece material making the hard 
outermost surface layer wear off from the UHSS steel. This has an influence on the friction 
coefficient as seen in section 4.3.  

 
 

 
Figure 46 - Wear volume on UHSS pin and tool steel disc 
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Table 5- Matrix of Figure 47 –SEM micrographs shows the worn surfaces of UHSS pin ((A)-(F)) and 

tool steel disc ((G)-(L)). 

(A)Fine UHSS pin 1 MPa (B)Fine UHSS pin 10 MPa (C)Fine UHSS pin 15 MPa 
(D)Rough UHSS pin 1 MPa (E)Rough UHSS Pin 10 MPa (F)Rough UHSS pin 15 MPa 
(G)Fine tool steel disc 1 Mpa (H)Fine tool steel disc 10 Mpa (I)Fine tool steel disc 15 MPa 

(J)Rough tool steel disc 1 MPa (K)Rough tool steel disc 10MPa (L)Rough tool steel disc 15MPa 
 

 
Figure 47 –SEM micrographs shows the worn surfaces of UHSS pin ((A)-(F)) and tool steel disc ((G)-

(L)).  
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Table 6 - Matrix of Figure 48 - The profiles shows the wear scars of the tool steel discs ((A) - (F)).

(A)Fine tool steel disc 1 Mpa (B)Fine tool steel disc 10 Mpa (C)Fine tool steel disc 15 MPa 
(D)Rough tool steel disc 1 MPa (E)Rough tool steel disc 10 MPa (F)Rough tool steel disc 15 MPa 
 
 

 
Figure 48 - The profiles shows the wear scars of the tool steel discs ((A) - (F)). 

 
 

34 



4.2.4 Hardness measurement on worn UHSS pins and tool steel disc 
 
The hardness of the UHSS pins worn surfaces were measured after they were tested in the pin-on-
disc test apparatus and the results are shown in Figure 49. This diagram shows that the test pins 
that have been used have a higher surface hardness caused by work hardening due to the contact 
pressure and exposure to an elevated temperature (followed by cooling). The contact pressure 
seems to have an influence on the hardness in a way that hardness increases when the contact 
pressure increases. The pin that has the hardest contact surface is the one exposed to a fine tool 
steel surface and high contact pressure. This can be explained by correlating the data from Figure 
46 with Figure 49, Figure 46 shows that the test pin with a fine surface at 15 MPa (F 15 MPa) has 
not been significantly worn at all. This makes it more exposed for work hardening. The different 
hardness of the pins can also be detected in the tool steel disc, by looking at the wear tracks in the 
discs shown in Figure 47 . From this correlating pictures of both rough and fine surfaces exposed 
to different pressure the dependency of wear on contact pressure can be visualised. 
    

 
Figure 49 – The pin on disc tribotest hardening effect on test specimen 
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5. Conclusions 
 
A failure analysis of the main damage mechanisms in hot forming tools have been carried out. 
The influence of contact pressure and surface roughness on the elevated temperature tribological 
behaviour of tool steel and high strength boron steel pairs has also been investigated. The 
important conclusions based on this work are as follows: 
 
Analysis of hot forming tools 
 
• Both investigated tools show a lower hardness than what is expected. 
 
• Both tools seem to experience similar damage mechanism with subsurface initiated cracks 

caused by thermal cycling. 
 
• The A76 tool suffers quite severe corrosive wear as a result of exposure to cyclic heating in 

presence of water. 
 
• A very sharp gradient between the nitrided layer and the bulk material lead to faster 

propagation of cracks as seen in case of the Stützrohr tool. 
 
Tribological behaviour 
 
• Steadier friction in case of rougher tool surface is caused by formation of compacted layers 

consisting of oxidized wear particles (Fe and O). The rougher tool surface will generate more 
particles initially enabling in formation of such layers quickly thereby resulting  in more 
stable friction and smoother wear scars. 

 
• Similar friction at 10 and 15 MPa on both smooth and rough tool steel surfaces is attributed to 

formation of similar surfaces layers on the UHSS and tool steel.  
 
• Plasma nitriding of the tool steel results in a higher surface roughness and an initially 

smoother surface will be affected more compared to a rough surface.  
 
• A rougher tool surface will induce more wear on the counter surface at higher contact 

pressures. There is no difference in wear of the workpiece material when sliding against a 
smooth tool surface, regardless of contact pressure.  
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6. Future work 
 

• In the area of thermal fatigue, it would be interesting to develop a test facility to simulate 
high cycle thermal fatigue in a lab environment. To gather more information about the 
parameters that cause thermal fatigue in hot forming tools.   

 
• Carry out more metallurgical investigations to further study and understand the 

metallurgical changes in the microstructure of the tool steel after exposure to the harsh hot 
forming environment. 

 
• Perform in-plant measurements of heat distribution using e.g. thermal spectra with real-

time monitoring to get more understanding about the form-fixture hardening. 
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Appendix 1  
 
SEM – Surface pictures of Stützrohr 
 

 
Figure 50 – Stützrohr surface structure with pits - reference side of  part 3 (70x) 

 
Figure 51 - Stützrohr surface structure with pits - reference side of part 3( 300x) 
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Figure 52 - Stützrohr surface structure - reference part 3 (70x) 

 
Figure 53 – Stützrohr surface structure reference part 3 (300x)  
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Figure 54 - Stützrohr side with three body abrasive wear mark from part 2 (35x) 

 
Figure 55 - Stützrohr side with three body abrasive wear mark from part 2(100x) 
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Figure 56 – Stützrohr  - fishbone cracks from side part 2 (35x) 

 
Figure 57 – Stützrohr - fishbone cracks from side part 2 (150x) 
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Figure 58 - Stützrohr side markings from part 2 (35x) 

 
Figure 59 - Stützrohr side markings from part 2 (150x) 
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Figure 60 - Stützrohr bottom marks from part 2 (35x) 

 
Figure 61 - Stützrohr bottom marks from part 2 (150x) 
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Figure 62 – Stützrohr - fishbone cracks bottom from part 2 (35x) 

 
Figure 63 – Stützrohr -  fishbone cracks bottom from part 2 (100x) 
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Figure 64 - Stützrohr bottom side crack from part 2 (35x) 

 
Figure 65 - Stützrohr bottom side deformation from part 2 (35x) 

 
 

 
 
 

47



Appendix 2 
 
SEM – Cross section pictures of Stützrohr 
 

 
Figure 66 - Stützrohr - cross section of cracks from part 2 (35x) 

 
Figure 67 - Stützrohr - cross section of cracks from part 2 –BSE (70x) 
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Figure 68 - Stützrohr - cross section of cracks from part 2 (150x) 

 
Figure 69 - Stützrohr - cross section of cracks from part 2 (35x) 
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Figure 70 - Stützrohr - cross section of cracks from part 2 (150x) 

 
Figure 71 - Stützrohr - cross section of cracks from part 2 (300x) 
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Figure 72 - Stützrohr - cross section of cracks from part 2 (100x) 

 
Figure 73 - Stützrohr - cross section of cracks from part 2 (300x) 
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Figure 74 - Stützrohr - cross section of crack from part 2 (300x) 

 
Figure 75 - Stützrohr - cross section of cracks from part 2 (300x) 
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Appendix 3 
 
SEM – Surface pictures of A76 
 

 
Figure 76 - A76 - corroded bottom surface part 1 (35x) 

 
Figure 77 - A76 - corroded bottom surface part 1 (300x) 
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Figure 78 - A76 - corroded bottom surface part 1 (70x) 

 

 
Figure 79 - A76 - corroded bottom pit surface part 2 (35x) 
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Figure 80 - A76 - corroded bottom pit surface part 2 - BSE (35x) 

 
Figure 81 - A76 - corroded bottom pit surface part 2 (35x) 

 
 

55



 
Figure 82 - A76 - corroded bottom pit surface part 2 (100x) 
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Appendix 3 
 
SEM – Cross sections of A76 
 

 
Figure 83 - A76 - cross section of crack from part 2 (35x) 

 
Figure 84 - A76 - cross section of crack from part 2 (300x) 
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Figure 85 - A76 - cross section of crack from part 2 (300x) 

 
Figure 86 - A76 - cross section of crack from part 2 (300x) 
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