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“It's a dangerous business, going out your door. You step onto the road, and 
if you don't keep your feet, there's no knowing where you might be swept 
off to.”  

J. R. R. Tolkien 
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Abstract 

 

 

Damage of forming tools at elevated temperatures is a major problem in metal forming 
processes such as hot stamping. Of special importance is the occurrence of adhesion and gross 
material transfer from the work-piece to the tool surface, a phenomenon known as galling. This 
type of damage adversely affects the quality of the produced parts and process economy due to 
frequent maintenance for refurbishing and/or replacing the tools.  

In view of its importance, several studies on galling have been conducted. However most of 
these studies pertain to cold forming processes. 

In this work, a systematic analysis of damage mechanisms of actual hot stamping tools and 
extensive high temperature tribological tests to investigate the tool/work-piece interaction have 
been carried out. The analysis of worn hot forming tools revealed that the main damage 
mechanisms encountered during hot forming of Al-Si coated ultra-high strength steel (UHSS) are 
fatigue, corrosion and material transfer. Amongst these mechanisms, material transfer (galling) 
is the most important from quality and productivity points of view.  

It was found that galling onto the tool steel is caused by accumulation and compaction of wear 
debris. Lumps of transferred material are formed through agglomeration of wear debris. The 
preferential sites for the accumulation of debris are defects on the tool surface or grinding 
marks generated during refurbishing. Hence, the surface topography of the tool is of great 
importance for controlling the material transfer. The most relevant parameters that influence 
galling during the interaction of Al-Si coated UHSS and tool steel were studied through 
laboratory tribological tests. It was found that controlling parameters such as Rvk, Rpk, Rsk and 
Sm can minimise galling on untreated tool steels. Furthermore, it was observed that sliding 
parallel to the surface lay of the tool results in reduced galling as the debris can escape the 
contact through the valleys of the tool surface. 

The usage of different PVD hard coatings, such as AlCrN, TiAlN and DLC, were considered as a 
possibility to alleviate galling. Additionally, the tribological response of plasma nitrided tool steel 
with and without a post oxidation treatment was also studied. The use of hard PVD coatings on 
the tool steel resulted in severe adhesion and material transfer during sliding against Al-Si 
coated UHSS at elevated temperature. This was due to the affinity between the constituents of 
the coating of the tool and the Al-Si coating.  

Plasma nitrided tool steel with post oxidation treatment showed negligible galling mainly due to 
the formation of protective oxide layers on the surface of the Al-Si coated steel. The formation 
of these layers reduced wear of the Al-Si coating and consequently the generation of Al-Si wear 
debris. The protective oxide layers are formed primarily by wear debris from the outermost 
layer of the post oxidised plasma nitrided tool steel. Heat treatments of the Al-Si coating 
revealed that the phases present in the coating are directly linked to the galling behaviour. 
Without sufficient temperature or time, stable and harder phases are not formed. This greatly 



IV 

increases the occurrence of galling by severe adhesion as the outermost layer of the coating 
(unalloyed Al) and the tool steel have high affinity. If the harder phases are formed, the 
mechanism for galling changes to accumulation and compaction of wear debris from the Al-Si 
coating and direct adhesion between the Al-Si coated UHSS and the tool steel is reduced. 
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Chapter 1 

Introduction 

 

 

1.1 Tribology 

Tribology is a relatively new discipline although the concept of tribology has existed for a long time. 
For example, the use of lubricants and roller bearings for reducing friction can be found in Egyptian 
reliefs. In 1966 with the Jost report, the term tribology was coined and with it a basic definition of 
tribology was introduced; “the science and technology of interacting surfaces in relative motion” 
which involves the study of friction, wear and lubrication.  

Through research in tribology, efficiency of machinery and processes as well as energy and 
economical savings can be achieved. In order to control the tribological behaviour, a comprehensive 
understanding of the tribological systems is needed. Tribology is an interdisciplinary discipline which 
initially emanated from mechanical engineering, but nevertheless, the research in tribology today is 
carried out by mechanical engineers, physicists, materials engineers and chemists alike. This is 
because through the years, the understanding of tribology has evolved from just improving machine 
designs to delving into the mechanisms that occur within a tribological system.  

The tribological behaviour is highly system dependent; the interaction between the materials in 
contact and any interfacial media that may be between two surfaces, the surface morphology and 
the surrounding environment define the response of a system. One can understand that tribology is 
a complex field of study, but in recent years, it has become even more so due to continuously 
increasing demands on modern machines, equipment and processes. The growing concerns to 
reduce energy consumption and protect the environment have made an impact on machine designs, 
the development of new green lubricants and also the development of new materials that provide 
enhanced performance, durability and superior strength to weight ratio. 

1.2 Tribology at elevated temperatures 

The introduction of new technologies and processes has meant in many cases that materials and 
machines are exposed to harsh and severe operating environments. Examples of this can be seen in 
the aerospace industry or in metal working where elevated temperatures are very common. Under 
these harsh conditions, several phenomena such as corrosion, oxidation, microstructural changes, 
creep and thermal fatigue have a severe impact on moving machine components and their 
tribological behaviour. 

The term 'high or elevated temperature' can sometimes be confusing. There is not a specific 
threshold where low temperature becomes high temperature. It mainly depends on the application 
and more importantly on the materials involved. For instance, for many polymers, temperatures in 
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the range of 200-300°C cause degradation and therefore those temperatures could be considered as 
high. On the other hand, for many ceramic materials, exposure to these temperatures does not 
significantly affect their structure, thus these temperatures can be considered low for such materials. 
Metals can deteriorate in a wide range of temperatures, depending on which one it is. In metallurgy, 
the idea of the “homologous temperature” is normally used for differentiating for instance cold 
forming from hot forming. The homologous temperature is calculated by dividing the working 
temperature by the melting temperature of the metal, expressed in Kelvin. If the fraction exceeds 
0.4, then it is assumed that thermally activated processes such as diffusion or creep will be triggered 
and this can be considered as elevated temperature for that particular metal [1].  

In tribological applications, a system can be considered to operate at elevated temperatures when 
conventional lubricants (oils and greases) cannot be used since they deteriorate and decompose; this 
temperature is around 300°C. Under these conditions (dry contact and elevated temperature), there 
are many physical and chemical processes occurring simultaneously. Phenomena such as oxidation, 
frictional heating, severe abrasive, adhesive and/or erosive wear, thermal softening, diffusion, 
microstructural changes, etc. The occurrence of such complex phenomena makes tribology at 
elevated temperatures a highly challenging field of study. 

Oxidation is a very important process that takes place when metals are exposed to air and it rapidly 
increases when they are used at elevated temperatures. Metallic oxides have a strong influence on 
the tribological behaviour of a system as the occurrence of oxidation can have both protective and 
detrimental effects on wear and friction. Several studies concerning the oxidational wear have been 
done by Quinn [2-5]. His studies contributed significantly to the understanding of oxidational wear 
and development of a model (the general theory of oxidational wear). In this model, the tribological 
activation energies for oxidation can be deduced, which is about half the value of the static 
oxidation. When exposed to elevated temperature, an oxide layer is formed on the surface of metals 
and during sliding, these oxides tend to break and generate wear debris that influence the 
tribological response. If high friction occurs due to metal-to-metal contact, then frictional heating is 
also enhanced and this causes an increased oxidation within the contact of the surfaces and metallic 
wear debris.  

The presence of oxides at the contacting surfaces means that the intrinsic properties of the metals 
cannot be solely considered when explaining the tribological behaviour and instead the properties of 
the oxides need to be taken into consideration. Some oxides can be relatively soft and facilitate 
shearing whereas other oxides can be hard, brittle and promote the occurrence of abrasive wear. For 
instance, in a study done by Vergne et al. [6] they state that the formation and the behaviour of a 
third body generated from oxidised surfaces is dependent on the nature, physical properties and the 
adherence of the oxides to the substrate. Furthermore, it was also suggested that oxides which are 
not very adherent to the surface can be beneficial in reducing friction as long as they are not hard 
and brittle as they are able to enter the contact easily and accommodate the shear. They also state 
that adherent oxides can contribute to increased shear stresses which lead to increased friction and 
wear. 

The nature of the oxides is governed by the metal and its alloying elements, the temperature and the 
oxygen concentration in the atmosphere [7, 8]. Some metals can form oxides with different 
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stoichiometry and mechanical and physical properties. Such is the case of iron (Fe), the main 
constituent of steels. Three types of oxide can be formed depending on the temperature and air 
pressure. Fe2O3 is the oxide formed at low temperatures and seen in any carbon steel object, this 
oxide is somewhat porous and its adherence to the steel substrate is relatively poor. Over the range 
of 200- -layer oxide scale consisting of an inner layer of Fe3O4 and an outer 
and thinner layer of Fe2O3. Fe3O4 is a less porous oxide and also more adherent. The oxidation rate of 
iron is reduced as the oxide layers grow due to oxygen diffusing through them but it increases as the 
temperature increases due to formation of defects within the oxide layers and increased diffusivity of 

porosity and it is prone to spallation. Since FeO is the least stable oxide, it normally decomposes once 
 and it decomposes into Fe and Fe3O4 at room temperature [7, 9, 

10].  

The mechanical properties of these oxides differ significantly and so does their tribological 
behaviour. For instance, the -Fe2O3, which presents a high hardness at room 
temperature, commonly shows an abrasive behaviour and tends to increase friction and wear. On 
the contrary, the cubic Fe3O4 and the FeO oxides are relatively ductile and have better wear 
resistance [6]. The actual effect of the FeO on the friction and wear behaviour has not yet been 
adequately studied and this is primarily due to the limitations of in-situ characterisation of the oxides 
during the tribological tests. Most of the analyses are done in the laboratory at low temperature 
after exposure to elevated temperature. Under these conditions, the FeO has already decomposed 
into Fe3O4 and therefore its effect cannot be accurately described [8]. 

As mentioned before, the oxides formed are also affected by the alloying elements of the steel. For 
example, elements such as chromium, silicon or aluminium tend to form an oxide layer enriched with 
the alloying elements at the scale/substrate interface [9]. These oxide layers tend to chemically 
protect the steel, mainly against corrosion, but they also have different mechanical properties 
compared to the iron oxides. If wear particles containing these oxides are formed, increased abrasive 
wear may be promoted due to their relatively high hardness. Alloying elements that enhance the 
adherence of oxides, such as Ni or Cu, can show an increased coefficient of friction in metallic 
systems due to the oxides not separating from the metallic interface and resulting in an oxide-oxide 
contact [9, 10]. 

It is clear that the effect of the oxides formed in a tribological contact is not limited to the natural 
oxides formed due to exposure to elevated temperature. In fact, the in situ oxidation of wear debris 
within the contact and formation of tribolayers is more important than the static oxidation of the 
surfaces. Transitions from severe to mild wear and effects on friction have been observed by many 
researchers [8, 11-24]. Models of how these tribolayers are formed have been proposed by different 
authors [11, 20, 22]. Jiang et al. [11] proposed that wear debris can be either trapped within grooves 
caused by wear or be removed from the tribosystem. They suggest that if the debris is trapped and it 
is hard, it can act as a free moving particle and result in abrading action. The particles may also be 
comminuted during sliding and form wear protective layers. Oxidational environment also facilitates 
the consolidation of these layers due to the sintering effect and bonding of the particles [23]. 
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The formation of protective oxide layers has been reported by several authors and these layers are 
commonly referred to as ‘glaze layers’ [18, 19, 22]. Some studies suggest that they can develop at 
low temperatures (~100 C) but their impact is more significant and prominent at elevated 
temperatures. It has been found that when the protective layers are formed, the wear rate is 
reduced and the friction becomes stable. However, when breakdown of such layers occurs, it results 
in increased friction and wear [6, 11, 20, 22]. A loop of transition from severe to mild and mild to 
severe wear is relatively common in metallic sliding systems and as explained above, it has been 
linked to the continuous formation and failure of oxide layers within the contact.  

Pauschitz et al. [22] stated that the tribolayers can be distinguished according to their mechanical 
properties, physical appearance, chemical composition and failure mechanisms. They propose four 
different scenarios to occur in a sliding contact of metallic materials: No Layer formation (NL) and 
Transfer Layer formation (TL); either one can occur near ambient temperature and when one of the 
materials is significantly harder than the other. Mechanically Mixed Layer (MML) is formed at 
relatively high temperature and when both materials in contact have similar hardness. At high 
temperatures, Composite Layer (CL) is formed. This layer is characterised by a high concentration of 
oxygen due to increased oxidation at elevated temperatures. The CL is hard and brittle and a high 
coefficient of friction is commonly observed when this layer is developed, but the wear rate is low. 

Other studies have shown that the hardness of the materials in contact along with the load (contact 
pressure) and sliding speed strongly influence the formation of these tribolayers [12, 13, 18, 19]. It 
has been found that at lower loads, the wear protective layers can withstand longer sliding distances 
than at higher loads. In the case of hardness, Stott et al. [12] found that softer substrates promote 
the development of the protective oxide layers due to formation of deeper grooves that facilitate 
entrapment of wear debris. In other cases, high loads enhance the compaction and sintering effect of 
the oxides [12, 22]. 

It is clear that oxide layers can provide with wear protection and friction control, the challenge lies in 
understanding how to promote and control their formation as well as their stability during sliding. 
Some authors have studied the development of protective oxide layers through experiments in which 
oxide particles were supplied to the contact to enhance the formation of compacted oxide layers 
[21]. It is clear from these studies that the size of the particles is of vital importance. The size needed 
to develop the oxide layer depends on the contact conditions as well as on the nature of the oxides. 
Another approach that has been taken to promote the formation of oxide layers has been the use of 
coatings containing oxidised particles. A study by Walker et al. [25] showed that coatings containing 
nanoparticles of iron oxide can facilitate the formation of protective oxide layers.  

The formation, failure and influence of the oxide layers in a tribosystem cannot be described in a 
general way. Each system or process has to be studied separately since its tribological response 
depends on the contacting materials and operating conditions. 

1.3 Tribology in hot metal forming 

The use of metal forming processes has a long history for the production of utensils used by the 
human being. Most metallic objects used for the daily life have, at some point in their manufacturing 
history, been subjected to one or more metalworking operation. Metal working processes can be 
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divided into three different branches; bulk forming processes (forging, extrusion, rolling, swaging, 
etc.), sheet metal forming processes (bending, deep drawing, punching, stamping, etc.) and material-
removal processes (cutting, milling, turning, grinding etc.) [26].  

Metal forming is principally used for shaping objects, but of major importance is the fact that it is 
also possible to control the properties of the metals during forming. Hot, warm and cold working 
processes have great industrial impact. The selection of either type of processes largely depends on 
the type of material being used, the expected properties at the end of the process and obviously the 
amount of deformation and complexity of the shape of the component. There are two main 
advantages associated with the use of hot forming; the metal is softer, requiring less forming energy 
and consequently lighter equipment and the recrystallization required for grain refinement proceeds 
rapidly. Its disadvantage is that if high strength is required in the final component, then subsequent 
work-hardening through cold forming or a heat treatment to alter the microstructure and the 
mechanical properties will be required. Cold forming is normally used in cases where work hardening 
is desirable but the amount of deformation cannot be large and the loads necessary for the forming 
operation should not be excessive. 

Metalworking comprises many subjects such as the physical and mechanical behaviour and 
properties of materials, metallurgy, stress analysis, machine tool design and tribology among others. 
The major technical disciplines in metal forming are mechanics and metallurgy and although subjects 
such as wear and friction are of great importance for the efficiency, quality and economy of the 
processes, their study has been inadequate so far.  

Depending on the type of process, a relatively high friction level is necessary to allow forming to take 
place between the tools and the work-piece. In other cases low friction is required to prevent 
excessive heating and to minimise the energy consumption. Wear control is of great importance as it 
directly influences the quality of produced parts as well as the process economy mainly due to tool 
wear.  

As inferred from the previous section, oxidation in metal forming is common and therefore the 
understanding of the role of tribolayers during interaction of tools and work-piece materials is of 
great importance. Several researchers have studied tribology in certain hot forming processes. Effect 
of oxides on rolling has been studied by Vergne et al. [6] and it has been observed that oxides that 
can accommodate the shear stresses, generally soft oxides, can reduce the coefficient of friction. 
Having similar oxides in contact, for example iron oxide-iron oxide, leads to an increased coefficient 
of friction. Pellizzari et al. [27] evaluated the high temperature friction and wear behaviour of high 
speed steels and high chromium iron in hot rolling. They observed that wear occurred by abrasion, 
adhesion and triboxidation mechanisms. Abrasion of the roll materials was caused by the oxide scale 
developed on the carbon steel but it can be reduced by increased hot hardness of the tool material. 
Fracture of the oxide layers formed on the tool and work-piece can result in micro-welding during 
the interaction of the two surfaces resulting in adhesive wear. 

Perhaps one of the main challenges when studying the tribological behaviour of a given process is 
the lack of a reliable experimental procedure that closely simulates the forming process. Most of the 
tribological tests that are used to study the tribological response do not capture the deformation 
state, where the material is deforming and sliding at the same time. As pointed out by Beynon [9], 
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the actual forming process is difficult to simulate in the laboratory since the forming speed, for 
example, can be difficult to control under laboratory conditions. Another problem is that the 
evolution of the surface topography of both the tool and the work-piece is hard to replicate. Many of 
the tribological tests that have been developed to simulate forming have been applied to cold 
forming and only a limited number has been used towards the research of forming at elevated 
temperatures.  

The types of tribometers that are used for tribological studies of forming operations can be the more 
traditional types such as the pin-on-disc or the reciprocating sliding wear tester. In these tribometers, 
the interaction between materials is normally studied at a fundamental level and it is hard, if not 
impossible, to directly translate results obtained to actual forming processes. However, some other 
tribometers that more closely simulate a given forming operation have also been developed. These 
include the strip drawing test, bending test, twist compression test or the deep drawing test. The 
main objective of these tests is to more accurately simulate the forming operation and study the 
influence of parameters on the tribological response. The problem associated with these rigs is that 
the response obtained is more complex and the analysis of results can be difficult. 

In studies that deal with the tribological behaviour of hot forming processes it is not only the 
frictional behaviour that is of importance but also the wear characteristics of the system during 
interaction of tool and work-piece materials. Tooling represents an important part of the economy of 
metal forming processes. Damage of the tools is of major concern since it negatively affects the 
quality and tolerances of the produced parts and furthermore, frequent down time for maintenance 
or replacements reduces the productivity. Common types of damage encountered in hot forming 
tools can be mechanical fatigue, thermal fatigue, corrosion, thermal softening, abrasive and adhesive 
wear.  

The interest in tribology of metal working has increased in recent years and a considerable amount of 
research into different processes can be found in the open literature. However, many unsolved 
problems remain in the study of tribology of hot metal forming. Considerable uncertainty prevails in 
the description of friction and heat transfer across the tool/work-piece interface, the formation and 
failure of tribolayers associated with oxidation and the effect of metallurgical structure of the 
materials on the tribological response.  

1.4 Hot stamping process 

High demands of ultra-high strength steel (UHSS) exist in automotive applications in view of their 
high strength-to-weight ratio as it enables the use of lightweight structural and safety components. 
The problems encountered during cold forming of UHSS such as spring-back, deformation hardening, 
and the control of dimensional tolerances can be overcome by using hot sheet metal forming. The 
use of hot stamping, a type of hot sheet metal forming process, to manufacture UHSS components 
overcomes the problems associated with formability and it also facilitates control of the 
microstructure of the final component, which provides the final parts with desired mechanical 
properties. 

The hot stamping process, also known as press hardening, was developed during the 1970’s in 
northern Sweden. The process involves heating of a steel sheet in a furnace above the austenitisation 
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temperature (~ and after a holding time at this temperature, the sheet is transferred to a 
press tool where it is formed and subsequently quenched. The advantage of this process is that the 
forming occurs when the steel is in the austenite phase. This phase has an improved formability and 
enables manufacturing of complex shaped components. The subsequent quenching, whilst still 
pressed within the tools, causes a martensitic transformation of the austenite which enhances the 
mechanical properties of the final component. 

Two variants of the process exist; direct hot stamping and indirect hot stamping. The direct hot 
stamping involves heating the sheet material, forming and quenching. In the indirect hot stamping 
the sheet material is formed in the cold state, then heated and transferred into another tool for final 
forming and subsequent quenching. For the indirect method, uncoated blanks as well as Zn coated 
sheets are commonly used [28, 29]. The direct method is widely used for UHSS with hot dip 
aluminised coating applied to the sheets. In Figure 1, a schematic representation of the hot stamping 
is shown. 

  

Figure 1 Schematic representation of the hot stamping process variants. From [28] 

The steels that are normally used for hot stamping are the ultra-high strength boron steels. These 
steels are well known for their good hardenability. A boron addition of 30 ppm provides with a 
hardenability increase equivalent to 0.6% Mn, 0.7% Cr, 0.5% Mo or 1.5% Ni [29]. After heat 
treatment or hot stamping, these steels exhibit more than 1500 MPa ultimate tensile strength and 
1100 MPa yield strength. The increased hardenability is caused due to a delay in the ferrite and 
perlite formation during cooling whilst the martensite and bainite transformations are not influenced 
[30]. 

A common problem encountered in hot forming of UHSS is the formation of an oxide scale at high 
temperatures. To minimise problems caused by the oxide scale after forming, such as reduced 
paintability and weldability, an additional cleaning step to remove it is needed. The scale also 
influences the forming operation; it can hinder the heat transfer between the steel and the tools and 
as a result quenching can be affected. During the forming operation adhesion of oxides onto the tool 
surface has also been observed [31]. When the uncoated UHSS is used, the occurrence of severe 
abrasive wear of the counter surface (tool) has been observed, particularly in the case of the direct 
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hot stamping process which involves large relative sliding between the tool and the work-piece [28, 
29]. In a study done by Hardell et al. [32] it was observed that wear also depends on the 
temperature. They observed that low temperatures result in high wear of the tool steels and with the 
increase of temperature, severity of wear was reduced.  

Another problem is the decarburisation of the steel due to reactions between oxygen from the 
atmosphere with the carbon in the steel. It causes a change in the microstructure of the steel in the 
near-surface region which alters the hardenability and the mechanical properties of the steel at the 
zones where decarburisation has occurred. 

To reduce the excessive scale formation and decarburisation, Wiberg and Laumen proposed the use 
of a reducing atmosphere [31, 33]. The gas atmosphere they proposed is composed of a mixture of 
N2 and CO (CO< 5% vol). The gas atmosphere is hydrogen free which avoids the risk of hydrogen 
induced embrittlement of the steel. However, the use of such a method is not widely reported in the 
open literature. 

1.5 Al-Si coated ultra-high strength steels 

A different approach that has been taken for prevention of oxide scale formation and 
decarburisation is the use of a coating applied on the UHSS. Coatings based on Al-Si alloys are used 
but in recent years, the development of Zn based coatings has also increased [31, 34-36]. The use of 
these coatings not only prevents oxidation and decarburisation but also provides the final 
component with good corrosion resistance. Coatings based on aluminium provide protection by 
preventing direct exposure of the steel to the environment whereas the Zn based coatings provide 
with cathodic protection against corrosion. 

Despite the development of many different coatings, the most common coating utilised in hot 
stamping of UHSS components is an aluminised coating. The constituents of this coating are primarily 
88 wt% Al, 9 wt% Si and 3 wt% Fe and it is normally applied by hot dipping into the molten alloy [31].  

The Al-Si alloy is reported to have a melting point of 577 C [31, 37-39]. Since the hot stamping 
process takes place above the 900 C, melting of the coating occurs. Due to the elevated temperature 
and the molten coating, rapid diffusion of Fe from the UHSS substrate into the coating takes place 
and as a result intermetallics are formed and the coating solidifies [31, 37-42]. The most common 
type of structure that results after the formation of intermetallics is a multi-layered coating. The 
number of phases, location and thickness of each layer depends on the heating conditions [31]. An 
increase in hardness and brittleness of the coating has been reported by many authors once the 
intermetallics have been formed [31, 43-47]. Figure 2 shows the coating before and after exposure to 
elevated temperature and the micro-hardness for each of the layers. The coating also undergoes 
morphological changes on the surface. There are reports of increased surface roughness after 
exposure to elevated temperatures and it has been linked to the melting and solidification of the 
coating during heating [38, 48-51].  



 

9 

 

  

Figure 2 Microstructural appearance of the Al-Si coating a) as delivered and b) after exposure to high 
temperature and quenching 

Some investigations on the high temperature tribological properties of the Al-Si coated UHSS during 
sliding against different tool steels have been done [43, 44, 46-51]. It has been observed that the use 
of the Al-Si coating reduces the coefficient of friction at elevated temperatures as a result of the 
reduced adhesive component of friction. Since the intermetallic layer on the UHSS coating is hard, it 
also induces more wear on the mating tool steel surface through abrasive wear. In a study done by 
Yanagida et al. [47], they investigated the friction behaviour of different sheet materials as a function 
of temperature and die pressure when sliding against tool steels under dry and lubricated conditions. 
They found that the Al-Si coated sheet material experienced higher friction compared to the 
uncoated sheet in both dry and lubricated conditions. However, a different behaviour was observed 
by Hardell et al. [43]. They found that when the Al-Si coating was used, the coefficient of friction was 
lower compared to the uncoated UHSS. In another study by Dessain et al. [46] the friction behaviour 
of Al-Si coated UHSS was also evaluated and it was found that friction was marginally affected by 
temperature and contact pressure. However, Ghiotti et al. [50] observed an important influence of 
temperature and contact pressure on the coefficient of friction. They observed that at low 
temperatures, increasing the contact pressure reduces the friction coefficient and under low contact 
pressure, increasing the temperature also reduces friction. Azushima et al. [52] have observed that 
under dry conditions, the coefficient of friction is independent of the surface roughness of the tool 
steel surface but under lubricated conditions, the surface roughness does play an important role. The 
differences between the reported studies can be attributed to the testing conditions, i.e. the test 
configuration, specimen geometries, contact pressure or heating history of the Al-Si coated UHSS.  

Together with the effects on friction, the use of an Al-Si coating on the UHSS also affects the wear of 
the tools. Due to the high hardness of the intermetallics in the coating, abrasive wear of the tools 
occurs and more importantly the occurrence of galling. This type of tool damage will be further 
described in the following section.  

1.6 Tool damage and galling in the hot stamping process 

Even though the hot stamping process can be considered a well-established process, there are still 
many difficulties associated with it and there is definitely room for further improvement. A very 
important point to keep in mind is that hot stamping is a process that is carried out at elevated 
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temperatures. The selection of tool materials is particularly important, not only because the 
environment is harsh but also because different considerations are required compared to cold 
forming. In the past, a general rule of thumb used for selecting tool materials was “the harder, the 
better”. In cold forming, this can be considered as a good approach for different reasons, for 
example, hard materials have high stiffness which is necessary for withstanding the stresses 
produced during the forming operation. Hard tools also have a good resistance against abrasive wear 
which is important concerning tool life and the quality of the produced components. When it comes 
to hot forming, the same approach has been used in many instances and it has worked reasonably 
well. However, the selection of tool materials is not necessarily optimised. There are different 
aspects that need to be considered when selecting a tool material for hot forming; the stiffness of 
the tool itself is not as important as for the cold forming for example. The thermal and mechanical 
loads experienced by hot forming tools can result in serious degradation processes such as oxidative 
wear, thermal fatigue, softening (especially in the near surface region), plastic damage and 
mechanical fatigue. 

Mechanical fatigue and thermal fatigue are dominant damage mechanisms which are encountered in 
metal working tools at elevated temperatures [53-57]. The initiation mechanisms are different and 
the sensitivity to either of these two mechanisms depends on the process. In a study carried out by 
Sjöström and Bergström [54], it was found that thermal fatigue was the primary mechanism in die-
casting and hot forging tools and the initiation of cracks could occur within 1% of the tool life. 
Bearing this in mind, it is important to adequately select the type of material used for the tools. Tool 
materials with high hardness normally have poor resistance to thermal or mechanical fatigue, which 
can result in early failure of tools due to accelerated crack propagation. 

Given the extreme and harsh conditions under which the tools operate in metal forming processes, 
the quality and the properties of the tool materials are very important. It is necessary to optimise the 
combination of hardness and toughness to provide the tools with adequate wear and fatigue 
resistance. In a study carried out by Persson et al. [58], they highlighted the importance of the 
physical and mechanical properties of the tool materials and also the influence of surface 
engineering methods on the sensitivity to thermo-mechanical fatigue. 

Another type of damage which concerns any metalworking operation is the occurrence of galling 
onto the tools. Galling is a severe form of adhesive wear and it involves material transfer from the 
work-piece material onto the tool surface. Several studies have focussed on galling mechanisms 
during cold forming [59-63]. Galling is commonly associated with an increase in friction due to the 
occurrence of high adhesion. In his work [63], Karlsson studied the initiating stages of galling during 
sliding of cold-work tool materials against high strength stainless steels. He observed three stages 
associated with the occurrence of galling that were directly related to the frictional behaviour. In the 
first stage, a stable and low coefficient of friction was observed but already a thin layer of material 
transfer could be observed on the surface of the tool material. Further increasing sliding resulted in 
an increase in the coefficient of friction; at this stage microscopic lumps on the tool surface were 
developed. These micro-lumps caused scratching and or micro-ploughing on the work-piece material. 
In stage three, the friction coefficient was reported to be high and unstable and in terms of material 
transfer, a complete coverage of the contacting area was observed. Similar behaviour was also 
reported by Gåård et al. in an earlier study [59]. 
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Some studies [64-67] have highlighted the role of tool surface roughness or surface defects as these 
can act as galling initiation sites. Smooth surfaces have shown better performance both in dry and 
lubricated contacts. The hardness and surface modification of the tool materials have also been 
reported to influence galling [59, 61, 62, 64, 68]. In lubricated contacts, it is not only the surface 
roughness but also the interfacial temperature that plays an important role in the occurrence of 
galling. It has been found that improved heat dissipation enhances the galling resistance [69]. Gåård 
et al. [70] reported that when temperature increases, the sliding distance before occurrence of 
severe adhesive wear decreases. During the forming process, die corners are regions where 
temperatures and normal contact pressures are high and these sites are prone to galling. It has been 
proposed that high local temperature and normal contact pressure can be of great importance in the 
occurrence of galling [71].  

Another aspect considered by Gåård et al. [60] was the influence of the microstructure of the tool 
material. They investigated different tool materials sliding against carbon steels and observed a low 
adhesive tendency between the carbon steel and the carbide phase in the tool materials. They found 
that the galling occurred mainly at the metallic matrix regions of the tools and that the tool material 
with the highest density of carbides showed the least severe galling behaviour.  

During hot forming of Al-Si coated UHSS the occurrence of galling, or material transfer, is also of vital 
importance. It has been observed that debris from the Al-Si coating transfers to the tools and lumps 
are developed on the tool surface [36, 46, 48]. Boher et al. [48] suggest that the transferred material 
is built on the surface of the tool by successive deposition of debris coming from the Al-Si coating 
during each forming cycle. The formation of such surface defects can cause indentations and severe 
scratching of the produced parts due to the increased hardness of the built-up material, as its main 
constituents are oxidised wear debris and fragments of hard Al-Si coating.  

In his study [65], Schedin observed that galling had a tendency to initiate at the irregularities on the 
surface. He further stated that keeping in view the way galling initiates (adhesion), material transfer 
cannot be completely avoided and only the growth rate of the transferred layer may be controlled. 
However, the question of how to control the growth rate still remains. 

1.7 Surface engineering for hot forming tools 

As mentioned before, the properties of bulk materials alone cannot always overcome all the 
different problems encountered in a given application. For example in hot sheet metal forming, 
different properties are required from the tool materials. Materials with increased corrosion 
resistance, wear resistance, controlled oxidation, high toughness, good heat dissipation, low 
chemical affinity with the work-piece material and reasonable stiffness are needed. It is clear that the 
intrinsic properties of the tool material alone cannot account for all of these necessities.  

The use of surface engineering technologies has the potential to meet some of these demands. 
Surface engineering (or more broadly surface modification) technologies are essentially used to 
modify the surface and near surface properties of a substrate material by means of surface 
treatments or coatings. A surface engineered material is tailored with bulk properties that account 
for stiffness, toughness and thermal fatigue resistance, whilst surface treatments or coatings are 
used to impart properties such as wear or oxidation resistance. Today, a broad range of surface 
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treatments and coating technologies are available and a very careful selection of the most 
appropriate method for a specific application is required.  

Surface treatments can be defined as the processes where the properties of the bulk material are 
changed at the surface and the near surface region. The change in properties is gradual from the 
surface towards the bulk. This type of process can be exemplified by surface heat treatments, gas 
nitriding, plasma nitriding, carburising, nitro-carburising, etc.  

Surface coatings are layers of a given thickness that can go from nanometres to a few millimetres. It 
relies on the deposition of a foreign material onto the surface of the substrate material. The 
transition from the properties of the coating to the properties of the substrate is sharp. This 
technology can be exemplified by electrodeposition, hot dipping, physical vapour deposition (PVD), 
chemical vapour deposition (CVD), cladding, etc. 

In cases where there is not enough heat dissipation, the substrate can undergo softening and this can 
cause failure of the coating as the substrate no longer provides with sufficient support. To overcome 
this, multi-layered coating technologies and duplex surface modification systems have been 
developed. In these technologies the substrate can be treated to increase the hot hardness and 
several coating layers with different properties can be applied. 

The use of coatings for metal working operations at elevated temperatures has increased in recent 
years. The application of hard coatings is most commonly seen in the cutting processes due to the 
extreme conditions and the high hardness expected from the cutting tool materials. Coatings such as 
TiAlN, CrN, TiCN are used due to their high hardness and stability at elevated temperatures. For 
example, in a study done by Özgür et al. [69] the wear performance and thermal diffusivity 
properties of several hard coatings were studied. In general, they found that coatings with high 
hardness had good wear resistance and the effect was amplified when the coatings had low thermal 
diffusivity. In their study, low thermal diffusivity of the coating acted as a barrier for the heat transfer 
and this protected the tool substrate from degradation.  

In different studies on TiAlN coatings, it has been found that the wear resistance at elevated 
temperatures is enhanced when multi-layered coatings are used. In a study done by Rodriguez et al. 
[72], the influence of single layer and duplex PVD coating system was investigated. They found that 
at elevated temperatures the single layered TiAlN PVD coating showed the highest wear volume and 
attributed this effect to the limited load-carrying capacity of the system. In a study by Hardell et al. 
[73] they observed that the TiAlN coating can result in high and unstable friction at high temperature 
and this was attributed to the occurrence of severe adhesion and material transfer.  

CrN coatings have been found to offer high thermal stability, high oxidation and corrosion resistance 
and high wear resistance. Low coefficients of friction have been reported at elevated temperatures 
and in general a more stable behaviour is observed with increased temperatures [74]. 

Plasma nitriding is also widely used in applications at elevated temperatures, as the mechanical 
properties do not change drastically up to 500-600 C. One of the superior properties provided by 
nitriding is an improvement in wear resistance. The main benefit of the nitrided layer is that it allows 
the formation of tribolayers since the debris generated can either oxidise or be oxidised already 
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before detaching from the surface. In their study, Hardell et al. [73] observed that the friction of 
plasma nitrided tool steel during sliding against bearing steel decreased drastically at temperatures 
of 400 C owing to formation of a protective oxide layer.  

Sun et al. [75] have stated that under high loads, plasma nitriding is effective in improving the wear 
resistance of steel, particularly under rolling and rolling-sliding conditions. They have found that 
oxidation and delamination are the common wear mechanisms under rolling, rolling-sliding and 
sliding conditions. They also suggested that the conditions used for the plasma nitriding process can 
have an influence on the wear rate of the nitrided layer. The layer produced during short-time 
nitriding exhibited lower wear rate than the layers produced for longer times, possibly due to the 
tendency of the long-time nitrided layers to delaminate. In a study by Persson et al. [58], it was 
stated that the nitriding process can have a negative influence on the life of the hot work tool steels 
as their resistance to thermal fatigue is reduced. 

In terms of galling during sheet metal forming, surface engineering is being explored as a possibility 
to minimise its occurrence. Through surface engineering, excessive adhesion between the tool and 
the work-piece surfaces can be prevented. In studies done at low temperatures, DLC coatings have 
been reported to have good galling resistance under lubricated conditions and with smoother 
surface even under dry conditions [66, 76]. Eriksson and Olsson [77] evaluated the galling and wear 
characteristics of CrN, TiAlN and CrC/C PVD coatings in lubricated sliding contact with different high 
strength steel sheets. They suggested that, besides the frictional properties of the coatings, the size 
and density of surface defects also influence the material pickup tendency since both macro particles 
and shallow craters affect the interaction with the counter surface.  

In hot stamping of Al-Si coated UHSS, it is not yet clear which is the most suitable surface engineering 
technology to alleviate the occurrence of galling. The influences of surface engineered tool steels and 
the tool steel grade have also been considered by some researchers [36, 48]. Some coatings applied 
on tool steels (AlCrN or TiN/TiB2 multilayered coating) have been reported to have a negative effect 
on the wear of the produced parts and in some cases, using coatings also increased the galling 
tendency in hot stamping [36]. Boher et al. [48] found that for all tool steel grades, adhesion of fine 
particles from the Al-Si coating onto the tool steel surface was prevalent. They suggested that 
modification of the chemistry of the tool steels could lead to a better resistance to severe adhesive 
and abrasive wear. 

1.8 Existing research gaps 

Hot stamping is a field where tribological research can contribute with tremendous improvements of 
the process. The role of tribology during the process is important and further studies are needed to 
better understand the interaction of tool steels and work-piece materials during forming at elevated 
temperatures.  

The interest in the tribological behaviour during interaction of Al-Si coated UHSS and tool steels has 
increased in recent years since this coating is widely used. However, the usage of Al-Si coating on 
UHSS also introduces some problems such as galling. There are no clear answers regarding the 
prevention of this type of tool damage in the hot forming of Al-Si coated UHSS. The main problem 
lies in the fact that the initiation mechanisms are not clearly understood. Parameters that affect 
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occurrence of galling have not been thoroughly studied and the metallurgical properties of the Al-Si 
coating in many instances have been overlooked. Two approaches are being considered for 
overcoming the problems associated with galling. One is the use of new types of coatings for the 
work-piece material that can avoid severe galling. This however introduces new problems such as 
tool wear, problems with weldability or paintability, etc. The other is the use of surface engineered 
tools. Different coatings have been tried to minimise the severity of galling and its effects, but the 
results so far have been unsatisfactory.  

One of the main problems when utilising surface engineered tools is that the coatings that have been 
considered are coatings that perform well in other applications. Most of these coatings or surface 
modification techniques have proven ineffective when interacting with the Al-Si coated UHSS at 
elevated temperature. This is where fundamental research is required. A deeper understanding of 
the mechanisms responsible for the occurrence of galling and the type of materials needed for its 
alleviation is clearly lacking. Even if the number of studies in the field of hot stamping has increased 
in recent years, more in-depth studies are still needed; studies that combine fundamental research, 
simulative testing and inspection in actual forming plants.  
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Chapter 2 

Objectives of this work 

 

2.1 Objectives 

As has been stated earlier, the occurrence of galling during interaction of Al-Si coated ultra-high 
strength boron steel and tool steels in hot sheet metal forming is a major concern and has not been 
clearly understood. The aim of this research is essentially to carry out fundamental research on 
galling to bridge some of the research gaps highlighted earlier.  

The specific objectives within the scope of this work are as follows: 

- To systematically analyse and understand the damage mechanisms encountered in hot sheet 
metal forming tools 

- To understand and differentiate the mechanisms responsible for the occurrence of galling 
during interaction of surface engineered and untreated tool steels with the Al-Si coated 
ultra-high strength steel 

- To study the influence of various parameters such as hardness of tool steel, contact pressure, 
surface topography and temperature on the tribological response 

- To understand the microstructural evolution of the Al-Si coating and its effect on the 
tribological behaviour 

- To create knowledge to minimise or alleviate galling during forming of Al-Si coated UHSS 

2.2 Limitations 

This work analyses the tribological behaviour of tool steels and Al-Si coated ultra-high strength steels 
with main focus on the galling mechanisms. Other wear mechanisms may also be important but 
these have not been investigated thoroughly in this work. 

The realisation of this work has been through the usage of reciprocating sliding contact configuration 
at elevated temperature. Even though the work involves materials and conditions associated with 
the hot sheet metal forming, the results obtained in this thesis cannot be directly translated or 
applied to the forming process. It does, however, provide valuable information about fundamental 
mechanisms in high-temperature galling. 

The materials used in this work were obtained from various companies. Owing to the proprietary 
nature of product information, it may not be possible to provide comprehensive details regarding 
their composition. 
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Chapter 3 
Experimental materials and test methods 

 

 

The experimental studies undertaken during the course of this work involved analysis of actual hot 
forming tools and laboratory scale tribological studies to investigate the parameters influencing 
galling at elevated temperatures. Details of the experimental work carried out in these studies are 
described in this chapter. 

3.1 Experimental materials 

Tool steel specimens 

In the study presented in paper A, two different hot forming tools, which were identified as tool 1 
(T1) and tool 2 (T2), were analysed. The tools had different chemical compositions and were used in 
different parts of a form fixture hardening process, a type of hot stamping process. Table 1 shows the 
chemical composition of the tool materials. In the case of T1, the tool had been nitrided and was 
hardened through quenching and tempering. T2 was also nitrided but it was unhardened and the 
microstructure was ferritic with dispersed carbides. In Figure 3, the microstructures of the tools are 
shown. 

The tools were in production until they were considered worn out. T1 was used for about 1.5 years in 
production with an estimated number of 80,000 to 100,000 cycles while T2 was used for 150,000 to 
200,000 cycles. 

Table 1 Chemical composition of the tool steels used for the investigations in paper A 

Tools  Std. Specification 
Tool Steels 

C 
(wt%) 

Si 
(wt%) 

Mn 
(wt%) 

Cr 
(wt%) 

Mo 
(wt%) 

Ni 
(wt%) 

V 
(wt%) 

S  
(wt%) 

T1  AISI P20 Modified 0.37 0.3 1.4 2.0 0.2 1.0 - < 0.010 

T2  Premium AISI 
H13 0.39 1.0 0.4 5.2 1.4 - 0.9 - 
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Figure 3 Microstructure of a) T1 with martensitic microstructure and b) T2 with ferritic 
microstructure 

In paper B, a hot-work tool steel made of conventional cast steel was analysed. The tool was used in 
a hot stamping process involving Al-Si coated UHSS as the work-piece material. A total of 200,000 
parts were produced using this tool and about 3,000 parts were produced after the last refurbishing 
of the tool.  

For the tribological tests carried out in papers B, C, D and F, the pin specimens were made of the 
same hot work tool steel used in the hot stamping process.  

In paper B, three different hardness levels of the tool steel were obtained through the use of heat 
treatments; 44 HRC, 48 HRC and 52 HRC. Furthermore, three different surface roughness levels were 
obtained. A ground surface (Sa= 1.20~2.74 μm), a milled surface (Sa=2.31~2.44 μm) and a polished 
surface (Sa=36.34~50.80 nm). The ground surface was obtained by means of a rotating grinding 
stone method which will be referred to as coarse grinding. The high roughness of the milled 
specimen is due to the waviness of the surface, as this was not filtered out from the roughness 
measurement. In the case of the ground surface, even if the surface roughness (Sa) value was 
sometimes lower than that of the milled specimens, the surface was characterised by the presence of 
randomly distributed deep valleys (>5 μm depth). 

In paper C, the influence of the surface topography parameters on galling was studied. The surfaces 
of the pin specimens were prepared by grinding with SiC abrasive papers of different grit sizes. The 
hardness of the tool steel was 52 HRC and the grinding of the pin surface was done in a single 
orientation with the aim of having a surface with a defined surface lay. Different levels of surface 
roughness values were achieved and in Table 2, the measured surface parameters are given.  
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Table 2 Surface topography values of the ground tool steel specimens 

 

 

 

 

 

 

Hard PVD coatings were studied in Paper D and the substrate was the hot work tool steel with a 
hardness of 52HRC. Three different PVD coatings were considered and these were AlCrN, TiAlN and 
DLC (diamond like carbon). A duplex surface modification was used for the deposition of the coatings 
which means that the tool steel specimens were plasma nitrided prior to the PVD deposition. Before 
the surface modification, the specimens were polished to a surface roughness (Sa) of ~50 nm. 

In Figure 4, micrographs of the cross-sections of the PVD coated pins are shown. As can be clearly 
observed, the TiAlN coating is the thickest (~10 μm) and the thinnest is the DLC coating (~2 μm). The 
AlCrN had a thickness of ~3 μm.  

 

Figure 4 SEM images of the cross-sections of the a) AlCrN, b) TiAlN and c) DLC coatings 

Two variants of plasma nitriding treatment were also studied in paper D; one was a traditional 
plasma nitriding process and the other was plasma nitriding with a post-oxidation treatment. The 
post oxidation process is done with the aim of generating an oxide layer rich in Fe3O4 and it involves a 
combination of various thermo-chemical process steps; plasma nitriding, gas nitro-carburizing and 
post-oxidation. The process temperature is about 570 °C. Figure 5 shows the oxide layer formed 
during the post-oxidation treatment (~3 μm of thickness). As in the previous case, the specimens 
were also polished to a surface roughness Sa of 50 nm before the surface treatment.  

Type of surface Sa (μm) Rp (μm) Rv (μm) Sm (μm) Rsk Rku 

Coarse grinding 1.2 ~2.7 2.9 -5.0 127 0.9 4.4 

Grinding with grit #60 0.7 ~0.8 1.8 -1.9 99 0.1 2.7 

Grinding with grit #120 0.47 ~0.49 0.8 -1.4 78 -0.7 4.6 

Grinding with grit #240 0.34 ~0.39 0.4 -0.6 90 -0.6 3.2 
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Figure 5 SEM/FIB Cross-section of post oxidation layer formed on the plasma nitrided specimen 

The properties of the surface engineered tool steel specimens are listed in Table 3. The data 
pertaining to the hardness and maximum operating temperature of the PVD coatings were provided 
by the supplier. The surface roughness (Sa) and the thickness of the coatings were obtained from 
laboratory measurements using a Wyko 1100NT 3D optical profiler and SEM analysis respectively. 
The hardness values of the plasma nitrided specimens were measured in the laboratory using a 
micro-hardness tester at a load of 200 g and a holding time of 15 s. The indentations were performed 
at the surface of the coating using a Knoop indenter.  

Table 3 Properties of the coatings used for the tribological tests. 

In paper E, plasma nitrided tool steels were used and in this case, they had undergone a post-
oxidation treatment. Finally in paper F, the tool steel used was the polished hot work tool steel with 
a surface roughness (Sa) of ~50 nm and 52 HRC.  

Al-Si coated UHSS specimens 

The counter surface used for the tribological tests in papers B, C, D, E and F was a commercially 
available Al-Si coated UHSS produced through hot dip aluminising process. Commonly, the alloy used 
for aluminising has a composition of approximately 88% Al, 9% Si and 3% Fe in weight percentage. In 
paper E, an uncoated UHSS was also used. The chemical composition of the steels is given in Table 4. 

Coating Hardness 
Max Operating 

Temp. ( C) 

Sa value 

(nm) 

Coating thickness 

(μm) 

AlCrN 3200 HV 1100 C ~160 ~3 

TiAlN 3400 HV 900 C ~230 ~10 

DLC 2000 HV 350 C ~180 ~2 

Plasma nitrided ~1000 HK  ~700 N/A 

Plasma nitrided 
(post-oxidised) 

~900 HK  ~590 ~3 
(oxide layer) 
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In paper E, the UHSS was studied in both unhardened and hardened conditions. The hardening was 
achieved by heating the specimens to 920 C in a furnace with normal atmosphere and retaining 
them at that temperature for 12 minutes in the case of uncoated high strength steel and 8 minutes 
for the Al-Si coated UHSS. The difference in time for high temperature retention was in view of 
different thicknesses of the two materials. After retention at 920 C, the specimens were quenched in 
water. 

Table 4 Chemical composition (wt%) of the UHSS. Fe balances the compositions. 

Material  C (wt%) Si (wt%) Mn (wt%) Cr (wt%) B (wt%) P (wt%) S (wt%) 

Uncoated UHSS  0.2-0.25 0.2-0.35 1.0-1.3 0.14-0.26 0.005 >0.03 >0.01 

Coated UHSS  0.25 0.35 1.4 0.3 0.005 - 0.9 

 

Test specimens 

For the realisation of papers B, C, D and F the specimens used in the tribological tests were an upper 
pin with Ø2 mm made from a hot work tool steel and the lower disc (Al-Si coated UHSS) had Ø16 mm 
and 1.7 mm height and it was welded onto a steel backing plate of Ø24 mm and 6.3 mm height. The 
details of the pin and disc specimens can be seen in Figure 6. 

 

Figure 6 Schematic of test specimens used for the reciprocating sliding tests 

In paper E, the upper specimens were made of tool steel in the form of a pin (Ø 10 mm and 10 mm in 
height) with one spherical end instead of the flat end used in the other papers. For this paper, the 
uncoated lower UHSS specimen was a disc of Ø24 mm and 7.9 mm height. 

3.2 Test methods 

Reciprocating sliding friction and wear tester (SRV) 

All studies in this work were conducted using an Optimol reciprocating sliding tribological tester at 
elevated temperature. This machine utilises an electro-mechanical drive to oscillate an upper 
specimen against a stationary lower specimen. The lower disc specimen is mounted on a heating 
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block which enables heating of the specimen up to 900 C. The upper specimen is loaded against the 
lower by using a spring deflection loading arrangement. Friction is measured by a pair of piezoelectric 
force transducers. The computerised control and data acquisition system enables control over stroke 
length, frequency, load, temperature and duration. It also records these parameters and the friction 
coefficient. Figure 7 shows a schematic representation of the SRV test setup.  

 

Figure 7 Schematic of SRV test configuration 

The test parameters for the reciprocating sliding tests carried out in papers B, C, D, E and F can be 
seen in Table 5. 

Table 5 Test parameters used for the realisation of papers B, C, D, E and F 

 

Test procedures 

For the analysis done in paper A, segments of the worn tools were cut out. The segments were taken 
from zones that represented the damage observed on the surface of the tool. In Figure 8, the tools 
are shown along with the regions for analysis of each tool. Three zones were analysed for each tool 
and they were identified as Z1, Z2 and Z3 in order to evaluate the microstructural changes along the 
longitudinal direction to the sliding direction.  

Test parameters  Paper B Paper C Paper D Paper E Paper F 

Normal Load  
 

31 N and 
62 N 

31 N 31 N 50 N 31 N 

Temperature     
 

 

Stroke length  4 mm 4 mm 4 mm 1 mm 4 mm 

Frequency  12.5 Hz 12.5 Hz 12.5 Hz 50 Hz 12.5 Hz 

Duration  30 s 30 s 30 s 20 min 30 s 

Holding time before 
tribotest 

 4 min 4 min 4 min  0, 4 min and 20 
min 
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Figure 8 Tools showing (a) zones analysed for T1 and (b) zones analysed for T2. 

Before the tribological tests carried out in all the appended papers, all specimens and specimen 
holders were immersed in heptane benzene and cleaned using an ultrasonic cleaner for three 
minutes. Afterwards, the specimens were wiped clean by using ethanol. Once the specimens were 
setup in the tribometer, the upper pin specimen was kept separated from the lower disc during 
heating. The lower specimen was then heated. This was done with a view to simulate the actual 
process, in which the work-piece is first heated up and then brought into contact with the tool. Once 
the desired temperature was reached, the lower (work-piece) specimen was retained at that 
temperature for a given time (see Table 6) to allow sufficient time for the diffusion while still 
separated from the upper (tool) specimen. When this time had elapsed, the pin was loaded against 
the disc and the test was started. Upon completion of the test, the specimens were left to cool in air, 
then removed and analysed. 

In paper F, the effect of temperature on the evolution of the Al-Si coating microstructure was 
studied. Two temperatures were chosen for these experiments, 700 C and 900 C. These 
temperatures were chosen in order to facilitate the formation and characterisation of a range of 
different phases of the Al-Si coating. A schematic of the heat treatment history is shown in Figure 9. 
The heat treatment was performed in the tribometer to have the same heating conditions that are 
normally obtained during the tribological tests. 

 

Figure 9 Heat treatment history for treatments at 700 C and 900 C 

The influence of the alloying time at high temperature was also considered in Paper F. Three 
different soaking times were used for studying the microstructural evolution. Table 6 shows the 
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times used for each temperature. The zero minute (0 min) soaking time means that the samples 
were heated up to the desired temperature and then cooled down immediately. 

Table 6 Test conditions to analyse influence of alloying time 

Temperature  Time 

  0 min 4 min 20 min 

  0 min 4 min 20 min 

 



 

25 

 

Chapter 4 
Salient results 

 

 

In this chapter, the salient results from the appended papers are presented and discussed. The 
important damage mechanisms found in actual forming tools are dealt with in Paper A. The approach 
adopted to simulate galling in the laboratory is described in Paper B together with the influence of 
different parameters on the occurrence of galling. Paper C and D focus on the feasibility of surface 
modification as a possible approach to alleviate/minimise galling. Finally, the different changes that 
the Al-Si coating can undergo with heat treatments and its influence on friction and galling are 
discussed in papers E and F. 

4.1 Damage mechanisms of hot forming tools 

Resistance to wear is perhaps the most important aspect of a tool as it determines its useful life span 
and also influences the quality and dimensional tolerances of the produced parts. In processes at 
elevated temperatures, the tribological phenomena taking place can be complex, as described 
previously, and a good understanding of the system is important for judicious selection of tool 
materials. 

In order to understand the problems commonly faced during hot forming, the damage mechanisms 
found in actual forming tools were studied in Paper A. The studied tools were taken from the form 
fixture hardening, a type of hot stamping process. 

As described in Section 3.1, two different tools were analysed. The tools were in operation until they 
were considered to be worn out. A more detailed description of the tools can be found in Paper A. 
The tools were identified as tool 1 (T1) and tool 2 (T2). They had different chemical composition and 
were used for producing different parts. In the case of T1, the tool was nitrided and in the hardened 
and tempered condition. T2 was also nitrided but it was in an unhardened state. Because of this, the 
damage mechanisms cannot be directly compared, however, relevant information concerning the 
important variables in the failure of the tools can be extracted.  

Due to the difference in heat treatments that the tools had undergone, the microstructures and the 
mechanical properties were different. In Figure 10, the microstructures and the hardness profiles of 
both tools are given. As observed, T1 is harder, with martensitic microstructure and with a larger 
nitriding case depth. Although the tools had considerable differences in terms of their mechanical 
properties, both of them were able to perform for a large number of cycles. It is of great importance 
to note that the tool with the longer working life was the tool with lower hardness. This suggests that 
for the hot forming process, the role that the stiffness of the tool plays is not as significant as for cold 
forming. This is due to the reduced stress needed to plastically deform the steel at elevated 
temperatures. On the other hand, fatigue resistance is an important aspect to consider when 
selecting an appropriate tool material. 
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Figure 10 Microstructure and hardness of the different tools; a) T1 and b) T2 

Friction induced fatigue 

Both tools underwent fracture due to fatigue and the resistance to this type of damage was 
determined by the microstructure of the tool. The softer T2 had a longer tool life, almost twice as 
that of T1 and this was due to its higher toughness. The globular grains found in T2 delay the 
propagation rate of the cracks whereas the more brittle T1 undergoes rapid crack propagation. 
Typical cracks observed in the tools are shown in Figure 11. 

 

Figure 11 Appearance of the cracks encountered in a) T1 and b) T2 

Even though the type of crack propagation is different, the underlying initiation mechanism was the 
same for both tools. The occurrence of fatigue is caused by the cyclic stresses generated at the 
surface during forming. The friction levels between the tool and the work-piece were high and due to 
the cyclic stresses normally encountered in the forming operation, the material experienced fatigue. 
In a study carried out by Ghorbanpoor and Zhang [78] the influence of friction on the nucleation of 
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surface cracks and their growth due to the induced stresses was explained and it is in agreement with 
the present observations. This means that for the forming operation, it is of great importance to 
control the coefficient of friction in order to reduce the risk of crack nucleation and propagation. 

Corrosive damage in hot forming tools 

Due to the harsh conditions encountered in the hot forming process, the corrosion resistance of the 
tool is of great importance. In Paper A, it was observed that a synergetic effect can occur between 
corrosion and the formation of cracks, severely reducing the working life of a tool. Large number of 
cracks was observed in the zones exposed to corrosion. Figure 12 shows three zones of T1 where 
different levels of corrosion severity were observed. In zones 1 and 2, significant corrosion and cracks 
were found.  

It is well known that when a crack is formed, the exposed surfaces of the cracks can oxidise [55]. 
When the oxides are formed behind the tip of the crack, additional stresses are generated in this 
region, which further increases the propagation rate of the cracks. It is therefore important to use 
tool materials with good resistance to oxidation and corrosion at high temperatures. 

 

Figure 12 Photographs of T1 surface at (a) Zone 1, (b) Zone 2 and (c) Zone 3. 

Material transfer and galling 

Another important type of damage encountered in hot forming, perhaps the most important, is 
material transfer or galling. Galling is a type of damage normally associated with occurrence of 
severe adhesion. High adhesive forces between the tool and the work-piece are generated which 
lead to micro welding of the two surfaces at the asperity level. As sliding due to forming takes place, 
fragments of one surface brake off and adhere to the mating counter surface 

In Figure 13 forming tools with typical signs of galling that were studied in Paper A and B are shown. 
As can be seen, material transfer exists in different forms. It can be present as a thin layer that 
smears on the tools, as big lumps or as a relatively thick layer. Amongst these, the most severe are 
the lumps and the thick layers as these adversely affect the tool surface and consequently the quality 
of the produced parts. The big lumps can cause indentation and scratching of the work-piece 
whereas the thick transferred layers can cause problems with tolerances of the produced parts. 
Furthermore, these thick layers break after attaining a certain thickness and the loose particles cause 
third body abrasive wear on the tool and the work-piece. 
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Figure 13 Common types of tool surface defects formed due to material transfer or galling. a) moderate 
material transfer, b) lump of material transfer and c) thick transfer layer 

The material transfer encountered in the actual forming tools was further studied in Paper B. It was 
found that the large lumps are generated through compaction of small wear particles. In this paper, 
through the use of tribological tests at the laboratory scale, similar lumps were formed and the 
mechanisms for the occurrence of galling were studied in detail. 

4.2 Galling mechanisms at elevated temperatures 

The initiation mechanisms responsible for the occurrence of galling during interaction of Al-Si coated 
UHSS and tool steel at elevated temperature were studied in Paper B and summarised in Paper D. 
Figure 14 shows a schematic illustration of the initiation of galling.   

When Al-Si coated UHSS slides against untreated tool steel, two main initiation mechanisms were 
identified and the importance of each type was dependent on the surface topography of the tool 
steel. It was observed that galling can occur by direct adhesion (adhesive galling) and by 
accumulation and compaction of wear debris (compaction galling). In all the tribological tests, galling 
always occurred and only its severity varied. The tendency observed in the present study was that 
compaction galling was more severe as compared to adhesive galling. As illustrated in Figure 14, 
when compaction galling occurs, wear debris is easily accumulated within surface roughness or other 
surface defects (I.I). As sliding progresses, these entrapped debris start to form conglomerates of the 
hard intermetallics of Al–Si mixed with oxidised debris from the tool (I.II). 

A relatively smooth tool surface does not provide with sites for debris accumulation. Under these 
conditions, adhesive galling occurs, essentially in regions where the contact pressure is high, e.g. the 
tip of asperities (II.I). This mechanism appears to progress at a slower rate through adhesion and 
formation of a transfer layer (II.II). Once a transfer layer has been formed, either by adhesive galling 
or compaction galling, this layer acts as an obstacle for wear debris to move out of the contact. Thus, 
wear particles accumulate and get compacted in these zones and further enhance the severity of 
galling (III and IV). 
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Figure 14 Schematic representation of the galling mechanisms encountered during interaction between an 
uncoated tool steel and Al–Si coated UHSS. 

The above mentioned mechanisms were also observed on actual forming tools. Figure 15 shows 
different zones where galling has occurred on actual forming tools. As can be seen, adhesive galling 
is observed mainly at the tips of the asperities (Figure 15a). Accumulated debris was also observed 
within the valleys of the surface roughness as shown in Figure 15b. A thick transfer layer was 
developed through continuous accumulation and compaction until bigger lumps (Figure 15c) were 
formed. In Figure 15d, the agglomerated debris that forms the big lumps can be clearly seen. 

 

Figure 15 Transferred material onto the surface of an actual forming tool: (a) adhered material on the 
asperity tips, (b) growing transfer layer, (c) formed lump through compaction of debris, and (d) structure of 

the compacted debris 
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4.3 Parameters affecting the occurrence of galling 

The influence of parameters such as contact pressure, hardness and surface roughness of the tool 
steel were also studied in Paper B. The study involved three different hardness levels, three methods 
of surface preparation and two contact pressures. 

The results showed that contact pressure strongly affects the severity of galling. Increased contact 
pressures caused more material transfer. It was however seen that the effect of contact pressure on 
galling was also influenced by other parameters such as hardness and surface roughness. When the 
contact pressure in the tribological experiments was 10 MPa, the surface roughness level had a clear 
influence on the galling behaviour. Changing the surface roughness (Sa) from a coarse ground (1.2-
2.74 μm) to milled (2.31-2.44 μm) and polished specimen (36-51 nm) surface resulted in reduced 
material transfer onto the tool steel surface. 

Using the sharp contrast in the micrographs obtained with back scattered electron (BSE) signal, an 
approximation of the area covered by transferred material was calculated. Representative images of 
the tool steel pin surfaces were selected and then analysed. The method used for the quantification 
is illustrated in Figure 16. In the SEM images, the dark grey regions correspond to the transferred Al-
Si coating whereas the light grey ones correspond to the tool steel (Figure16a). By post processing 
the grey scale image, the zones with and without material transfer were distinguished (Figure 16b). 
The dark areas can then be isolated thus showing only the zones where transferred material is 
present (Figure 16c). The covered area ratio was then calculated (Figure 16d).  

 

Figure 16 a) BSE micrograph of the tested tool steel, b) grey scale differentiating zones with and without 
material transfer, c) image processing to extract the dark grey zones and d) calculated covered area ratio 

By means of this technique, it was observed that going from a coarse ground tool steel (44 HRC) to a 
milled tool steel surface, the area covered by transferred material was reduced from 66% to 19% of 
the total area of the selected micrograph. The polished specimen resulted in 9% of the area covered 
by transferred material. With 10 MPa contact pressure, increasing the hardness of the tool steel did 
not show significant difference in the material transfer tendency. Similar behaviour to the above 
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mentioned results were observed for the ground, milled and polished specimens irrespective of the 
hardness values of the tool steel. In the case of the 52 HRC, the area coverage was calculated to be 
78%, 28% and 9% for the coarse ground, milled and polished tool specimens respectively. In Figure 
17, the representative SEM images for all the surface roughness levels and the lowest and highest 
hardness values are shown.  

 

Figure 17 SEM micrographs of the tool steel surface after the tribological tests from: (a) ground/44HRC, (b) 
milled/44 HRC, (c) polished/44HRC, (d) ground/52HRC, (e) milled/52 HRC, and (f) polished/52HRC. Contact 

pressure: 10 MPa; sliding direction: left to right 

Increasing the contact pressure to 20 MPa showed different behaviour compared to that for the 10 
MPa tests. In general, severe material transfer was observed for all of the specimens. Contrary to the 
previous observations, all these parameters had an influence on the galling behaviour at 20 MPa 
contact pressure. When the hardness was low (44 HRC), severe material transfer was observed for all 
specimens, the calculated covered area was 87%, 80% and 67% for the coarse ground, milled and 
polished specimens respectively. However, as the hardness increased, the type of surface became 
important; severe material transfer occurred for the coarse ground specimens, with 52 HRC of 
hardness (81.6% of covered area), but not for the milled and polished surfaces, 30% and 25% of area 
coverage respectively. In Figure 18, the results obtained from all of the surface roughness levels 
(ground, milled and polished) and the lowest and highest hardness values (44 and 52 HRC) are given.  
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Figure 18 SEM micrographs of the tool steel surface after the tribological tests from: (a) ground/44HRC, (b) 
milled/44 HRC, (c) polished/44HRC, (d) ground/52HRC, (e) milled/52 HRC, and (f) polished/52HRC. Contact 

pressure: 20 MPa; sliding direction: left to right 

Machining marks from the original surface are no longer observed after the tests and in all cases, a 
new surface lay pattern was generated due to occurrence of abrasive wear and galling. Taking into 
account the mechanisms for the occurrence of galling described in Section 4.2, it can be inferred that 
in all the cases, the severity of galling is directly related to occurrence of wear. The longer the time 
that “pockets” for accumulation of debris are present, the higher the chances are that debris will 
accumulate within surface defects or valleys. Rough (coarse ground) and hard surfaces (52 HRC) 
represent the worst case scenario in terms of galling as it means that the original surface (containing 
all the pockets for accumulation of debris) takes longer time to wear, which increases the chances of 
debris accumulation. The effect of the surface roughness is less important when the contact pressure 
is increased as it accelerates wear of the tool steel. However, it also results in increased severity of 
galling as the high contact pressure enhances galling through direct adhesion and accelerated 
accumulation of the wear debris.  

Reduced galling tendency was observed when polished and milled specimens with the highest 
hardness were used. However, severe galling was still observed on the ground surface and this was 
possibly due to the occurrence of abrasive wear on the Al-Si coated UHSS during sliding against the 
rough and hard tool steel specimen. Under these conditions, wear debris primarily from the Al-Si 
coating was generated and accumulated within the surface valleys of the rough tool steel pin 
specimen. 

4.4 Exploration of surface engineering to alleviate or minimise galling 

The fact that surface topography plays an important role in the initiation of galling was evident from 
the results obtained in Paper B, but it was unclear as to why there was no significant difference in the 
overall behaviour between the milled and polished surfaces. In Paper C, some parameters of the 
surface topography and their influence on material transfer were studied. Furthermore, surface 
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modification was also considered and in Paper D hard PVD coatings (AlCrN, TiAlN and DLC) and two 
variants of nitriding, with and without a post-oxidation treatment, were evaluated. 

Surface topography parameters affecting the occurrence of galling 

The average surface roughness Sa (or Ra) is a commonly used parameter to describe surfaces but it 
does not describe the surface characteristics adequately. In view of this, besides the average surface 
roughness Sa, additional surface topography parameters were also investigated. The surface 
topography measurements were carried out using a Wyko 1100NT 3D optical surface profiler and the 
data was analysed in 2D.  

As described in Section 3, the surface of tool steel specimens was prepared by grinding with different 
SiC abrasive papers. A preferential orientation was used for grinding with the aim of creating a 
defined surface lay. The profiles taken with the profilometer were perpendicular to the surface lay of 
the tool steel surface. The results obtained with the prepared surfaces were compared with those 
obtained with the coarse ground tool steel that showed the most severe material transfer (Section 
4.3) from Paper B. The effect of the surface lay was also studied in Paper C. This was done by carrying 
out the tribological tests with sliding parallel and perpendicular to the surface lay. The surface used 
for these experiments was the coarse ground tool steel. 

The maximum peak height (Rp) and valley depth (Rv) were analysed as well as the sum of both of 
these parameters (Rt). Skewness (Rsk) and Kurtosis (Rku) were also investigated as these parameters 
describe the symmetry of the surface distribution. The sign of the Rsk will tell if the farther points are 
proportionally above (positive) or below (negative) the mean surface level. Thus, it will tell if a 
surface has predominately peaks/spikes or valleys/holes. Rku on the other hand gives information 
about the randomness or repetitiveness of a surface. Similar to Sa, the above mentioned parameters 
do not provide information about the spatial structure. To account for this, Sm was used as it 
describes the mean spacing between profile peaks. 

The results from Paper C have shown that one of the most important surface topography parameters 
is the surface lay. It drastically reduced the occurrence of galling when the tests were performed 
parallel to the surface lay. The specimen that slid perpendicular to the surface lay presented a 
surface coverage of 51% whereas sliding parallel to the surface lay resulted in a covered surface of 
17%. In Figure 19, a comparison between the two analysed specimens is shown. The behaviour can 
be easily explained by considering the mechanisms described in Section 4.2. One of the key 
requirements for the occurrence of severe galling is the accumulation and compaction of wear 
debris. Sliding parallel to the surface lay reduces accumulation of debris by allowing it to escape the 
contact. Due to the reciprocating sliding motion, the debris is ejected out of the contact through the 
surface roughness valleys. 
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Figure 19 SEM micrographs of the worn tool steel specimens: a) perpendicular sliding to the surface lay, b) 
parallel sliding to the surface lay orientation 

The experiments with the specimens ground with abrasive paper were carried out sliding 
perpendicular to the surface lay and the results can be seen in Figure 20. It is clear that when the 
specimens were ground with abrasive paper, the surfaces did not undergo severe material transfer. 
13% of area covered by transferred material was observed when the specimen was ground with #60 
grit size, 7% in the case of #120 grit size and 5% when the finer #240 grit size was used. The 
differences in surface roughness (Ra) were significant between the specimens, but only the coarse 
ground specimen underwent severe galling (51% of surface coverage).  

 

Figure 20 SEM micrographs of the tool steel specimens after the tests: a) coarse ground, b) mild ground grit 
#60, c) mild ground grit #120 and d) mild ground grit #240 
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The results from these tests can be explained vis à vis the surface parameters shown in Section 3.1 
Table 2. The coarse ground tool steel not only presents a high Sa value, parameters such as Rv, Rp, 
Sm and Rsk can be used to determine if the surface of the tool steel has potential sites where galling 
can be initiated. The combination of high Sm (mean spacing of peaks) and high Rv (maximum profile 
valley depth) provides with larger sites were debris can be accumulated, compacted and then 
develop thick lumps of transferred material on the surface. High Rp (highest peak height) means that 
the peaks that cause wear on the Al-Si coating are also available for a longer time during sliding and 
generate higher amount of Al-Si wear debris. 

From these results, it was also inferred that Rsk can provide information about the galling resistance 
of a surface. It was observed that the sign of Rsk does not have a major influence on galling but its 
magnitude does. If the surface has a high Rsk value, this means that the peaks or the valleys take 
longer time to wear out. Thus, the pockets for accumulation of debris are available for a longer time 
facilitating accumulation of wear debris and eventually leading to initiation of galling.  

Hard PVD coatings and Nitriding 

Hard PVD coatings are commonly used in applications that operate in harsh conditions. In view of 
their suitability under harsh conditions some selected hard PVD coatings were evaluated in paper D. 
The aim was to assess their performance when interacting with the Al-Si coated UHSS at elevated 
temperatures. A DLC coating was also considered for this study as it is a coating well known for its 
low frictional properties coupled with chemical stability. Although DLC coatings are not usually 
recommended for elevated temperatures, this coating was considered as the bulk temperature of 
the tools in the hot stamping process is not extremely high. In addition to the hard coatings, nitriding 
surface treatments were also taken into consideration. Two variants of plasma nitriding were 
studied, i.e. with and without a post-oxidation treatment.  

Despite their good performance in other tribological systems, the PVD coatings used for the study in 
Paper D performed poorly in terms of material transfer behaviour. The three coatings used (AlCrN, 
TiAlN and DLC) underwent severe material transfer (Figure 21). The AlCrN and the TiAlN coatings 
showed the most severe material transfer with the formation of thick lumps. DLC on the other hand 
showed inconsistent behaviour. In some experiments, severe material transfer was observed 
whereas in others only mild galling occurred. Detachment of the DLC coating was also observed in 
some cases, which suggests that the temperature that the tool experienced was much higher than 
the recommended one for the use of this coating. 

 

Figure 21 Galling observed after tribological tests on a) AlCrN, b) TiAlN and c) DLC 
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Analysis of cross-sections obtained by means of a Scanning Electron Microscope (SEM) coupled with 
Focussed Ion Beam (FIB) revealed that the initiation mechanism for the occurrence of galling was 
severe adhesion. In Figure 22, the cross-section obtained from the AlCrN coating is shown. A 
continuous interface between the PVD coating and the transferred layer was observed with no signs 
of porosity at the interface or within the adhered layer.  This behaviour was attributed to an 
increased chemical affinity between the constituents of the Al-Si coating and the PVD coatings. This 
was also confirmed by the high and unstable coefficient of friction observed in these tests. 

The cross-sections also showed that particles of different sizes are mixed and sintered together 
forming the dense layer (Figure 22b). It is unclear as to what the exact constituents of this dense 
layer are but the presence of oxygen suggests that the wear debris was oxidised during the tests. The 
EDS analysis performed on this layer showed no chromium (one of the main constituents of the 
AlCrN coating) suggesting that the constituents of this layer are primarily from the Al-Si coating.  

It is also clear that the coating did not undergo severe abrasive wear. The fact that no traces of the 
AlCrN coating were detected by EDS on the transfer layer and the thickness after the tribological 
tests, suggest that little or no debris from the coating was generated during the tests. 

 

Figure 22 SEM/FIB Cross-section of the transfer layer on the AlCrN coated tool steel. a) an overview and b) a 
detail of the transfer layer 

The results from the plasma nitrided tool steels showed some interesting features. Both specimens 
showed negligible transferred material. In fact, no galling was seen on the post-oxidised specimen. 
The tool steel surface had experienced abrasive wear of the outermost layer generated during the 
nitriding process. A large amount of loose debris could be observed on both of the nitrided 
specimens after the tribological tests (Figure 23).  
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Figure 23 SEM micrographs and EDS spectra of the nitrided tool steel specimens after the tribological tests. 
a) Plasma nitrided with post-oxidation and b) plasma nitrided without post-oxidation. 

The transferred material that was found on the plasma nitrided specimen without post-oxidation was 
in the form of an oxide layer composed of a large amount of wear debris from the tool steel and 
particles of the Al-Si coating. Some authors refer to this layer as a Mechanically Mixed Layer (MML) 
[22]. This layer was characterised by porosity within the layer and also at the surface, suggesting that 
it can detach easily. 

 

Figure 24 Oxide layer formed on the plasma nitrided tool steel without post-oxidation treatment. EDS 
spectra highlights the presence of Al-Si coating particles 

The small amount of wear debris coming from the Al-Si coating suggests that wear occurs 
predominantly on the outermost layer of the tool steel and not so much on the Al-Si coating. The 
analysis of the worn Al-Si coating showed that this behaviour was due to the formation of a 
protective oxide layer formed on its surface. This phenomenon will be further explained in Section 
4.5. 

4.5 Influence of the Al-Si coated UHSS on the occurrence of galling 

It is well known that the tribological response observed in a system cannot depend solely on one of 
the interacting surfaces. The results discussed up until now have focused on analysis carried out on 
the tool steel specimens only. In this section, studies from papers E and F to evaluate different 
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aspects of the Al-Si coated UHSS and their influence on the tribological behaviour during the 
interaction with tool steels are discussed.   

Effect of heating conditions on the Al-Si coating 

In paper E, the effect of pre-hardening of the uncoated and Al-Si coated UHSS on the tribological 
behaviour when sliding against a nitrided tool steel was investigated. In the case of the unhardened 
Al-Si coated UHSS, formation of the intermetallics occurred only in the tests ca
XRD results (Figure 25) showed a very complex pattern of peaks at this temperature, which was 
associated with the formation of different phases later on. The diffractograms obtained for the 
hardened UHSS shows less and more defined peaks which suggest that the phases in the coating 
undergo stabilisation. It is however difficult to determine the exact phases by this method due to the 
large amount of peaks and complexity of the diffractograms.  

 

Figure 25 Surface composition of the Al-Sicoated UHSS after tribological tests at 40, 400, and 800 C. a) 
 

Exposure to high temperatures not only affected the microstructure of the coating as surface 
morphological changes were also observed. In Figure 26, the surface of the Al-Si coating is shown for 
the as-delivered state and after exposure to high temperature. The formation of nodules has been 
associated with the occurrence of melting of the coating when exposed to high temperature. The 
formation of such a surface is important as it will have an effect on the tribological response.  

In paper E, an increased wear of the tool steel was observed when it interacted with a pre-hardened 
UHSS. This was linked to the increased hardness of the coating due to the formation of intermetallics 
coupled with the surface morphological changes.  
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Figure 26 Surface of the Al-Si coating; a) in the as delivered state and b) after exposure to elevated 
temperature 

In paper F, the evolution of the microstructure of the coating was further analysed. It was observed 
that in the as-delivered state, the Al-Si coating is characterised by a low hardness (~55 HV25g). 
Exposure to elevated temperature promotes the formation of intermetallic phases through inter-
diffusion of the Fe from the UHSS substrate and the Al and Si from the coating. A cross-section of the 
coating showing the phases commonly observed before and after exposure to elevated temperature 
is shown in Figure 27. A multi-layered structure is obtained after heating. From bottom to top, the 
layers are: a diffusion layer between the substrate and the coating, a layer containing FeAl2 and/or 
Fe2Al5, an intermediate layer of Fe2Al2Si and finally a layer consisting of Fe2Al7-8Si. It is important to 
note that the Fe2Al7-8Si is seldom observed as it is not stable at the process temperatures (it has a 

38-40, 42]. 

The formation of these intermetallics causes an increase in hardness of the coating. The hardness is 
not homogeneous throughout the thickness of the coating as each phase has a different hardness 
level.  

Figure 27 Phases present in the Al-Si coating; a) as-delivered and b) after exposure to 800 C for 4 minutes 

Two heating temperatures (700 and 900 C) and three different soaking times (0, 4 and 20 min) were 
chosen for the analysis done in Paper F. The heat treatments were carried out using the heating 
within the SRV tribometer chamber. This was done in order to compare the phases observed with 
the ones developed during the tribological tests. In Figure 28, the obtained microstructure for each 
of the conditions used can be observed.  
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Figure 28 Structure of the Al-Si coating for all the conditions used. Figures a) to c) show 0, 4 and 20 minutes 

It was observed that different phases were present at the surface depending on the heating 
conditions. At 700
specimens for a longer time resulted in the formation of Fe2Al7-8Si at the surface. For 
experiments, Fe2Al7-8Si  was already formed at 0 min soaking time and for the other holding times it 
had been dissolved and Fe2Al5 and/or FeAl2 was found at the surface.  

Effect of heat treatments on the tribological behaviour 

Tribological tests were carried out using the heating conditions described in Section 3.2 in order to 
characterise the galling behaviour of the different microstructures obtained. The results are 
summarised in Figure 29 where only results for holding times of 0 min and 20 min are shown. 
Intermediate soaking times experienced similar galling behaviour compared to the one observed 
with 20 min soaking time. 

Severe galling was observed for all soaking times at 700  the main mechanism responsible for 
the initiation of galling was severe adhesion. Thick transfer layers were observed on the specimen 
heated for 0 min soaking time. Furthermore, the transfer layer underwent smearing (Figure 29a). The 
use of long soaking times slightly reduced the severity of galling and the smearing of the transferred 
layer was also noticeably reduced (Figure 29b). 

lumps of agglomerated debris along with smearing of the transferred material were observed. 
Increasing the soaking time from 0 to 4 min, material transfer was considerably reduced but instead 
the occurrence of abrasive wear was observed. 
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Figure 29 Tool steel pin specimens after tribological test at 700 C with soaking time of a) 0 min and b) 20 min; 
and at 900 C with soaking time of c) 0 min and d) 20 min 

The reduction of galling was associated with the formation of a hard and stable phase at the surface. 
For all of the soaking times at 700  and also for the 900
or Fe2Al7-8Si were present at the surface, as can be seen in Figure 28. These phases have lower 
hardness compared to the Fe2Al5/FeAl2 layer formed with longer holding times at 900 C. 
Furthermore, at the testing temperatures, the unalloyed Al+Si would exist in its liquid state and the 
Fe2Al7-8

of the coating at this temperature is related to the presence of molten Al+Si and the low mechanical 
properties of the Fe2Al7-8Si at the testing temperatures. Similarly, when the temperature was 

2Al7-8Si phase was still present in the 
coating but probably in its liquid state or in extremely soft solid state. Consequently, severe adhesion 
occurred when it interacted with the tool steel. 

Tribolayers formed during interaction of tool steels and the Al-Si coated UHSS 

The tribological response is strongly influenced by the formation of surface layers on contacting 
materials. In papers C, D, E and F, aspects of the tribolayers formed during the interaction of tool 
steels and the Al-Si coated UHSS were discussed. 

When uncoated tool steels interact with the Al-Si coated UHSS, wear of the tool steel and the Al-Si 
coating has been observed. The hard Al-Si coating that is developed during heating causes abrasive 
wear of the tool steel. The debris from both surfaces can mix and oxidise within the contact and it 
simultaneously accumulates within the defects or valleys of the tool steel surface and on the Al-Si 
coating. If the tool surface does not provide with sites for accumulation of wear debris, the majority 
of this will be ejected out of the contact or compacted on the surface of the Al-Si coating.  
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The oxide layers formed on the Al-Si coating can protect the coating against wear and reduce the 
occurrence of material transfer. However, if severe material transfer occurs on the tool steel, then 
these layers can undergo damage, Figure 30. This figure shows the Al-Si coating surface after 
interacting against a coarse ground tool steel and against a tool steel ground with SiC abrasive paper 
grit #60. In Section 4.2, it was shown that severe material transfer occurs on the coarse ground tool 
steel and the formation of the transfer layer has damaged the protective oxide layer formed on the 
Al-Si coating surface (Figure 30a). 

 

Figure 30 Worn Al-Si coated UHSS slid against tool steel: a) coarse ground (perpendicular to surface lay) and 
b) ground with #60 abrasive paper. 

The use of nitrided tool steels with and without post-oxidation enabled the formation of stable oxide 
layers. Formation of oxide layers is promoted due to the existence of iron oxide already on the tool 
steel surface, which is formed during the nitriding process. The oxide layer has considerably lower 
hardness (between 600-700 HV) compared to the Al-Si coating (800-850 HV in the Fe2Al5/FeAl2 
phase), therefore a large amount of debris is formed enabling the formation of protective oxide 
layers on the Al-Si coating surface (Figure 31). This reduces the wear of the Al-Si coating and 
consequently material transfer is drastically reduced.  

 

Figure 31 Worn surface of the Al–Si coated UHSS specimens slid against (a) post-oxidised nitrided tool steel 
and (b) plasma nitrided tool steel without post-oxidation 
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Chapter 5 
Conclusions 

 

 

In this work, the tribological interaction between the tools and the work-piece during the hot 
stamping process has been studied through laboratory experiments. The focus of the work has been 
on galling during hot forming of Al-Si coated UHSS, the mechanisms responsible for its occurrence 
and associated parameters. The potential of some selected surface modification technologies for 
controlling galling and wear on the tools has also been explored. The main conclusions of this work 
are as follows: 

Damage to the forming tools occurs due to several mechanisms and galling has been 
identified as one of the most important mechanism. 

It is possible to simulate the occurrence of galling through well designed simulative 
laboratory experiments at elevated temperatures. Through these tests, it has been possible 
to identify the parameters affecting galling and the associated mechanisms. 

Surface topography is of great significance in the occurrence of galling. The surface 
parameters Rsk, Rv, Rp and Sm have been found to be relevant in terms of the galling 
resistance of untreated tool steels.  

The orientation of surface roughness lay with respect to the sliding direction, significantly 
influence the galling behaviour. Parallel sliding with respect to the surface lay reduces the 
galling tendency. 

Severe galling occurs through compaction of wear debris and the process is enhanced with 
the use of high contact pressures and surfaces that enable the entrapment of debris.  

The mechanisms of galling differ for the untreated and surface modified tool steels as severe 
adhesion is dominant in PVD coated tool steels.  

The existing phases in the Al-Si coating strongly influence the galling behaviour and the phase 
transformations of the Al-Si coating are strongly affected by the heating conditions.  

The development of glaze layers significantly reduces the occurrence of galling and their 
formation is enhanced when plasma nitrided tool steels are used. 
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Chapter 6 
Significance of this research 

 

 

The recent years have seen growing usage of ultra-high strength steels (UHSS) for structural and 
safety components in vehicles in view of their superior strength to weight ratios. The manufacturing 
of these complex shaped UHSS components necessitates the use of hot stamping process where high 
temperature tribological aspects are very important to ensure quality of produced parts, durability of 
tools and overall productivity. The understanding and knowledge pertaining to high temperature 
tribological aspects i.e., control of friction, wear and tool damage are highly inadequate.  

This work is an important step forward in this direction. The fundamental issues concerning the 
tribological behaviour, and especially the galling aspects of tool steels during interaction with Al-Si 
coated ultra-high strength steels, at elevated temperature have been investigated in detail. Although 
there are coatings in development for use on the work-piece (UHSS) material, the Al-Si coating is still 
the most widely used coating. Galling remains an important issue in hot stamping of Al-Si coated 
UHSS components.  

This research has therefore focussed on Al-Si coted UHSS and significant progress has been made in 
understanding the main variables associated with galling of tools during hot stamping and the galling 
mechanisms. Some approaches in alleviating (or minimising) galling have also been explored.  

The fundamental knowledge acquired through the realisation of this research is of great importance 
not only to hot stamping industry but also to the researchers engaged in high temperature tribology 
research.  
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Chapter 7 
Future work 

 

 

The knowledge gained through the realisation of this work has been important towards the 
understanding of galling. Nevertheless, there is still plenty of work to be done to fully understand 
and ultimately alleviate the galling problem in forming of Al-Si coated ultra-high strength steels. 

Development of tribological tests that closely simulate the forming operation making use of the 
knowledge gained through this research is the next obvious step.  

Tribological processes including galling, particularly at elevated temperatures, are highly influenced 
by the changes in the surface and near surface characteristics of the contacting materials. The 
understanding of these changes using techniques like high temperature nano-indentation will go a 
long way in enhancing knowledge in this field. 

Surface engineering (including optimal surface preparation) will be the key to alleviate the problems 
associated with galling. Further investigations in this direction will lead to minimising or eliminating 
the galling problems. 
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a b s t r a c t

In metal forming operations such as form fixture hardening, the interaction between the
tools and the work-piece is strongly influenced by the tribological properties at the inter-
face. Damage or excessive wear of the tools can be detrimental to the quality of the final
component and it also has an impact on the process economy due to increased mainte-
nance or more frequent replacement of tools. The objective of this study was to investigate
the damage mechanisms encountered in real form fixture hardening tools in order to
understand the causes of tool failure and ultimately to come up with possible solutions
for this problem.
Advanced techniques such as scanning electron microscope (SEM), energy dispersive

spectroscopy (EDS) were used for obtaining an in-depth understanding of the different
phenomena involved in the failure of form fixture hardening tools. Two different tools
having different hardness values and microstructures that had been used in production
were analysed.
The damage mechanisms found included abrasive and adhesive wear, material transfer,

corrosion and mechanical and thermal fatigue. The main damage mechanism was found to
be cracking caused by mechanical stresses on the surface. Although both tools presented
similar types of damage, the severity was different and it was strongly influenced by the
microstructure.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The favourable strength to weight ratios achieved with ultra high strength steels (UHSS) makes them attractive for many
technological applications. The use of hot stamping is rapidly increasing for the production of UHSS. The process involves
heating a steel blank in a furnace to �950 �C, transferring it to a press tool where it is formed and subsequently quenched
by cooling the tools. Two different processes are typically utilised in hot stamping, direct or indirect. The indirect forming can
involve cold forming of a closed profile, to obtain specialised cross-sections. The part is then heated and formed/quenched in
a tool which provides the final shape and desired mechanical properties of the part. This process is also known as form fix-
ture hardening. Normally, the ultra high strength steel is provided with a coating with a view to avoid oxidation or decar-
burisation during the austenisation of the steel [1]. The use of this coating also provides some friction control during forming
and also protection against wear and corrosion of the produced parts.

Even though the process works well there are some unsolved problems. Some these problems are attributed to the occur-
rence of friction and wear during tool and work-piece interaction and affect both the durability of tools and the quality of the
final product. The thermal and mechanical loads experienced by hot forming tools can result in serious degradation pro-
cesses such as oxidative wear, thermal fatigue, plastic damage and mechanical cracking. This gradually causes changes in
tool dimensions as well as geometry and as consequence of these, tools have to be either refurbished or replaced.
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Mechanical and thermal fatigue is dominating damage mechanisms which are encountered in metal working at high tem-
peratures [2–6]. The initiation mechanisms are different and the sensitivity to either of these two mechanisms depends on
the process. In a study carried out by Sjöström and Bergström [3] they found that thermal fatigue was the primary mecha-
nism in die-casting and hot forging tools and the initiation of cracks could occur within 1% of the tool life.

Given the extreme and harsh conditions at which the tools are working in metal forming processes, the quality and the
properties of the tool materials are very important. It is necessary to optimise the combination of hardness and toughness to
provide the tools with adequate wear and fatigue resistance. In a study carried out by Persson et al. [7], they highlighted the
importance of the properties of the tool materials and also the influence of surface engineering methods on the sensitivity to
thermo-mechanical fatigue.

In this work, two different forming tools have been analysed. Both tools were used in production until they were consid-
ered worn out. An in-depth characterisation of the tools was carried out in order to identify and understand the different
mechanisms that caused the failure of the tools. Microstructural characterisation of the tools was performed to correlate
the influence of the microstructure on the failure mechanisms.

2. Experimental procedure

2.1. Materials

In this study two different form fixture hardening tools were analysed which were identified as tool 1 (T1) and tool 2 (T2).
Each of them had different composition and was used for producing different parts. In the case of T1, the tool was provided
with a nitrided layer and in the hardened and tempered condition. Tool T2 was also nitrided but it was in an unhardened
state. Table 1 shows the chemical composition of the two tool materials.

In Fig. 1 the microstructures of the tools are shown. T1 presented a martensitic structure whereas T2 had a ferritic
structure.

T1 and T2 have been in production in the same process until they were considered unusable. The tool is considered unus-
able when the work-pieces no longer fulfil the quality demands. T1 was used for about 1.5 years in production with esti-
mated cycling repetitions in the range of 80,000–100,000 cycles while T2 was used for 150,000–200,000 cycles.

Segments of the tools were cut out for microscopical examination. In Fig. 2 the tools and the different zones analysed are
shown. Three zones were analysed for each tool and they were identified as Z1, Z2 and Z3 in order to evaluate the micro-
structural changes along the longitudinal direction to the sliding direction (Fig. 2).

2.2. Sample preparation

The specimens were prepared through traditional sample preparation which consisted of grinding, polishing and etching.
The etching agent used was Nital 5%. The specimens for hardness measurements were mounted in Bakelite at about 250 �C
and 138 bar.

Table 1
Chemical composition (wt.%).

Tools Standard specification tool steels C Si Mn Cr Mo Ni V S

T1 AISI P20 modified 0.37 0.3 1.4 2.0 0.2 1.0 – <0.010
T2 Premium AISI H13 0.39 1.0 0.4 5.2 1.4 – 0.9 –

Fig. 1. Microstructure of (a) T1 with martensitic microstructure and (b) T2 with ferritic microstructure.
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2.3. Characterisation techniques

The investigation of the microstructures and surfaces of the tools was performed using scanning electron microscopy
(SEM). Energy dispersive spectrum (EDS) was employed to qualitatively determine the chemical constituents in different
parts of the samples. SEM equipment used was a Jeol JSM-6460 LV microscope fitted with Oxford Inca EDS software.

Hardness profiles of the tools were obtained through micro hardness measurements done on polished cross-sections
using a Matsuzawa MXT-CX micro hardness tester. In these measurements, the load used was 50 g and the indentation time
was 15 s. The tests were done taking five points per depth step; the highest and the lowest values were neglected and then
the average of the remaining three was considered. Optical microscopy was also performed by means of an Olympus VA-
NOX-T microscope.

3. Results and discussion

3.1. Analysis of T1

In case of T1, each of these analysed zones presented different severity of the damage encountered during forming. Z1
presented a severe damage where corrosion and cracks could be observed, Z2 is characterised by cracks on the surface
and Z3 presented little or no wear (Fig. 3). Similar analysis was also carried out in the case of T2 but unlike T1, no signs
of severe corrosion or cracking were observed. It has to be pointed out that for the case of T1; water was flushed on the sur-
face in contact with the work-piece whereas for T2, the cooling was performed by means of cooling channels in the tool.

3.1.1. Microstructure
Fig. 4 shows cross-sectional microstructures of T1 near the worn surface. A homogeneous martensitic structure was ob-

served for all the zones. This suggests that the temperature or the stresses generated during the forming process have insig-
nificant influence on the microstructure of the tool material. Only for the case of Z1 (Fig. 4a), the white layer, which is formed
during the nitriding process on the surface, was not observed. This could be attributed to wear during the forming operation.

3.1.2. Crack formation and surface damage
In Z1 and Z2, cracks perpendicular to the sliding direction were observed (Fig. 5). Straight parallel cracks were observed

(Fig. 5a) without any significant deformations of the grains in the region surrounding the cracks (Fig. 5b). These features sug-
gest that the cracks are formed due to mechanical stresses [8]. The straight propagation of the cracks is caused due to the
brittle nature of the martensitic structure.

Fig. 2. Tools showing (a) the zones analysed for T1 and (b) zones analysed for T2.

Fig. 3. Photographs of T1 surface at (a) Zone 1, (b) Zone 2 and (c) Zone 3.
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A possible explanation for this is that the friction levels between the tool and the work-piece was high and due to the
cyclic stresses due to the forming operation, the material experienced fatigue. In a study carried out by Ghorbanpoor and
Zhang [9] the influence of friction on the nucleation of surface cracks and their growth due to the induced stresses was ex-
plained and it is in agreement with the present observations.

Furthermore, the occurrence of these cracks generated detachment of material at the surface which, at the end, resulted
in a pitting-like damage. Corrosion and oxidation could also be observed where the cracks were generated and between the
faces of the crack (Fig. 5c). The occurrence of oxidation and corrosion at the surface can act as sites for crack initiation and
moreover the oxidation within the cracks is also a factor that influences the rate at which the cracks propagate, as the oxi-
dation damages microstructural boundaries ahead of the crack tip [4]. For T1, cracks induced by thermal fatigue were not
observed.

After analysing the surface of all the zones, it was observed that the wear mechanism was influenced by various factors,
such as corrosion (principally Z1), oxidation, adhesive wear and the formation of cracks. The EDS analysis of the worn sur-
faces showed presence of oxygen in the severely corroded zones and material transfer was also encountered; this transferred
material comes from the work-piece and consists of Al and Si (Fig. 6). It has to be kept in mind that the coating of the work-
piece transforms into hard intermetallics of Al, Fe and Si [10,11], which can be detrimental to the quality of subsequent
formed work-pieces.

3.2. Analysis of tool 2

3.2.1. Microstructure
As in case of the T1, no direct influence of temperature on microstructure was observed on T2. The microstructures were

homogenous in all the different zones (see Fig. 7). However in this case, the microstructure at the surface did undergo defor-
mation caused by the sliding of the work-piece against the tool surface.

3.2.2. Crack formation and surface damage
Fig. 8 shows the appearance of the cracks observed in T2. Similar cracks were found throughout the tool regardless of the

zone, and their appearance was similar in all cases. A general overview and a close up near the surface are shown in Fig. 8a–c
shows an initiated crack at the surface.

The cracks encountered in case of T2 were somewhat oblique to the sliding direction as can be seen from the figures.
These cracks were also parallel to each other as can be observed in Fig. 8a. For this tool, the cracks had a tortuous path.
The cracks seem to have been initiated at the surface and then tend to follow the grain boundaries. The cracks first follow
the grain boundaries of the deformed grains, which gives the appearance of propagation parallel to the sliding direction, but
after leaving the deformed grains the crack propagates towards the bulk, perpendicular to the sliding direction.

As in the case of T1, the appearance of the cracks suggest that the crack initiation was due to tensile stresses at the sur-
face. The main feature of these cracks is that they propagated parallel to each other and were almost perpendicular to the
sliding direction owing to high tangential stresses due to friction. In this case, because of the ferritic microstructure of the

Fig. 4. Cross-sectional microstructure of T1 samples near the worn surface from (a) Zone 1, (b) Zone 2 and (c) Zone 3.

Fig. 5. Cracks encountered in T1; (a) Parallel cracks perpendicular to the sliding direction, (b) un-deformed microstructure and (c) oxidation of the cracks.
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tool material, the grains at the surface underwent plastic deformation and due to the toughness of the material the crack
propagated along the grain boundary. This ultimately caused the difference in the pattern of the cracks compared to those
seen in T1.

It is possible that the microstructure also had an influence on the rate at which the crack propagated, which would also
explain why the unhardened steel was able to operate for a higher number of cycles.

Fig. 6. Surface damage encountered in T1; (a) surface with severe corrosion and oxidation and (b) occurrence of material transfer.

Fig. 7. Microstructure of T2 at the surface from (a) Zone 1, (b) Zone 2 and (c) Zone 3.

Fig. 8. Cracks encountered in T2; (a) Parallel cracks perpendicular to the sliding direction, (b) deformed microstructure and crack following direction of
deformed grains and (c) initiated crack at the surface.
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In addition to the cracks perpendicular to the sliding direction, a network of cracks in the longitudinal (sliding) direction
was also observed (Fig. 9). These cracks seemed to be smaller compared to the cracks encountered perpendicular to the slid-
ing direction. Furthermore, the microstructure around the crack did not show any plastic deformation of the grains.

These features suggest that these cracks were formed due to thermal fatigue of the material. A possible explanation of
why thermal fatigue occurs only on T2 is that this tool was operating for a longer time and hence was exposed to a higher
number of thermal cycles.

It is clear that the main mechanism for the failure of both tools is the occurrence of fatigue induced by tangential stresses
due to friction. Thermal fatigue does seem to occur but it initiates after higher number of cycles.

In a study by Persson et al. [7] it was stated that the nitriding process can have a negative influence on the life of the hot
work tool steels, as their resistance to thermal fatigue is reduced. However in this work, thermal fatigue was found to be not
as severe as fatigue caused by mechanical stresses. An explanation for this could be that the temperature cycles are not as
high as those reported in [7]. It has been observed that the thermal fatigue damage is strongly dependant on the temperature
range of thermal cycling [6].

The surface characterisation of T2 showed that high friction between the work-piece and the tool may have occurred
which resulted in adhesive wear and also gave rise to the deformation of the grains at the surface (Fig. 10a and b). The pres-
ence of adhered material was also observed on this tool (Fig. 10c), but unlike T1, no severe damage due to corrosion or oxi-
dation was observed.

Higher wear was encountered on T2, as the outermost nitriding layer was worn off for most of the surface of the tool.
However it is unclear when this layer was removed. It is possible that the tool material is less resistant to wear due to
the difference in microstructure, but it is also possible that the nitrided layer was removed due to the longer time in
operation.

3.3. Hardness tests

In Fig. 11, optical micrographs of the two tools are presented. It can be seen that the materials had a large difference in the
penetration depth of the nitriding process. For the case of T1 a large compound layer could be observed whilst for T2 it was
only a small layer. A hardness depth profile of the two specimens is shown in Fig. 12.

The hardness depth profiles of the two tools confirmed that both tools had considerable differences between them. Not
only was the microstructure different but also the case depth of the nitrided layer. In the case of T2, the depth of the com-
pound layer was small and the bulk hardness was lower than that of T1, furthermore, hardness decreased drastically in just a
few microns below the surface whereas for T1, it decreased gradually.

Nevertheless, all these differences did not result in inferior performance of the tool T2 in the form fixture hardening pro-
cess. It is possible that the hardness and the microstructure of T2 had beneficial influence of its fatigue resistance. Its wear

Fig. 9. (a) Cross-section of the cracks and (b) Network of cracks on the surface of T2.

Fig. 10. Surface of T2 showing (a) features of adhesive wear, (b) wear and deformation at the surface and (c) adhered material from the work-piece.
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resistance however, seemed to be lower compared to that of T1. Based on the findings of these studies, the resistance to fa-
tigue of the tool steel appears to be an important consideration in preventing premature damage of the forming tools.

4. Conclusions

In this study, the failure mechanisms of two different tools used in the form fixture hardening process were analysed. The
main conclusions of this analysis are as follows:

� The two tool steels differ in their microstructures as well as hardness depth profiles. The microstructure of T1 is mainly
martensitic and has a thick nitrided layer. On the other hand, T2 has ferritic microstructure and its nitrided layer thick-
ness is also considerably smaller (almost 1/6th that of T1).

� The damage to the form fixture hardening tools occurs due to several mechanisms. However, the dominant mechanisms
observed are fatigue and corrosion. The contribution from adhesive and abrasive wear appears to be relatively small.

� The mainly ferritic microstructure of T2 appears to facilitate deformation of the grains and enhances its resistance against
crack propagation. The martensitic tool steel T2 has shown the tendency of brittle cracking.

� Despite their different microstructural and hardness depth profile characteristics, both tool steel are able to work at ele-
vated temperatures encountered in the form fixture hardening process for sufficiently large number of cycles.

� Based on the observations in this work, selecting a tool material that can withstand the stresses generated by friction dur-
ing forming will minimise the damage due to mechanical fatigue.
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The manuscript was received on 21 July 2010 and was accepted after revision for publication on 5 January 2011.

DOI: 10.1177/1350650111398313

Abstract: Galling is a severe form of adhesive wear associated with both cold and hot metal
forming operations. In hot sheet metal forming of Al–Si-coated ultrahigh-strength steel (UHSS),
transfer occurs from the coated UHSS to the tool surface. This leads to poor quality of produced
parts, damage of expensive tooling, and increased downtime for maintenance of the tools. This
study thus aims at identifying the salient mechanism(s), which give rise to initiation/occurrence
of galling at elevated temperatures. This has been accomplished by analysing actual hot forming
tools and through systematic parametric tribological investigations in the laboratory. The ana-
lysis of the actual tools has shown that the transferred layer consists of Al, Si, and Fe. The structure
of the transferred materials is composed of sintered/compacted wear particles. The parametric
study has shown that galling is dependent on the operating conditions. A strong relationship
between the contact pressure and material transfer has been observed. The severity of galling is
lower for smoother surfaces at low contact pressure. However, at high contact pressure, the
influence of roughness under these conditions is insignificant. It has also been observed that
hard-tool steel substrates reduce the severity of galling, particularly, at high contact pressure.

Keywords: friction, galling, material transfer, Al–Si, ultrahigh-strength steel, high temperature

1 INTRODUCTION

Ultrahigh-strength steels (UHSS) are being increas-

ingly used in automotive applications in view of

their high strength-to-weight ratio as it enables the

use of lightweight structural and safety components.

The problems encountered during cold forming of

UHSS such as spring-back, deformation hardening,

and the control of dimensional tolerances can be

overcome using hot sheet metal forming. The process

involves austenitization of the sheet material (work-

piece) in a furnace, transfer to the press tool, forming,

and subsequent in situ quenching of the workpiece

by either indirect or direct cooling. The hot forming

process enables the formation of complex-shaped

components having superior mechanical properties,

better crashworthiness, lighter vehicles, and conse-

quently reduced fuel consumption. However, the

hot-formed uncoated steel sheet components require

an additional shot blasting step for the removal of the

oxide scale formed on their surfaces at elevated tem-

peratures. This scale has to be removed in order to

prepare the surface of the component for subsequent

treatments such as painting. In order to overcome

this problem and make the process more efficient, a

new sheet material has been developed. It is the tra-

ditional boron-alloyed UHSS steel coated with an

Al–Si coating. The idea is that during the heating

step, the Al–Si coating would form an intermetallic

layer together with the Fe in the steel. This results in

a surface having improved corrosion resistance, spot
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weldability, and good paintability without the addi-

tional shot blasting step, since the coated surface

does not form any thick oxide scale [1]. It also pro-

vides protection against decarburization during heat-

ing. Even though the Al–Si-coated UHSS has worked

very well, some problems such as the transfer of the

coating to the rolls in the furnace [2] as well as the

transfer and built-up of the coating material on to

the tool surface have been encountered. The built-

up material on the tool surface adversely affects the

quality of the produced parts due to surface indenta-

tions and geometrical variations beyond the specifi-

cations. This necessitates frequent refurbishing of the

tools resulting in increased downtime and reduced

productivity in hot sheet metal forming.

A review of recent work has shown that there is very

little information available in the open literature con-

cerning galling despite its significance in hot forming.

Most of the earlier studies have focussed on the gall-

ing mechanisms at low temperatures. Some studies

have highlighted the role of surface roughness or sur-

face defects as these can act as galling initiation sites.

Smooth surfaces have shown better performance

both in dry and lubricated contacts [3–5]. The hard-

ness and surface modification of the tool materials

have also been reported to influence the galling pro-

cess [3, 6]. In lubricated contacts, it is not only the

surface roughness but also the interfacial tempera-

ture that plays an important role in the occurrence

of galling. It has been found that improved heat dis-

sipation enhances the galling resistance [6]. Gåård

et al. [7] reported that when temperature increases,

the sliding distance before occurrence of severe adhe-

sive wear decreases.

The authors have previously investigated the high-

temperature tribological properties of Al–Si-coated

UHSS during sliding against different tool steels

with and without surface treatment/coating [8–10].

These results have shown that the application of an

Al–Si coating on theUHSS reduces friction at elevated

temperatures as a result of decrease in adhesive com-

ponent of friction. Since the intermetallic layer on the

UHSS is very hard, it also induces more wear on the

mating tool steel surface as a result of abrasive wear.

This has also been reported in other studies [11].

Transfer of the Al–Si coating was observed and its

severity decreases when the tool steel surface is

coated and/or plasma nitrided. The mechanisms

responsible for the initiation of galling have, however,

not yet been clearly identified and fully understood.

The aim of this study is thus to study the transfer of

Al–Si coating on actual production tools and analyse

the composition, morphology, and appearance as

seen on the actual forming tools. Further, a paramet-

ric study has also been conducted to investigate the

influence of salient parameters on the galling/mate-

rial transfer problem, such as surface roughness, con-

tact pressure, and hardness of the tool steel with a

view to identify the conditions which give rise to the

occurrence of galling.

2 EXPERIMENTAL

The experimental studies undertaken during the

course of this study involved analysis of real hot form-

ing tools and a parametric study for investigating the

influence of different operating variables on the

occurrence of galling. Details of the experimental

work carried out for each of these studies are

described below.

2.1 Analysis of actual hot forming tools

In this study, actual hot work tool steel made of con-

ventional cast steel was analysed. The tool was used

in the hot stamping process of Al–Si-coated UHSS.

Overall, 200 000 parts were produced using this tool

and about 3000 parts were produced since the last

regrinding operation. The specimens for analysis

were cut out from the tool using spark-erosion cutting

process with a view to minimize the heat generation

and avoid any microstructural changes. Several hot

forming tools were also visually examined in the pro-

duction plant.

2.2 Tribological studies for investigating the

influence of different parameters on galling

The tribological tests were carried out using an

Optimol SRV high-temperature reciprocating friction

and wear tester. In this, an upper specimen (tool steel

pin) is loaded against the lower stationary disc

(UHSS) and oscillated by means of an electromag-

netic drive. The lower specimen is mounted on a spe-

cimen block incorporating a cartridge heater which

enables tests up to a temperature of 900 �C. A com-

puterized control and data acquisition system

enables in the control and measurement of different

test parameters.

2.2.1 Test materials

The specimens used in these tribological tests were an

upper pin of Ø2mm made from a hot work tool steel,

which was the same steel as the actual tool steel, and a

lower disc (Ø16mm and 1.7mm height) made from

Al–Si-coated UHSS which was welded onto a steel

backing plate ofØ24mm and 6.3mm height. The spe-

cimens used for the investigation had hardness values

of 44, 48, and 52 HRC and the differences in hardness
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levels were achieved through heat treatments. The sur-

faces of the tool steel specimens were produced using

grinding, milling, and polishing processes.

The lower disc was a commercial Al–Si-coated

UHSS, the coating is composed of aluminium and

silicon and it has a thickness of approximately 25 mm.

In Fig. 1, the three-dimensional (3D) optical surface

profiler images of the upper pin specimens and the

disc are presented. The sliding direction used in the

tribological tests is also shown in this figure.

Figure 1(d) shows the disc specimen surface in the

as-delivered condition. However, this specimen

undergoes a phase transformation at high tempera-

tures, which is also reflected in the appearance of the

surface and also an increase in its roughness from

2.44 to 3.15 mm.

2.2.2 Test procedure

Before the tests, all specimens and specimen holders

were wiped clean using ethanol. The upper pin speci-

men was kept separated from the lower disc during

heating and the holding time. The lower specimen

was then heated. This was done with a view to closely

simulate the actual process, in which the workpiece is

first heated up and then it comes into contact with the

cooler tool. Once the desired temperature was

reached (900 �C), the lower (workpiece) specimen

was retained at that temperature for 4min to allow

sufficient time for the diffusion while still separated

from the upper (tool) specimen.When a time of 4min

had elapsed, the pin was loaded against the disc and

the test was started. On completion of the test, the

specimens were left to cool in air and then removed

and analysed.

During the forming process, the sheet material is

normally retained at high temperature for certain

duration inside the furnace before being deformed.

Interdiffusion between the constituents of the coat-

ing and the steel substrate takes place to form inter-

metallics [1, 12]. In order to simulate the thermal and

microstructural evolution processes during the tribo-

logical tests, different holding times for disc speci-

mens at elevated temperatures were tried. The

resultingmicrostructure of the Al–Si-coated steel spe-

cimen from the laboratory tests for a holding time of

4min was found to be similar to that obtained during

the actual process.

The parameters used for the tribological tests are

given in Table 1. Tests at 10 and 20MPa were carried

out for each hardness level and surface roughness of

the tool steel specimens. The influence of contact

Fig. 1 3D optical surface profiler images of the upper and lower specimens showing the sliding
direction: (a) ground upper specimen (Ra¼ 1.20–2.74 mm), (b) milled upper specimen
(Ra¼ 2.31–2.44 mm), (c) polished upper specimen (Ra¼ 36.34–50.86 nm), and (d) as-deliv-
ered lower specimen (Ra¼ 2.26–2.62 mm)
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pressure, hardness, and surface roughness was then

evaluated.

2.3 Surface characterization

The actual tool was analysed using scanning electron

microscopy/energy dispersive spectroscopy (SEM/

EDS) to study the nature of the transferred material

on the surface of the tool.

The test specimen from the tribological tests was

also analysed by SEM/EDSwith a view to qualitatively

study the transferred material under different operat-

ing conditions. In order to distinguish the different

phases present on the surface, SEM micrographs

were taken using the backscattered electrons.

3 RESULTS

This section presents the results obtained from the

analysis of the real production tools and from the

parametric study using the laboratory-scale tribolog-

ical tests.

3.1 Analysis of real production tools

Figure 2 shows the images of a section of a hot form-

ing tool where material build-up has occurred. The

material transfer occurs mainly on curved surfaces

and lumps of built-up material can be seen in these

regions. There are also some dark features seen

mainly in the flat regions of the tool where moderate

material transfer has taken place.

Figure 3 shows higher magnification images of the

transferred material. It can be seen from Fig. 3(a) that

the coating material has adhered to the asperity tips.

This image was taken some distance away from the

thicker lumps formed; therefore, it indicates the ini-

tiation of galling. A grown transferred layer can be

observed in Fig. 3(b) where a thicker layer could be

observed; this image was taken closer to the large

lumps. A large lump developed on the surface of the

tool can be seen in Fig. 3(c); this lump presented a

smooth surface. A close-up of one of the large lumps

formed can be observed in Fig. 3(d). The structure of

this built-up material consists of several compacted

adherent coating and tool material fragments.

3.2 Parametric study using high-temperature
tribometer

The results from the parametric study and analysis of

transferred material on the upper (tool steel) speci-

mens are presented in this section. In the figures, the

dark zones correspond to the transferred Al–Si coating

and the brighter zones correspond to the tool steel sub-

strate. The EDS spectra from the different zones con-

firm that the dark zones correspond to the transferred

coating and the bright zones to the tool steel (Fig. 4).

3.2.1 Tribological tests with contact pressure of
10MPa

Figure 5 shows a comparison between ground,

milled, and polished surfaces for specimens having

a hardness values of 44, 48, and 52 HRC, respectively.

Fig. 2 Typical appearance of built-upmaterial on hot forming tool surfaces showing: (a) moderate
martial transfer and (b) lumps formed on the surface

Table 1 Test parameters

Test parameters Value

Normal load (N) 31 and 63
Nominal contact pressures (MPa) 10 and 20
Temperature (�C) 900
Stroke length (mm) 4
Frequency (Hz) 12.5
Duration (s) 30
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Fig. 3 Transferred material onto the tool surface: (a) adhered material on the asperity tips,
(b) growing transfer layer, (c) formed lump through compaction of debris, and (d) structure
of the compacted debris

Fig. 4 EDS analysis of the bright and dark zones observed in backscattered mode
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These tribological tests were carried out with a nom-

inal contact pressure of 10MPa.

In the case of the specimens with 44 HRC (Figs 5(a)

to (c)), the ground specimen showed considerably

more transferred material compared to that of the

milled and the polished specimens. It can also be

observed that the contact was not uniform and a

thick lump of material was formed.

The differences between the milled and the pol-

ished specimens were not clearly distinguishable.

The contact was homogenous on both of them and

the dark areas, i.e. of transferred material, were few

and distributed over the surface.

The results from specimens with hardness of 48

HRC (Figs 5(d) to (f)) showed that, compared to the

case of lower hardness, surface roughness did play an

important role in terms of the severity of transferred

material. More transfer could be observed on the

ground surface compared to the milled and polished

specimens. The darker areas were more evenly

distributed and the surface coverage was greater

than that of the specimen with 44 HRC. Further, no

lumps are seen in this case.

As in previous cases, the specimenswith a hardness

value of 52 HRC (Figs 5(g) to (i)) also showed that less

material was transferred to the milled and polished

specimens compared to the ground specimen which

presented large dark area. Further, no big differen-

ces could be seen between milled and polished

specimens.

3.2.2 Tribological tests with contact pressure
of 20MPa

In order to determine the influence of contact pres-

sure, tribological tests using a higher load were also

carried out on specimens with hardness values of 44,

48, and 52 HRC, respectively. Three different surfaces

(i.e. ground, milled, and polished) were used in these

tests.

Fig. 5 SEM micrographs of the upper specimens (tool steel) after the tribological tests from:
(a) ground/44HRC, (b) milled/44 HRC, (c) polished/44HRC, (d) ground/48HRC,
(e) milled/48 HRC, (f) polished/48HRC, (g) ground/52HRC, (h) milled/52 HRC, and
(i) polished/52HRC. Contact pressure: 10MPa; sliding direction: left to right
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Figure 6 shows the SEM micrographs of the upper

test specimen surfaces after the tribological tests.

When specimens with hardness of 44 HRC were

used (Figs 6(a) to (c)), the influence of roughness

was not very significant. All three samples have

shown considerable material transfer and this behav-

iour was similar in all cases.

The specimens with 48 HRC are shown in Figs 6(d)

to (f). A relation between the roughness and the resis-

tance to galling could be observed in this case,

although the difference was not significant. These

specimens have, in general, shown relatively less

material transfer than those of lower hardness.

Relatively larger coverage of the surface could be

observed on the ground specimen as compared to

that of the milled and polished specimens.

The tests carried out using specimens with 52 HRC

(Figs 6(g) to (i)), showed different behaviours com-

pared to those of 44 and 48 HRC values. It is clear

that for this hardness, surface roughness plays a

more important role in reducing material transfer.

The SEM micrographs clearly show that the ground

specimen was the one in which more material trans-

fer occurred. The milled and the polished specimens

showed considerably less material transfer but the

difference between them is not large. It is also clear

that these harder specimens resulted in less material

transfer compared to the tool steels with lower

hardness.

3.2.3 Frictional behaviour

In Fig. 7, representative friction curves corresponding

to the specimens with hardness of 44 HRC are shown.

Similar behaviour was found for all the other hard-

ness values, and good reproducibility of the frictional

behaviour in different tests was observed. In general,

the friction coefficient during most of the tests had a

Fig. 6 SEM micrographs of the upper specimens (tool steel) after the tribological tests from: (a)
ground/44HRC, (b) milled/44 HRC, (c) polished/44HRC, (d) ground/48HRC, (e) milled/48
HRC, (f) polished/48HRC, (g) ground/52HRC, (h) milled/52 HRC, and (i) polished/52HRC.
Contact pressure: 20MPa; sliding direction: left to right
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tendency to increase towards the end. When a nom-

inal contact pressure of 10MPa was used (Fig. 7(a)),

more unstable friction curveswere obtained, contrary

to the tests carried out using nominal contact pres-

sure of 20MPa, where friction remained very stable

throughout the test duration (Fig. 7(b)).

4 DISCUSSION

This section discusses the results obtained from the

analysis of the real production tools and from the

parametric study using the laboratory-scale tribolog-

ical tests.

4.1 Analysis of real production tools

During hot forming, fragments of the Al–Si coating

are transferred onto the tool surface. Figures 3(a) to

(c) can be considered as a step-by-step formation of

the transferred material. Most of these coating frag-

ments adhere to the asperity tips (Fig. 3(a)). Once this

process has occurred, further adhesion of the coating

continues in the regions of the already adhered

material which allows for a growth/thickening of

the transfer layer (Fig. 3(b)). Further (repeated) slid-

ing interaction of workpiece–tool interaction results

in build-up of large adhered material fragment

(Fig. 3(c)).

It may, however, be kept in mind that the built-up

material can also contain hard intermetallics [1, 12].

These lumps of built-up material become load-

bearing surfaces and get smoothened during subse-

quent operation. However, these appear to be brittle

in nature. It is likely that the built-up layer undergoes

cracking after attaining some critical thickness.

Hence, the formation of the built-up layers and

their subsequent cracking not only impair the quality

of the produced parts but also leads to the premature

failure of the forming tools.

4.2 Parametric study using high-temperature

tribometer

4.2.1 Tribological tests with contact pressure
of 10MPa

A careful examination of the different specimens

from tribological tests clearly shows that the surface

roughness had a big influence on the transfer of

material. The surface valley regions on the ground

tool specimen provided sites for wear debris entrap-

ment and accumulation. The debris gets compacted

under the operating contact pressure and eventually

lead to the larger transfer layer and material build-up

on the tool surface.

It is, however, hard to distinguish the difference

between milled and polished surfaces in terms of

material transfer behaviour. In general, both these

surfaces showed similar results: marginal transfer

and quite uniform contact. Machining marks from

milling are no longer observed after the tests indicat-

ing the occurrence of wear and/or deformation of the

surface. The wear debris formed were not trapped or

easily embedded onto the surface.

The role of hardness is not as obvious as the role of

roughness in the occurrence of material transfer. In

general, all the specimens behaved in a similar

manner regardless of the tool specimen hardness.

Although some differences can be observed, these

are not very significant and do not provide a clear

distinction between the specimens.

4.2.2 Tribological tests with contact pressure
of 20MPa

The results from the tests carried out using a nom-

inal contact pressure of 20MPa, differ considerably

between the different specimens. In general, influ-

ence of surface roughness was not significant at the

higher contact pressure. This was particularly

Fig. 7 Friction curves of Tool Steel 1 specimens with 44HRC using a nominal contact pressure of:
(a) 10MPa and (b) 20MPa
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evident in the tests using specimens of 44 and 48

HRC values where significant material transfer was

observed on all the specimens. In tests conducted

at lower nominal contact pressure, both the milled

as well as the polished specimens showed negligible

transfer and the ground specimen was the only one

showing significant material transfer (Section 3.2.1)

This suggests that at higher contact pressures, the

surface asperities are subjected to rapid wear and

plastic deformation. Consequently, all the specimens

acquired similar surface roughness in a very short

time irrespective of their initial roughness.

Higher contact pressure also led to an increase in

the transferred material to the tool specimen. A pos-

sible explanation for this is that even though the sites

where debris could be trapped were reduced due to

flattening of the surface, the higher contact pressure

allowed for easier adhesion of the coating onto the

surface as well as compaction of debris as a result of

the sliding action.

Contrary to what happened at 10MPa, the role of

hardness was more evident at 20MPa nominal con-

tact pressure. The differences between 44 and 48

HRC values are not very significant; however, 52

HRC showed considerably reduced material trans-

fer, particularly, in case of milled and polished

specimens.

It seems that galling mainly occurred through the

entrapment and compaction of wear debris and its

severity increased at higher contact pressure. Higher

hardness meant a decrease in the amount of gener-

ated wear debris, which for the milled and polished

specimens resulted in a reduced amount of material

transfer. For these specimens, the main mechanism

was adhesion which is reduced when steels with

higher hardness were used. For the case of the

ground specimen, higher hardness possibly

decreased the rate at which the surface was flattened

allowing for increased debris entrapment and ulti-

mately higher material transfer.

4.2.3 Frictional behaviour

Galling is normally associated with instabilities in the

frictional behaviour [13]. When severematerial trans-

fer occurs, unstable friction behaviour is commonly

seen. In this study, friction instabilities were observed

in tests where no severe galling occurred. In Fig. 7(a),

for example, rather unstable friction was observed for

all the specimens; however, only the ground specimen

showed high amount of transferred material. In the

case of higher contact pressure, similar behaviour in

all the specimens could be observed in terms of fric-

tion (Fig. 7(b)) and material transfer (Figs 6(a) to (c)).

In general, the use of the friction curves for identi-

fying the occurrence of galling is difficult. It seems

that when using low contact pressure, the friction

value is sensitive to changes at the interface which

are not necessarily related to galling. Higher contact

pressure tests on the other hand appear to be more

robust, and only big changes at the interface, such as

severe galling generates instabilities of the friction

curves.

4.3 Formation of the transferred layer

In this section, the mechanisms that lead to the for-

mation of the transferred layers are discussed.

It has been observed that several parameters have

an effect on the galling process and the significance of

each of these parameters strongly depends on the

conditions.

For example, consider the case of the ground speci-

men and a nominal contact pressure of 10MPa. Wear

of the asperities does not occur at a high rate and the

valleys act as the reservoirs for debris, as can be seen

in Fig. 8. As sliding progresses, the asperities are worn

off and the trapped wear debris enters into contact

and gets compacted due to the load and the sliding

action.

In the case of the polished and milled specimens,

entrapment of the debris cannot easily occur owing to

the absence of deeper grooves. However, it was

observed that even though there was not much trans-

fer, some darker zones of the Al–Si coating could be

observed. Figure 9 shows that these zones are formed

mainly due to adhesion. Fragments or debris from the

coating are adhered onto the tool steel specimen

during the sliding. It is also clear from the figure

Fig. 8 SEM image of a ground specimen after sliding
showing the accumulated wear debris and the
compacted debris after asperities have been
worn off
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that the adhered material is then flattened and

smoothened. The layers start building up from

there, but in the case of the polished and milled sam-

ples, the rate at which this occurs is slow and results

in very little transfer of material. Similar mechanisms

have been proposed by Herai et al. [14] and Gåård

et al. [15]. They showed that, initially, transfer of

sheet material to the tools surface occurred and sub-

sequent forming operations resulted in accumulation

and growth of the adhered sheet material in a layered

type of structure.

A similar mechanism has been seen in case of tests

at a nominal contact pressure of 20MPa. This contact

pressure induced higher wear rates and deformation

of the asperities, and hence flattening of the surface.

The severity of adhesion of the coating increases

owing to high contact pressure thereby resulting in

higher material transfer. The high contact pressure

also enhances the compaction of wear debris and

thereby resulting in formation of thicker transfer

layers.

When the transfer layer forms, it becomes a site

where more wear debris get adhered, accumulated,

and compacted eventually resulting in formation of a

thick layer (Fig. 10). This facilitates entrapment/accu-

mulation of more particles and lead to formation of

big lumps or material build-up. This of course does

not occur in all the specimens and also not to the

same extent. For instance, only a lump developed

on the ground specimen with hardness of 44 HRC. A

possible factor for this to occur could be the severity

of the contact pressure as it was observed that the

whole surface of the specimen was not in contact

during the test. Owing to this, the contact encoun-

tered higher contact pressure and thereby enhanced

the compaction of the wear debris.

The large features, formed by compacted wear

debris are very similar to those seen on actual tools

(Fig. 11). The debris generated from the lower and the

upper specimens are trapped (either within grooves

or by a transfer layer acting as an obstacle). Due to the

contact pressure and sliding action, they form com-

pacts which eventually develop into thick features or

lumps.

5 CONCLUSIONS

In this study, the problem of galling during hot form-

ing of Al–Si-coated high-strength steel has been

investigated and the effect of different parameters

on initiation of galling has been studied. The main

Fig. 9 SEM image showing: (a) adhered material on the surface and (b) smeared transferred
material due to sliding

Fig. 10 SEM image showing the transferred layer
acting as an obstacle for the movement of
debris and zone of compaction
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conclusions of this study are as follows.

1. The results obtained from simulative tests in labo-

ratory at high temperature and in the actual oper-

ation correlate well.

2. Severe galling occurs mainly through compaction

of wear debris and the process is enhanced with

the use of high contact pressures. Adhesion has

also been observed, but it led only to mild material

transfer.

3. Instabilities on the friction curves at high contact

pressures enable in identification of initiation of

the galling process. At low contact pressure, there

is no direct correlation between sudden changes in

friction and galling.

4. At low nominal contact pressure, the role of sur-

face roughness is very significant in the occurrence

of galling. The rougher surfaces result in more

material transfer and the effect of the tool hardness

on the galling process is not very significant.

5. At a nominal contact pressure of 20MPa, the role

of surface roughness is not as significant as that at

10MPa,mainly owing to the flattening of the rough

asperities. The role of hardness in the galling

process becomes important mainly at the higher

contact pressure, and higher hardness seems

beneficial in reducing the material transfer.

Compaction of wear debris and adhesion are also

enhanced at higher contact pressure and result in

the formation of thicker transfer layers.
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Table 1. Surface topography values of the ground pin specimens.

Figure 1 3D Optical surface profiler images of pin specimen surfaces after: a) coarse grinding and 
mild grinding with abrasive paper of grit: b) #60 c) #120 and d) #240.

Type of surface Sa (μm) Rp (μm) Rv (μm) Sm (μm) Rsk Rku

Coarse grinding

Mild grinding, grit 60

Mild grinding, grit 120

Mild grinding, grit 240
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Table 2. Test parameters

Test parameters Value

Normal load

Nominal contact pressure

Temperature

Stroke length

Frequency
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Figure 2 Frictional behaviour of the a) coarse ground specimen, b) grit #60 ground specimen and c) 
coarse ground specimen with parallel sliding. (Repeat tests shown for each type of surface)

Figure 3 SEM micrographs of the tool steel specimens after the tests: a) coarse ground, b) mild 
ground grit #60, c) mild ground grit #120 and d) mild ground grit #240

Coarse grinding Ground to #60

Ground to #120 Ground to #240

a) b)

c) d)
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Figure 4 SEM micrographs of the worn tool steel specimens: a) perpendicular sliding to the surface 
lay, b) parallel sliding to the surface lay orientation (middle) and c) parallel sliding to the surface lay 
(edge). 

a) b) c)
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Figure 5 a) BSE micrograph of the tested tool steel, b) grey scale differentiating zones with and without material
transfer, c) image processing to extract the dark grey zones and d) calculated covered area ratio

Table 3. Covered area percentage after the tribological tests

Type of surface Average surface roughness 
(Sa) 

Covered area 
(%)

Coarse ground (perpendicular sliding)

Coarse ground (parallel sliding)

Mild grinding, # 60 

Mild grinding, # 120 

Mild grinding, # 240 
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Figure 6 3D optical surface profiler images of the worn tool steels a) coarse ground slid 
perpendicular, b) coarse ground slid parallel, c) ground with #60 abrasive paper slid perpendicular 
and d) ground with #240 abrasive paper slid perpendicular

Table 4. Surface topography values of the ground pin specimens after tribotests

Type of surface Ra (μm) Rp (μm) Rv (μm) Sm (μm) Rsk Rku

Coarse ground parallel

Coarse ground perpendicular

Mild grinding, # 60

Mild grinding, # 120

Mild grinding, # 240
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Figure 7 Wear of discs slid against pin specimens: a) coarse ground (perpendicular to surface lay), b) 
ground with #60 abrasive paper and c) coarse ground (parallel to surface lay)
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Figure 8 Comparison of parameters relevant for the occurrence of galling, a) coarse ground surface 
and b) mild ground specimen

Figure 9 SEM micrographs of surface features where wear debris accumulates and gets compacted.

glaze layers 
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Figure 10 SEM cross section of a protective glaze layer formed on the Al-Si coating surface
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a b s t r a c t

Occurrence of galling in hot forming is detrimental to the quality of produced parts and process economy.
Material transfer from Al–Si coated work-piece to the tool material has been studied in this work. PVD
coatings (AlCrN, TiAlN and DLC) on tool steel substrate have been considered as well as plasma nitriding
and their tribological behaviour was compared to the case of an untreated tool steel. Galling initiates
through accumulation and compaction of wear debris when untreated tools are used whereas the PVD
coatings resulted in increased galling due to adhesion. Plasma nitrided tool steel showed negligible
galling due to formation of glaze layers and the formation of such layers depends on the occurrence of
wear of the nitrided tool steel.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In metal forming processes, the quality of the produced parts as
well as the life of the forming tools are vital for the economy of the
process. In any forming process, the monitoring and control of
wear of tools is therefore extremely important. Ultra-high strength
steel (UHSS) parts are nowadays commonly produced by means of
hot forming processes. In many instances, the UHSS is coated with
an Al–Si coating which at high temperatures interacts with the Fe
from the work-piece steel substrate and forms hard intermetallic
phases [1–3]. These intermetallics drastically affect the tribological
behaviour of the system and can cause wear of both the tools and
the produced parts.

As a severe form of adhesive wear, galling of tools is a frequent
and major problem when forming the Al–Si coated UHSS. It not
only adversely affects the produced parts but also increases the
downtime for maintenance of tools. In metal forming, at low and
elevated temperatures, surface roughness of the tools has been
found to be of great importance in galling initiation [4–6]. In his
study [5], Schedin observed that galling has a tendency to initiate
at the irregularities on the surface. He further stated that keeping
in view the way galling initiates (adhesion), material transfer
cannot be completely avoided and only the growth rate of the
transferred layer may be controlled. During the forming process,
die corners are regions where temperatures and normal contact
pressures are high and these sites are prone to galling. It has been

proposed that high local temperature and normal contact pressure
can be of great importance in the occurrence of galling [7].

Surface engineering has been suggested as a possibility to
overcome galling as this can prevent adhesion between the tool
and the work-piece surfaces. At low temperatures, DLC coatings
have been reported to have good galling resistance in lubricated
conditions, and with smoother surface even under dry conditions
[6,8]. Eriksson and Olsson [9] evaluated the galling and wear
characteristics of CrN, Ti, AlN and CrC/C PVD coatings in lubricated
sliding contact with different high strength steel sheets. They
suggest that besides the frictional properties of the coatings, the
size and density of surface defects also influence the material pick-
up tendency since both macro particles and shallow craters will
affect the interaction with the counter surface.

Some studies pertaining to the use of lubricants for reducing
galling problems in hot stamping have been done [10]. It was
found that the use of lubricants helps in decreasing the stamping
load and the die wear. However, it is unclear whether the use of
such lubricants would have a beneficial effect in reducing galling
during hot forming of Al–Si coated UHSS. The influence of surface
engineered tool steels and the tool steel grade has also been
considered by some researchers [11,12]. The use of some coatings
on the tool steel has been reported to have a negative effect on the
wear of the produced parts (work-piece) and in some cases the use
of coatings also increased galling tendency in hot stamping. Boher
et al. [12] found that for all the tool steel grades, adhesion of fine
particles from the Al–Si coating onto the tool steel surface was
prevalent. They suggested that modification of the chemistry of
the tool steels could lead to a better adhesion and abrasion
resistance.
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The authors in their previous work also observed that accu-
mulation and compaction of debris are key features in material
transfer when uncoated tool steels slide against Al–Si coated UHSS
[13,14]. Big lumps of material develop due to accumulation of
debris and this effect is enhanced under high contact pressures.

In the case of the Al–Si coated UHSS sliding against uncoated
tool steels, the surface topography of the tools plays an important
role in the occurrence of galling. In a recent study [14], the authors
have identified that surface topography parameters such as Rsk,
Rv, Rp and Sm are of great importance when describing the
susceptibility of a tool steel surface to initiate galling as these
parameters relate to sites where debris can be accumulated.

Despite these efforts, the detailed mechanisms responsible for
galling of Al–Si coated UHSS at elevated temperatures are not yet
fully understood. An understanding of the initiation mechanisms
is necessary in order to develop new and improved ways of
alleviating galling. The main aim of this work is therefore to
clearly describe the galling mechanisms that are encountered
during the interaction of Al–Si coated UHSS with tool steels, with
and without surface modification. The surface modifications
studied in this work were hard PVD coatings and plasma nitriding.

2. Experimental

2.1. Experimental materials and test specimens

The tool steel specimens used for the tribological tests were in
the form of a pin of Ø2 mm made from a quenched and tempered
tool steel. Three variants of the pin specimens were used;
uncoated tool steel specimens, PVD coated specimens and plasma
nitrided specimens. The chemical composition of the tool steel is
the same as that commonly used in the actual hot stamping
process and it is a quenched and tempered tool steel.

The uncoated tool steel specimens were used with two differ-
ent surface finishes; one surface was prepared by coarse grinding
whilst the other surface was obtained by milling. The surface
roughness Sa was 2.7 mm and 2.4 mm respectively.

The three different PVD coatings that were considered were
AlCrN, TiAlN and a DLC (diamond like carbon). The coatings were
deposited on polished and nitrided tool steel specimens resulting
in a duplex surface modification. Before the surface modification,
the specimens were polished to a surface roughness (Sa) of
�50 nm.

It is known that after PVD coating deposition, surface defects
are created. It has to be kept in mind that the effect of surface
irregularities may be amplified when hard coatings are used.
To consider the effect of surface defects, polishing of the PVD
coatings was done until a surface roughness of �90 nm was
achieved.

In Fig. 1, micrographs of the cross-section of the PVD coated
pins are shown. As can be clearly observed, the TiAlN coating is the

thickest (�10 mm) and the thinnest is the DLC coating (�2 mm).
The AlCrN had a thickness of �3 mm.

Plasma nitriding treatment without any coating was also
considered and two of its variants were studied; one was
a traditional plasma nitriding process and the other was plasma
nitriding with a post-oxidation treatment. Fig. 2 shows the oxide
layer formed during the post-oxidation treatment. Similar to the
previous case, the specimens were also polished to a surface
roughness Sa of 50 nm before the surface treatment.

The cross section of the oxide layer formed during the post-
oxidation treatment, Fig. 2, revealed that the layer is relatively
dense, only a small amount of pores could be observed. It is also
well adhered to the substrate. The thickness of this layer is �3 mm.

The properties of the evaluated pin specimens are listed in
Table 1. The hardness and operating temperature values of the
PVD coatings given in this table were provided by the supplier, the
surface roughness Sa and the thickness values were obtained from
laboratory measurements using a 3D optical profiler and SEM
cross sections respectively. The values of the plasma nitrided
specimens were all measured in laboratory. The hardness of the
plasma nitrided specimens was taken at the surface using a micro
Vickers hardness test using a load of 200 g for 15 s.

The counter material specimen for the tribological tests was in
the form of a disc. The geometry was Ø16 mm and 1.7 mm height
and it was an Al–Si-coated UHSS which was spot welded onto a
steel backing plate of Ø24 mm and 6.3 mm height. The surface
roughness of the Al–Si coated specimen was �2.5 mm in the as
delivered condition.

2.2. Test equipment and procedure

Tribological tests were carried out using an Optimol SRV high-
temperature reciprocating friction and wear tester. The detailed

Fig. 1. SEM images of the cross section of the as delivered (a) AlCrN, (b) TiAlN and (c) DLC coatings.

Fig. 2. Cross section of post oxidation layer formed on the plasma nitrided specimen.
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description of the tribometer can be found in [3]. Before the tests,
all specimens were cleaned with ethanol and dried. The upper
pin (tool steel) specimen was kept separated from the lower disc
(Al–Si coated UHSS) during heating. Once the desired temperature
was reached (800 1C), the lower specimen was retained at that
temperature for 4 min to allow sufficient time for the diffusion of
the Al–Si coating while still separated from the upper specimen.
The 4 min holding time used in this work provide with a micro-
structure that correlates well with the one encountered in the
actual forming process. When the holding time had elapsed, the
pin was loaded against the disc and the test was started. On
completion of the test, both specimens were left to cool in air and
then removed and analysed. Repeat tests for all conditions were
carried out with new specimens, tool steel pin and work-piece
disc, in order to assess repeatability of the galling mechanisms.

The test conditions used for the tests carried out in this work
are presented in Table 2.

2.3. Analysis equipment

The techniques used for analysis of the test materials were a
Scanning Electron Microscope (SEM) with Energy Dispersive
Spectroscopy (EDS), an SEM coupled with Focus Ion Beam (FIB)
was also used for cross section analysis of the transferred material.
The surface roughness of the test specimens was measured by
means of an 3D optical surface profiler.

3. Results and discussion

In this section the results obtained after the tribological tests
will be shown. Furthermore, the galling mechanisms onto the tool
steels as well as the wear mechanisms on the counter specimens
will be discussed.

3.1. Galling mechanisms on uncoated tool steel

Tribological tests with uncoated tool steels presented two clear
differences, in terms of galling, directly related to the surface of the
tool steel. As seen in Fig. 3, severe galling occurred on the ground
tool steel surface whilst some sparse and thinly smeared layers of
transferred material were observed on the milled tool steel surface.

A schematic representation of the initiation mechanisms for
occurrence of galling is shown in Fig. 4. It was identified that

galling onto the uncoated tool steel surface occurred by direct
adhesion, (adhesive galling) and by accumulation and compaction
of wear debris, (compaction galling).

For the uncoated tool steel specimens, galling always occurred
and only the severity varied. Compaction galling was more severe
than adhesive galling. When compaction galling occurs, wear debris
is easily accumulated within valleys in the surface or surface
defects (I.I). As sliding progresses, these entrapped debris start to
form compacts of the hard intermetallics of Al–Si mixed with
oxidised debris from the tool (I.II). When the surface topography is
such that it does not provide for sites where debris can be
accumulated, adhesive galling occurs, essentially in regions where
contact pressure is high, such as the tip of asperities (II.I). This
mechanism appears to progress at a slow rate through adhesion
and formation of transfer layer (II.II). Once a transfer layer has
been formed, either by adhesive galling or compaction galling, this
layer acts as an obstacle for wear debris to move out of the contact.
Thus, wear particles accumulate and compact in these zones and
further enhance the severity of galling (III and IV).

In Fig. 5, cross sections obtained by means of FIB of the transfer
layer on uncoated specimens are shown. In Fig. 5(a), a cross
section of built-up material can be seen. The appearance of
different contrast on the transfer layer suggests that its formation
occurred through the compaction of the small debris on to the tool
steel surface and not by detachment of large fragments of the
Al–Si coating. This transfer layer has no porosity and is strongly
adhered to the substrate. The built-up material has oxygen as well
as Fe, Al and Si, indicating that it is a mixture of oxidised wear
debris. In Fig. 5(b), a specimen where adhesive galling was the
initiating mechanism is shown. This layer is characterised by
mixed wear debris which is not fully compacted as is seen from
the pores within the accumulated debris. Below the layer of the
mixed debris, a continuous layer that appears to be formed by
direct adhesion is highlighted. This layer has different contrast
than the substrate and the mixed debris accumulating at the top
and the transition from the substrate to the layer is well defined
and no porosity or signs of poor adhesions were observed between
the substrate and the adhered layer. Furthermore, Al and Si were
detected in the EDS spectra indicating that fragments of the Al–Si
coating are constituents of this tribolayer.

Fig. 5(a) and (b) can be considered to elucidate two different
stages during the growth of material transfer. Initially wear debris is
mixed from both the tool steel and the Al–Si coating, as there is
presence of a small amount of Cr which is a constituent of the tool
steel (Fig. 5(b)), this has similarities to stage II.II from Fig. 4. As sliding
progresses, debris from only the Al–Si coating is generated since no
Cr was detected on the fully developed lump. This suggests that the
transfer layer, after attaining a certain thickness, prevented further
wear of the tool steel surface. This can be related to stage IV in Fig. 4.

The presence of oxygen on the lumps formed by Al–Si coating can
be explained by oxidation of Al or Si before they form the inter-
metallic phases. In [2], it is mentioned that during heating, part of the
coating (upper layer) rich in Al can melt. It is possible that a large
amount of oxides is formed when this occurs due to the increased
reactivity and rate of oxidation of the metal at high temperatures.

Table 1
Properties of the coatings used for the tribological tests.

Coating Hardness (HV) Max operating temp. (1C) Sa value (nm) Coating thickness (lm)

AlCrN 3200 1100 1C �160 �3
TiAlN 3400 900 1C �230 �10
DLC 2000 350 1C �180 �2
Plasma nitrided �1000 �700 N/A
Plasma nitrided (post-oxidised) �900 �590 �3 (oxide layer)

Table 2
Test parameters.

Test parameters Value

Normal load 31 N
Nominal contact pressure 10 MPa
Temperature 800 1C
Stroke length 4 mm
Frequency 12.5 Hz
Duration 30 s
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Fig. 3. Upper specimens (tool steel) after the tribological tests of a; (a) ground and (b) milled surface.

Fig. 4. Schematic representation of the galling mechanisms encountered during interaction between an uncoated tool steel and Al–Si coated UHSS.

Fig. 5. Two stages of growth of material transfer. (a) lump formed on a coarse ground tool steel specimen and (b) galling on a milled tool steel specimen.
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3.1.1. Wear of the Al–Si coated UHSS sliding against untreated tool
steel

The wear mechanisms of the Al–Si coated boron steel are also
very important as it has an impact on galling onto the tool steel
surface. In Fig. 6(a) the counterpart for the uncoated tool steel
surface shown in Fig. 3(a) is shown. A glaze layer was formed on
the Al–Si coated UHSS surface, (the oxides come primarily from
the tool steel as Cr was detected by EDS). However, this layer has
undergone some damage and therefore does not protect the Al–Si
coating against wear thereby resulting in the occurrence of
compaction galling. It is also important to note that the damage
of the oxide layer is associated with the high roughness of the tool
steel. The peaks of the rough tool steel surface damage the glaze
layer on the counter surface and at the same time the valleys
provide with sites for easy accumulation of debris. Fig. 6(b) is the
counterpart of the uncoated tool steel specimen with milled
surface where mild galling was observed (Fig. 3(b)). A glaze layer
has been formed on top of the surface as well, but in this case, it
did not undergo damage which is in part the cause for the limited
material transfer to the tool steel surface. In contrast to the
previous case, the protective layer is undamaged and can therefore
prevent wear of the Al–Si coating.

3.2. Galling mechanisms on PVD hard-coated tool steel

The SEM images obtained after the tribological tests using the
PVD coated tool steel specimens are shown in Fig. 7. As can be
observed, all coatings showed severe material transfer. Very severe
galling was encountered for the AlCrN and the TiAlN specimens.

However, the DLC coating showed scatter i.e., moderate galling in
some tests and severe in other. It should be noted that full
coverage of transferred material on the surface of the pin was
not observed for any of the PVD coatings. The sites where galling is
observed seem to be random and there are zones where there was
no adhesive or abrasive wear on the coated tool steel surface.

Not only the severity of the material transfer is more significant
for the PVD coated tool steel specimens compared to uncoated tool
steel, but the galling mechanisms also appear to be different. For all
these coatings, adhesive galling seems to be the main mechanism for
the occurrence of severe galling and not the compaction of debris as
seen in case of uncoated tool steel described in Section 3.1.

A possible explanation for the occurrence of severe adhesion/
galling could be a high chemical affinity between the PVD coatings
and the Al–Si coated UHSS. It has been suggested that owing to the
low melting point of the aluminium in the Al–Si coating, its
reactivity increases at high temperature and therefore the affinity
to the tool steel increases [11]. In the present case, the PVD
coatings (AlCrN and TiAlN) as well as the coating on the UHSS
contain aluminium. The fact that materials with a similar consti-
tuent are in contact, coupled with the high reactivity due to the
elevated temperatures explains the increased affinity between the
PVD coatings and the Al–Si coating. Since aluminium is the metal
with the lowest melting point, at the temperature used for the
tribological tests, the aluminium atoms will have high mobility
and the number of vacancies within the crystalline structure will
increase [15]. It is possible that under these conditions, there is
interaction between the two materials in contact and possibly
micro welding or inter-diffusion.

Fig. 6. Worn surface of the Al–Si coated UHSS specimens slid against tool steel: (a) ground tool steel specimen and (b) milled tool steel specimen.

Fig. 7. SEM images of the coated tool steel specimens after the tribological tests: (a) AlCrN, (b) TiAlN and (c) DLC.
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Cross-sections of the transferred material on the AlCrN coated
tool steels are shown in Fig. 8. These revealed that particles of
different sizes are mixed and sintered together forming a dense
layer (Fig. 8(b)). It is however unclear what the exact constituents
of this “dense layer” are but the presence of oxygen suggests that
the Al–Si coating was partly oxidised during heating. The EDS
analysis performed on this layer showed no chromium, one of the
main constituents of the AlCrN coating, suggesting that the
constituents of this layer come mainly from the Al–Si coating.

From the images, it can also be observed that the coating did
not undergo severe wear. The fact that no traces of the AlCrN
coating were detected by EDS on the transfer layer, also suggest
that little or no debris from the coating was generated during
the tests.

As previously mentioned, polishing of the PVD coating was
done in order to assess the influence of surface defects on the
occurrence of galling of Al–Si to the coated tool steel. In Fig. 9, the
result from the AlCrN specimen is shown, after the tribological
test. Similar behaviour was also observed for TiAlN and DLC.
As seen in Fig. 9, the wear mechanisms were very similar to those
when an unpolished AlCrN coating was used (Fig. 7(a)). This
further confirms that the main contributing factor for the occur-
rence of galling, in case of the used PVD coatings, is the high
affinity between the Al–Si coated boron steel and the materials
used for the coating on the tool steel. The effect of the surface
topography in this case is not as significant as when uncoated tool
steels are used, and this is due to the mechanisms responsible for
the occurrence of severe galling. Accumulation and compaction of
debris is enhanced when surface defects or rough surfaces are

used. In the case of PVD coatings, high adhesion occurs indepen-
dently of the surface topography.

3.2.1. Wear of the Al–Si coated UHSS sliding against untreated tool
steel

Fig. 10 shows the wear of the Al–Si coated UHSS specimens that
slid against the coated tool steel pin specimens. As seen,
the occurrence of severe galling did not only affect the surface of
the PVD coated specimens but the development of the lumps on
the tool steel also generated severe damage on the Al–Si coated
boron steel specimens. The main wear mechanism observed for all
cases was severe abrasion (two-body abrasion) and ploughing.
Additionally, cracks perpendicular to the sliding direction were
also generated on the Al–Si coating of the lower disc specimens,
possibly due to high tangential stresses during sliding. This is in
agreement with the findings of Kondratiuk and Kuhn [11], wherein
it was reported that the use of hard coatings on tools tend to result
in an increased wear on the work-piece material. From these
observations, it can be deduced that the damage caused on the
work-piece material is not just caused by the hard coating, but
rather by the lumps formed on the surface of the coated tool
specimen.

The occurrence of severe wear on the Al–Si coated UHSS
specimen and galling on the tool steel specimen also had an effect
on the coefficient of friction. An unstable and high value of the
friction coefficient was observed for all the coatings. The results
from repeat tests for each material pair are shown in Fig. 11. In the
case of AlCrN and TiAlN coatings, the coefficient of friction
increased as the sliding progressed. It started at a value of �0.8
and increased to �1.4 towards the end of the test. However, the
friction coefficients showed large fluctuations and steady state
conditions did not occur. The DLC coated tool steel also showed
very unstable and high coefficient of friction. The unstable friction
behaviour is indicative of the occurrence of galling.

3.3. Galling mechanisms on plasma nitrided tool steels

Galling on nitrided tool steel specimens was considerably
reduced compared to the PVD coated tool steel and the uncoated
tool steel as it is evident from Fig. 12. EDS analysis revealed no
presence of aluminium or silicon on the worn surface of the
nitrided tool steel specimen with post-oxidation (Fig. 12(a)),
whereas the pin without post-oxidation showed small traces of
aluminium (Fig. 12(b)). In both cases, significant amount of
oxidised loose wear particles were seen, particularly for the
post-oxidised specimen. Formation of such particles was not seen
on the untreated tool steel specimens, suggesting that these oxide
particles emanate from the outermost layer of the plasma nitrided
tool steel.

Fig. 8. Cross section of transferred material onto the AlCrN coated tool steel. (a) Overview of the transfer layer and (b) structure of the transfer layer.

Fig. 9. SEM image of the AlCrN polished coated tool steel specimen after
tribological tests. Polishing to �90 nm.
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It seems that in general, for both of the plasma nitrided
specimens, material transfer was reduced due the absence of
direct contact between the tool steel and the Al–Si coating.
In both cases, the contact was between an oxide layer (formed
subsequent to the nitriding) and the Al–Si coating. Under these
conditions, primarily wear of the oxide layer takes place thus
reducing galling onto the tool surface.

The plasma nitrided specimen without post-oxidation treat-
ment showed a small amount of transferred material from the
Al–Si coated surface. In Fig. 13, a cross section of the transferred
layer was analysed. It was observed that debris of Al–Si was mixed
with oxides developed on nitrided tool steel surface. This layer
was not a dense layer and in appearance it resembles what others
[16] have referred to as Mechanically Mixed Layer (MML). The
adherence of this layer to the substrate seems to be poor, as
porosity is present at the tribolayer-coating interface, which
suggests that detachment or spalling of this layer can occur.

In terms of wear mechanisms of the Al–Si coated boron steel
specimen, large protective oxide layers developed on the surfaces
during sliding against both the plasma nitrided tool steel speci-
mens. As can be seen from the SEM/EDS analysis results in Fig. 14,
the presence of Cr confirms that these layers are formed primarily

by oxidised debris from the tool steel specimen. No severe wear
was observed for any of the Al–Si coated discs sliding against
nitrided specimens. The disc sliding against plasma nitrided speci-
men without post-oxidation developed a somewhat thin glaze
layer whereas the glaze layer on the one sliding against post-
oxidised nitrided sample appears thicker. This is expected as the
outermost layer of the post-oxidised pin specimen will generate a
larger amount of oxide debris, and therefore the formation of the
glaze layers can occur easily.

Fig. 15 shows a cross section of the protective layer formed on
the Al–Si coated UHSS specimen. As seen, the surface of the Al–Si
coating was covered by a dense glaze layer. This layer accommo-
dates well with the surface irregularities providing good wear
protection.

The observations from the Al–Si coated boron steel specimens
further explain the reason for the absence of material transfer on
the nitrided pin specimens. The formation of the stable glaze layer
on the disc specimens protected the Al–Si coating from wear, thus
significantly reducing the development of Al–Si wear debris and
the direct contact of Al–Si coating against the tool steel surface.
This almost completely eliminated the occurrence of adhesive
galling.

Fig. 10. Worn surface of the Al–Si coated UHSS specimens slid against coated tool steel: (a) AlCrN, (b) TiAlN and (c) DLC.

Fig. 11. Frictional behaviour of: (a) AlCrN, (b) TiAlN and (c) DLC during sliding against Al–Si coated UHSS.

Fig. 12. SEM micrographs and EDS of the nitrided tool steel specimens after the tribological tests. (a) Plasma nitrided with post-oxidation and (b) plasma nitrided without
post-oxidation.
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Even though the occurrence of galling was not significant
for any of the plasma nitrided tool steels, it is clear that the
protection depends on the availability of oxidised wear debris,

thus its protection relies on the occurrence of wear of the tool;
whereas galling is minimised, wear of the tool steel still remains a
problem. Furthermore, the availability of the oxide debris depends
on the durability of the outermost layer formed during the plasma
nitriding process, which suggests that after multiple cycles, the
effect of reducing galling would decay and become similar to
untreated tool steels.

Another aspect to consider is that due to the reciprocating
nature of the test, the formation of the protective glaze layers is
facilitated as the debris, as well as the surface where the layers
form, are subjected to a considerable amount of cycles, which
would not happen in the actual process. However, it is important
to keep in mind that even though the glaze layers were in great
part responsible for the reduced galling, the adhesive tendency of
the Al–Si coated UHSS towards the tool steel surface was reduced
and this can be related to a reduced affinity between the two
materials in contact.

The formation of protective layers not only provided with wear
protection but also had an effect on the frictional behaviour.
For the nitrided specimens, the friction value was high but stable,
as can be observed in Fig. 16. In other studies, it has been observed

Fig. 13. Cross section of transferred material on the plasma nitrided tool steel specimen.

Fig. 14. Worn surface of the Al–Si coated UHSS specimens slid against (a) post-oxidised nitrided tool steel and (b) plasma nitrided tool steel without post-oxidation.

Fig. 15. Cross section of Al–Si coated UHSS specimen after sliding against post-
oxidised nitrided tool steel.
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that at high temperatures, plasma nitrided specimens show stable
friction behaviour [17]. The difference in the frictional behaviour of
the specimens without post-oxidation, (Fig. 16(b)), could be
attributed to a dissimilar rate of formation of oxides between
the tested specimens or to a different area of contact. In the case of
the post-oxidised plasma nitrided specimens (Fig. 16(a)), the
friction coefficient also showed a high value but it was relatively
more stable. It has been suggested [17–19] that glaze layers tend to
increase the coefficient of friction when they start forming but still
result in a transition to mild wear.

4. Conclusions

Detailed investigations into the mechanisms of galling initia-
tion during Al–Si coated ultra-high strength steel and tool steel
interaction at elevated temperature have been conducted. The
salient findings of this work are as follows:

– The mechanisms of galling during the tribological interaction
with Al–Si coated UHSS differ for the untreated and surface
modified tool steels.

– Accumulation and compaction of wear debris is the main
mechanism for severe galling in case of uncoated tool steel
whereas severe adhesion is dominant in PVD coated tool steels.

– Formation of oxidised wear debris for the development of glaze
layers significantly reduces the occurrence of galling.

– Surface engineering is a potential way for alleviating the
occurrence of galling as well as reducing tool wear.
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Abstract: The usage of ultra-high-strength boron steel (UHSS) in automotive industry has
increased rapidly in the recent past. Forming of UHSS components is performed at elevated tem-
peratures,whichalsooffers thepossibility of hardening throughquenchingdirectly after forming.
However, the influence of hardening on friction andwear during relative sliding between the tool
and the workpiece is unclear. Therefore, the friction and wear characteristics at elevated tem-
peratures of hardened and unhardened UHSS and tool steel pairs are investigated in this study.
The results show that both friction and wear at all the investigated temperatures are affected by
hardening of the UHSS. For uncoated UHSS, the hardening resulted in lower friction and the
tool wear increased at low temperatures, but was not affected at elevated temperatures. This was
attributed to the higher hardness after hardening combined with the presence of an oxide scale
on the UHSS after heating and quenching. For Al–Si-coated UHSS, the hardening reduced fric-
tion and tool steel wear at elevated temperatures, and also reduced the wear of the Al–Si-coated
high-strength steel at low temperaturemainly owing to the formation of an intermetallic layer on
the Al–Si-coated UHSS surface after exposure to elevated temperatures.

Keywords: friction, wear, high-temperature, ultra-high-strength steel, hardening

1 INTRODUCTION

Ultra-high-strength boron steels (UHSS) have offered
a good solution to the automobile industries in their
pursuit to improve fuel efficiency andcrashworthiness
of vehicles due to its high strength to weight ratio.
Common applications for UHSS in vehicles are as
structural reinforcements and energy absorbing sys-
tems. The components are usually produced through
thermo-mechanical forming processes at elevated
temperatures to facilitate the forming of complex
geometries and simultaneous improvements in the
material properties through hardening. The harden-
ing is achieved by quenching the component in water
or by cooling the tools resulting in a fully martensitic
structure and thus very good mechanical properties.
During quenching of the hot components, there is
always some relative sliding between the tool and
the workpiece due to shrinkage. In view of this, the
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elevated temperature friction and wear during UHSS
and tool steel interaction become important and need
to be investigated. Further, as the usage of thermo-
mechanical forming processes is expected to increase
in the future, the process optimization will become
even more important and a thorough understanding
of the tribology involved will be the key to achieving
further improvements.
The authors have previously studied the high-

temperature tribological properties of unhardened
UHSSand tool steelspairs [1,2].TheUHSSwasstudied
in uncoated and Al–Si-coated conditions, whereas the
tool steels were either untreated or plasma nitrided.
The results have shown that both friction andwear are
temperature-dependent. Higher operating tempera-
ture resulted in decreased friction and increased wear.
Plasma nitriding of tool steels has been effective in
reducing friction and improved resistance to adhesive
wear. The Al–Si coating on the UHSS has resulted in
high friction at low temperatures and reduced fric-
tion at elevated temperatures. Its wear resistance also
improved at elevated temperatures, owing to the for-
mation of hard Fe–Al–Si intermetallic phases.This also
resulted in higher wear on tool steels, owing to abrad-
ing action of the hard constituents formed on the
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Al–Si-coated UHSS surface after exposure to elevated
temperatures.
A literature survey on the subject of high-temp-

erature tribology of various material pairs revealed
that only a limited amount of work has been done in
this field. Pellizzari et al. [3] studied the tribology
of hot rolling mill rolls and concluded that wear
mainly occurred through abrasion and oxidation and
that the hot hardness was an important parameter. In
a review on tribology in hot metal forming, Beynon
[4] states that several aspects of hot metal forming
tribology are poorly understood and further research
both through laboratory experimentation as well as
computer simulations is necessary to enhance the
knowledge within this field.
The aim of this work is therefore to generate new

knowledge regarding the high-temperature tribologi-
cal behaviour of tool steels and hardened UHSS pairs.
It may be pertinent to mention here that the present
work focusesmainly on investigating the fundamental
tribological behaviour of these materials at elevated
temperatures and it is not an attempt to actually
simulate the hot metal forming process. The high-
temperature friction and wear results are also useful
for various other high-temperature applications as
well as in computer simulations of the hot metal
forming process.

2 EXPERIMENT

2.1 Test materials and specimens

In this work, tribological studies were conducted
using a tool steel with a nitriding surface treat-
ment. The upper tool steel specimens were pins
(Ø10mm× 10mmlong)withoneend spherical.These
were plasma nitrided by using a patented commer-
cially available process known as Corr-I-Dur®. It
involves a combination of various thermo-chemical
process steps involving plasma nitriding, gas nitro-
carburizing, and post-oxidation. The process temper-
ature is about 570 ◦C. After processing, the depth of
the nitrided layer was 0.25–0.3mm with a compound
layer and an oxide layer as the outermost layer. The
oxide layer originates from the post-oxidation pro-
cess and consists mainly of Fe3O4. Nitriding of steels
is a well-known method to improve their corrosion
and wear resistance through formation of hard nitride
surface layers [5, 6]. The lower specimens were flat
discs (Ø24mm× 7.9mm thick) made from uncoated
as well as Al–Si-coated UHSS. The uncoated UHSS
was ground to a specified surface finish in order to
avoid influence on the results by variations in the as-
delivered surface roughness. The Al–Si-coated UHSS
was used with its as-delivered surface roughness. The
UHSS was studied in both unhardened and hardened
conditions. The hardening was achieved by heating

the specimens to 920 ◦C in a furnace with normal
atmosphere and retaining them at that temperature
for 12min in the case of uncoated high-strength
steel and 8min for the Al–Si-coated UHSS. The dif-
ference in time for high-temperature retention was
in view of different thickness of the two materials.
After retention at 920 ◦C, the specimens were subse-
quently quenched in water. During the tribological
tests, the upper specimen is mounted with the spher-
ical end of the pin in contact with the flat disc
specimen.This results in a point contact configuration
initially and enables the application of the high con-
tact pressures typically encountered in metal forming
applications.
Thecomposition, initial surface roughness, and type

of surface treatment for the testmaterials employed in
this study are given in Tables 1 and 2.

2.2 Test equipment

The experimental work in this study was carried out
byusinganOptimolSRVhigh-temperature reciprocat-
ing frictionandwear testmachine.Anelectromagnetic
driveoscillates theupper specimenundernormal load
against the stationary lower test specimen. The nor-
mal load is applied by means of a spring deflection
mechanism. The lower test specimen is mounted on a
specimen block incorporating a cartridge heater that
enables tests at elevated temperatures of up to 900 ◦C.
A computerized control system enables accurate con-
trol of the applied load, temperature, stroke length,
and frequency of the oscillatory movement. The data
acquisition system records friction, temperature, load,
frequency, and stroke length during the tests.The tem-
perature is measured in the heating block, but since
the lower test specimens are made from steel with
good heat conductivity they can be assumed to have
approximately the same temperature.Wear was quan-
tified by weight loss measurements using a Mettler
Toledo AX205 semi-micro analytical balance with a
readability of 0.000 01 g.Thewear scarswere examined
by using scanning electron microscope incorporat-
ing energy dispersive X-ray spectroscopy (SEM/EDS)
technique to analyse the nature of wear. These analy-
seswere carriedout using a JEOL JSM6460LV scanning
electron microscope. X-ray diffraction (XRD) analy-
ses were carried out to characterize the surface layers
formed after exposure to elevated temperatures. The
measurements were carried out using a Philips X’Pert
MRD machine with Cu Kα1 radiation with 45mA and
40 kV. Hardness measurements were carried out by
using a Matsuzawa MTX-CX microhardness tester; a
load of 10 g was used to measure the hardness of
the coatings and a load of 25 g for the substrate. The
surface roughness of the new test specimens was
obtained by using a Wyko NT1100 3D optical surface
profiler.
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Table 1 Alloying composition in (wt%) of different test specimens

Material C Mn Cr Si B P S Ni Mo V

Coated UHSS 0.25 1.4 0.3 0.35 0.005 – – – –
Hardened coated UHSS 0.25 1.4 0.3 0.35 0.005 – – – –
UHSS 0.2–0.25 1.0–1.3 0.14–0.26 0.2–0.35 0.005 >0.03 >0.01 – – –
Hardened UHSS 0.2–0.25 1.0–1.3 0.14–0.26 0.2–0.35 0.005 >0.03 >0.01 – – –
Tool steel 0.37 1.4 2.0 0.3 – – – 1.0 0.2

Table 2 Initial surface roughness and surface treatment of
different test specimens

Material Ra (μm) Surface modification

Coated UHSS 1.06 Al–Si coating
Hardened coated UHSS 3.23 Al–Si coating
UHSS 0.323 Untreated
Hardened UHSS 2.36 Untreated
Tool steel 1.29 Plasma nitrided

2.3 Test procedure

The specimen and specimen holders were cleaned in
petroleum spirit in an ultrasonic cleaner, rinsed with
ethanol and dried prior to testing.
The experiments were conducted at three different

constant temperatures of 40, 400 and 800 ◦C, respec-
tivelywith a view to study the influenceof temperature
on friction and wear characteristics of tool steel and
UHSS. The lower workpiece specimen was heated
while it was still separated from the upper tool steel
test specimen. When the desired temperature of the
workpiece specimenwas reached, theupper tool spec-
imen was brought in contact and loaded against the
lower specimen and the test was started. The test
parameters were chosen based on values found in hot
sheetmetal formingoperations.The loadwas 50N, the
stroke length 1mm, the frequency 50Hz (i.e. a slid-
ing speed of 0.1mm/s), and the duration 20min. All
experiments were repeated and good reproducibility
in the frictional results was observed. As an exam-
ple, the uncertainty in friction measurements for tool
steel sliding against hardened UHSS at 800 ◦C was
0.794± 0.037. (Theuncertainty inwearmeasurements
is shown in Figs 16 and 17 by error bars.)

3 RESULTS AND DISCUSSION

This section presents and discusses the results ob-
tained fromthematerial characterizationaswell as the
tribological properties of the investigated materials.

3.1 Characteristics of test materials

To provide a better insight into the materials before
tribological tests, the microstructures and hardness

profiles were obtained for the tool steel and UHSS
specimens before and after hardening.
The high temperatures reached during the tests

as well as during the hardening process introduce
changes in the chemical composition of the surfaces
of the UHSS. To determine the chemical composi-
tion as well as the phases present on the surface and
correlate these with their possible influence on the tri-
bological behaviour, SEM/EDS and XRD analyses of
the specimens before and after the tribological tests
were performed.

3.1.1 Microstructure and hardness profiles

The hardness profiles and the microstructure of the
tool steel, uncoatedUHSS, and Al–Si-coatedUHSS are
presented in this section.

3.1.2 Tool steel

The tool steel specimen is characterized by an
increased hardness in the top layer and then an abrupt
decrease, as canbeobserved fromFig. 1.The initial low
hardness is due to a porous compound layer formed
during the nitriding process and then the hardness
increases in the solid compound layer. The hardness
decreases abruptly in the diffusion layer and then it
gradually stabilizes. Figure 1 also shows an etched
cross-section of the tool steel. The characteristics of
the compound layer can be easily observed. In the
micrograph, the hardness of the porous compound
layer, the solid compound layer, and the diffusion
layer have been indicated. The substrate consists of
a martensitic matrix with nitride compounds present
in the diffusion layer. An oxide layer can be observed
on top of the compound layer. However, owing to
the small thickness of the layer, a reliable hardness
measurement of this layer was not possible.

3.1.3 Uncoated UHSS

Themicrostructures of the unhardened and hardened
uncoated UHSS are shown in Fig. 2. As expected,
the unhardened UHSS showed a ferritic/pearlitic
microstructure that is soft andhasanaveragehardness
of 188HV. On the other hand, the hardened uncoated
UHSS is characterized by a martensitic structure with
an average hardness of 418HV. However, some incon-
sistencies in the surface microstructure can be seen,
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Fig. 1 SEM micrograph of the etched cross-section of the nitrided tool steel and the associated
hardness depth profile

Fig. 2 SEM micrographs of the etched cross-section of (a) unhardened UHSS and (b) hardened
UHSS

Fig. 3 Hardness depth profiles of the (a) unhardened Al–Si-coated UHSS and (b) hardened
Al–Si-coated UHSS

and it appears that ferrite was formed during the cool-
ing. This can be an indication of decarburization of
the steel when it was in the furnace during heating.
The average hardness of the decarburized layer was
234HV.

3.1.4 Al–Si-coated UHSS

The hardness profiles and cross-sectional microstruc-
tures of the as-received Al–Si-coated UHSS in unhard-
ened and hardened states are shown in Figs 3 and 4,
respectively. In both cases, the hardness values stabi-
lize at a depth of about 40–50μm into the bulk from
the surface to ∼168HV in the case of unhardened and
477HV in the case of hardened Al–Si-coated UHSS
specimens, respectively. These hardness values are

associated with ferritic/pearlitic structure in the case
of unhardened and martensitic in the case of hard-
ened Al–Si-coated UHSS specimens (Fig. 4). Further,
the coating layer hardness in the case of the hardened
Al–Si-coated UHSS was higher, compared to that of
the unhardened Al–Si-coated UHSS due to the forma-
tion of intermetallic compounds during the hardening
process. It can also be seen from the micrographs in
Fig. 4 that the coating layer undergoes microstruc-
tural changes during the hardening process. During
the heating stage, diffusion takes place and the Al and
Si from the coating interact with the Fe substrate to
form intermetallic compounds of higher hardness. In
Fig. 4(b), some cracks in the coating have also been
observed suggesting that these intermetallic products
may make the coated layer brittle. However, these
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Fig. 4 SEMmicrograph of the etched cross-section of (a) unhardened Al–Si-coated UHSS and (b)
hardened Al–Si-coated UHSS

Fig. 5 SEMmicrographs of the unwornunhardenedAl–Si-coatedUHSS after exposure to (a) 40 ◦C;
(b) 400 ◦C; and (c) 800 ◦C and the hardened (at 920 ◦C) Al–Si-coated UHSS after exposure to
(d) 40 ◦C; (e) 400 ◦C; and (f) 800 ◦C.White squares indicate locations for EDS analysis

cracks did not seem to penetrate into the substrate
as they stopped once they reached a softer interlayer.

3.1.5 Surface morphology and chemical composition
of Al–Si-coated UHSS

The SEM micrographs in Fig. 5 show that the unworn
Al–Si coated UHSS surface undergoes some signifi-
cant morphological and compositional changes when
exposed to elevated temperatures. In the case of
unhardened specimens (Figs 5(a) to (c)), the major
change was only brought about after exposure to the
highest temperature of 800 ◦C. Nodule-like features
were created and EDS analysis revealed that these
were mainly constituted of Fe, Al, and Si and they
were oxidized, Table 3. In the case of hardened spec-
imens (Figs 5(d) to (f)), there were no changes in
theirmorphologies after exposure to elevated temper-
atures. This is because of the formation of a very stable
intermetallic layer during the hardening stage itself as
revealed by the XRDanalysis. The hardening, however,

modified the surface morphology as can be seen in
Figs 5(a) and (d). The former shows the original sur-
face and the latter one shows the surface after heating
and quenching.The corresponding elemental compo-
sitions of the surfaces are given in Table 3. As seen,
the hardened material showed traces of higher con-
centration of Fe and reduced Al and Si. This confirms
the inward diffusion of Al and Si as well as the out-
ward diffusion of Fe combined with oxidation during
the heating of Al–Si-coated UHSS.

3.1.6 Structure of UHSS surfaces

(a) Uncoated UHSS. The XRD analysis results after
tests at different temperatures for the unhardened
UHSS are shown in Fig. 6. At 40 and 400 ◦C, the sur-
face constituents were very similar, but at 400 ◦C, the
specimen experienced very mild oxidation. The oxide
formed at this temperature is Fe3O4 and there the low-
temperature oxide, Fe2O3, couldnot be seen.When the
temperaturewas increased (800 ◦C), oxidationbecame
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Table 3 Composition based on EDS results with reference
to micrographs in Fig. 5 (wt%)

Figure C N O Al Si Fe Mn

5(a) 10.32 – 2.16 69.32 14.65 3.54 –
5(b) 5.03 – 1.94 69.18 18.44 5.40 –
5(c) 2.64 0.16 2.01 36.03 5.23 53.92 –
5(d) 2.00 – 2.04 16.42 1.53 76.52 1.49
5(e) – – 1.99 16.51 1.20 80.30 –
5(f) – – 1.98 15.35 1.57 81.10 –

Fig. 6 surface composition of the unhardened UHSS
after tests at 40, 400, and 800 ◦C

more pronounced.Two types of iron oxideswere iden-
tified after the tests, Fe2O3 and Fe3O4, but no FeO
(high-temperature oxide) was observed.
When the specimens were hardened prior to the

tribological tests, the surface changes were differ-
ent compared to the specimens without hardening.
Figure 7 shows the composition of the surface after the
tribological tests. Once again, at 40 and 400 ◦C, the sur-
faceswere similar incompositionandnochangeswere
observedbetween them.Both specimenswere charac-
terized by a small amount of iron oxide in the form of
Fe3O4, which is not the low-temperature oxide. This
implies that the oxide was formed during the harden-
ing process when the material was exposed to a high
temperature. At 800 ◦C, further oxidation of the spec-
imen occurred, but it was not as severe as that in the
case of the unhardened specimen. This means that
the layer of oxide formed during the hardening pro-
cess acted as a barrier for further oxidation at high
temperatures.

(b) Al–Si-coated UHSS. The XRD results from the
unhardened Al–Si-coated UHSS are given in Fig. 8.
The coating did not suffer any change when the spec-
imens were exposed to 40 and 400 ◦C. However, when
the temperature was increased to 800 ◦C, formation
of intermetallic phases occurred. These intermetallics
were formed between the Al and Si of the coating

Fig. 7 Surface composition of the hardened UHSS after
tests at 40, 400, and 800◦

Fig. 8 Surface composition of the unhardened Al–Si-
coated UHSS after tests at 40, 400, and 800 ◦C

and Fe diffused from the bulk of the specimen. The
mechanical properties of the intermetallic are vastly
different compared to the properties of the coating
at low temperatures as shown earlier by the hard-
ness profile in Fig. 3 showing higher hardness after
exposure to high temperature during hardening.
In the case of hardened Al–Si-coated UHSS, the

chemical composition of the surface did not change
during the tribological tests at any of the operat-
ing temperatures, as can be seen in Fig. 9. During
the hardening process, intermetallic products were
formed and the layer formed during the harden-
ing remained stable even after further exposure to
elevated temperatures.
The XRD analysis of the specimens after the tribo-

logical tests confirmed the presence of intermetallic
products. It may, however, bementioned that the XRD
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Fig. 9 Surface composition of the hardened Al–Si-
coated UHSS after tests at 40, 400, and 800 ◦C

technique involves large depth of analysis and owing
to this it is not possible to identify the exact stoi-
chiometry for each of the different features in the
coating. These XRD analysis results should therefore
be considered only qualitatively.

3.2 Frictional behaviour

3.2.1 Uncoated UHSS

The frictional characteristics of the unhardenedUHSS
and plasma-nitrided tool steel pairs at different tem-
peratures are given in Fig. 10(a). At 40 ◦C, the friction
started at a high value of above 1 and increased further
until seizure occurred after approximately one-third
of the test duration. At 400 ◦C, the initial friction was
slightly lower (approximately 1) as compared to that
at 40 ◦C and it continued to decrease until it levelled
out halfway through the test to ∼0.8. The friction at
800 ◦C was characterized by a lower initial value than
that at the other temperatures (below 1) followed by
a decrease to a value of 0.8. The remainder of the test

showed a fluctuating friction that increased to values
approaching 1.1 towards the end of the test.
The friction results from the tests on hardened

UHSS and plasma-nitrided tool steel pairs are given in
Fig. 10(b). The friction for hardened UHSS was lower
at all temperatures as compared to that for unhard-
ened UHSS. At 40 ◦C, the initial friction was similar to
that involving the unhardened UHSS, but in this case,
seizure did not occur. Instead, the friction coefficient
remained almost steady at∼1.25. The results at 400 ◦C
showed a similar trend as in the unhardened case, but
the friction was lower and relatively more steady. At
800 ◦C, the behaviour of the hardenedUHSSwas quite
differentascompared to thatof theunhardenedUHSS.
The initial friction was substantially lower (approx-
imately 0.6) and steady, but increased thereafter to
∼0.85 towards the end of the test.
These results clearly show that hardening of UHSS

does influence the frictional behaviour, both at low
temperatures and at high temperatures. At 40 ◦C,
the hardening of the UHSS specimen has prevented
the occurrence of seizure (Fig. 10), and this can be
attributed to the interaction of the tool steel with an
already existing oxide layer on the UHSS originating
from the hardening process. The presence of this layer
hasbeenconfirmedbyXRDanalysis (Fig. 7).This oxide
layer will have an effect on the severity of the adhesion
during sliding. The higher hardness of the hardened
UHSSwill also lead to reduced ploughing action of the
upper tool steel specimen into the lower specimen.
At 400 ◦C, in tests with hardened UHSS, the fric-

tion was relatively lower andmore stable as compared
to that in the case of the unhardened UHSS. The
increased oxidation, compaction, and sintering of
the wear debris due to higher temperature could be
the reasons for lower friction and wear. These phe-
nomena have also been reported by other researchers
for various other material combinations [7–11]. The
formation of such layers also explains the occur-
rence of low wear at 400 ◦C on the UHSS in both the
unhardened conditions and the hardened conditions
as compared to that at 40 ◦C. A comparison of the

Fig. 10 Coefficient of friction as a function of time for (a) plasma-nitrided tool steel and unhard-
ened UHSS and (b) plasma-nitrided tool steel and hardened UHSS at 40, 400, and 800 ◦C
(load: 50N; stroke: 1mm; frequency: 50Hz)
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Fig. 11 SEM micrographs of the plasma-nitrided tool steel at (a) 40 ◦C; (b) 400 ◦C; (c) 800 ◦C and
the unhardened UHSS at (d) 40 ◦C; (e) 400 ◦C; and (f) 800 ◦C. (Load: 50N; stroke: 1mm;
frequency: 50Hz; duration: 20min.)White squares indicate EDS analysis regions

Fig. 12 SEMmicrographsof theplasma-nitrided tool steel at (a) 40 ◦C; (b) 400 ◦C; (c) 800 ◦Cand the
hardenedUHSSat (d) 40 ◦C; (e) 400 ◦C; and (f) 800 ◦C. (Load: 50N; stroke: 1mm; frequency:
50Hz; duration: 20min).White squares indicate EDS analysis regions

unhardened UHSS in Fig. 11(e) with the hardened
UHSS in Fig. 12(e) shows that the formation of rel-
atively smoother plateaus of compacted wear debris
occurs in the hardened case. This in combinationwith
the interaction of the tool steel with the already exist-
ingoxide layeron thehardenedUHSSmayalsoexplain
the lower and more stable initial friction observed in
Fig. 10(b). The tool steel wear scars in Figs 11(b) and
12(b) show very similar appearance indicating that
the layers created on the UHSS surface controlled the
tribological behaviour at this temperature.
The different frictional characteristics observed

at 800 ◦C between the unhardened UHSS and the

hardenedUHSS can be attributed to differences in the
initial oxide layers. The hardened UHSS had an oxide
layer present from the hardening, as observed on their
surfaces in the XRD analysis shown in Fig. 7, which
affected the frictional behaviour.

3.2.2 Al–Si-coated UHSS

The frictional characteristics of the unhardened Al–
Si-coated UHSS and plasma-nitrided tool steel pairs
are shown in Fig. 13(a). The friction at 40 ◦C was char-
acterized by an initial increase and then it remained
stable at∼1.4 before seizure occurred towards the end
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Fig. 13 Coefficient of friction as a function of time for (a) plasma-nitrided tool steel and unhard-
ened Al–Si-coated UHSS and (b) plasma-nitrided tool stee1 and hardened Al–Si-coated
UHSS at 40, 400, and 800 ◦C (load: 50N; stroke: 1mm; frequency: 50Hz)

Fig. 14 SEM micrographs of the plasma-nitrided tool steel at (a) 40 ◦C; (b) 400 ◦C; and (c) 800 ◦C
and the unhardened Al–Si-coatedUHSS at (d) 40 ◦C; (e) 400 ◦C; and (f) 800 ◦C. (Load: 50N;
stroke: 1mm; frequency: 50 ◦Hz; duration: 20 ◦min). White squares indicate EDS analysis
regions

of the test. At 400 ◦C, the friction showed an initial
increase that peaked to a value of ∼1 and then gradu-
ally decreased to∼0.8. The friction at 800 ◦C increased
rapidly to values exceeding 1 during the initial stage,
but then decreased and resulted in the lowest overall
friction.
The friction results from the tests on hardened Al–

Si-coated UHSS and plasma-nitrided tool steel pairs
are given in Fig. 13(b). The friction at 40 ◦C started at
0.75 and increased steadily thereafter to ∼1.3 where
it levelled out halfway through the test. The friction
at 400 ◦C showed very small changes during the test.
It started at 0.6 and then marginally increased to
∼0.8 during the test. A similar frictional behaviour
was observed at 800 ◦C although the initial value was
the lowest of all the tests (0.5) and the friction was
somewhat unstable as compared to that at 400 ◦C.

The frictional behaviour of the hardened Al–Si-
coated UHSS during sliding against the tool steel at
40 ◦Cwas quite similar to that of the unhardened case.
The initial increase from a low value to a high and
steady value can be caused by adhesive action, since
the transfer of the Al–Si coating to the pin has been
confirmed by EDS analysis (see Fig. 14(a) and Table 4
and Fig. 15(a) and Table 5). However, in the hard-
ened case, the initial friction increased slowly and the
steady-state valuewas reached∼400 s later than in the
unhardened case. This is attributed to the substantial
differences in the surface composition as revealed by
the XRDanalyses (Figs 8 and 9).The hard intermetallic
phases present on the surface of the hardened UHSS
reduced adhesion, and consequently friction.
At 400 ◦C, the friction of the hardened Al–Si-coated

UHSS and the plasma-nitrided tool steel pair was low
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Table 4 Composition based on EDS results with reference
to the micrographs in Fig. 14 (wt%)

Figure C Cr O Al Si Fe Mn N

14(a) 1.58 5.99 0.84 0.21 89.78 1.49 0.10
14(b) 2.16 96.02 1.82
14(c) 3.32 1.56 95.13
14(d) 1.85 7.08 0.45 0.18 88.85 1.51 0.09
14(e) 1.41 1.21 2.99 0.71 0.21 91.67 1.81
14(f) 1.44 3.65 93.56 1.35

andsteadyas compared to thatof theunhardenedcase
(Figs 13(a) and (b)). EDS analysis revealed that there
was no transfer of Al and Si to the tool steel specimen
in either case (Fig. 14(b) andTable 4 and Fig. 15(b) and
Table 5). It implies that just as for the uncoated UHSS,
the friction ismainly determined by theUHSS surface.
Friction at 400 and 800 ◦C was very similar in the

hardened case, which can be attributed to the forma-
tion of similar surface layers during sliding (Table 5
and Figs 15(e) and (f)). The frictional behaviour of
theunhardened andhardenedAl–Si-coatedUHSSand
tool steel pair at 800 ◦C was very similar after ∼200 s,
indicating that similar surface layerswere formed.This
has also been confirmed by EDS analysis (Table 4 and
Fig. 14(f) and Table 5 and Fig. 15(f)), which showed
mainly Fe, Cr, andO on the surfaces. The XRD analysis
has also shown that at 800 ◦C, the unhardened Al–Si-
coatedUHSS formed intermetallics similar to the ones
formed during the hardening process. The very sim-
ilar appearance of the wear scars in Figs 14(f) and
15(f) also explains the observed frictional behaviour.
The initial differences in the frictional behaviour can

Table 5 Composition based on EDS results with reference
to the micrographs in Fig. 15 (wt%)

Figure C Cr O Al Si Fe Mn Ni

15(a) 1.14 1.52 97.34
15(b) 2.04 96.33 1.62
15(c) 3.32 1.56 95.13
15(d) 2.56 0.53 4.61 0.87 0.17 90.04 1.22
15(e) 2.58 2.79 91.45 1.59 1.58
15(f) 1.59 3.04 94.13 1.24

be attributed to the very different surface morpholo-
gies (Fig. 5). The hardened Al–Si-coated high-strength
steel had a smoother surface compared to that of the
unhardened. This difference originated from the way
the specimens were heated. The hardened disc was
heated to 920 ◦C, kept at that temperature for 8min,
and subsequently quenched. The unhardened disc
was heated to 800 ◦C at a different heating rate that
can cause the observed morphological changes.

3.3 Wear behaviour

The wear results are presented here as weight loss in
view of the difficulty in estimating the density of the
coated specimens and corresponding wear volume.
In tribological tests at elevated temperatures, the

oxidation of the test specimens plays an important
role in determining their friction and wear behaviour.
To take into account the effect of oxidation in the wear
results, a stationary oxidation test was conducted at
the highest temperature. This was performed by using
the same equipment as that used in the tribological
tests. The lower specimen was heated to 800 ◦C and

Fig. 15 SEM micrographs of the plasma-nitrided tool steel at (a) 40 ◦C; (b) 400 ◦C; and (c) 800 ◦C
and the hardened Al–Si-coated UHSS at (d) 40 ◦C; (e) 400 ◦C; and (f) 800 ◦C (load: 50N;
stroke: 1mm; frequency: 50Hz; duration: 20min). White squares indicate EDS analysis
regions
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maintained at this temperature in contact with the
upper specimen for the same duration as that in the
tribological tests. The oxidation was then quantified
by weighing the specimens after the test. It was found
that weight gain due to oxidationwas negligible on the
tool steel specimens owing to its chemical composi-
tion combinedwith a small surface area.Theuncoated
UHSS specimens, on the other hand, experienced
someweight gain.This valuewas then subtracted from
the wear values obtained in the tests at 800 ◦C. The
Al–Si-coated UHSS specimens did not experience any
weight gain due to the protective nature of the Al–Si
coating that prevents oxidation [12].

3.3.1 Uncoated UHSS

Wear of the plasma-nitrided tool steel during sliding
against unhardened UHSS increased at elevated tem-
peratures (Fig. 16(a)). Wear on the unhardened UHSS
was found to be the lowest at 400 ◦C and the highest at
800 ◦C.
Whenslidingagainst thehardenedUHSS(Fig. 16(b)),

the plasma-nitrided tool steel showed an increased
wear between 40 and 400 ◦C, but it hardly changed
from 400 and 800 ◦C. The lowest wear on the hard-
ened UHSS occurred at 400 ◦C and the maximum
wear at 800 ◦C. The wear of the hardened UHSS was
lower at 40 ◦C as compared to that of the unhardened
UHSS at 40 ◦C. The tool steel wear was, however, sim-
ilar between the unhardened case and the hardened
case except at 800 ◦C, where the plasma-nitrided tool
steel showed higher wear during sliding against the
unhardened UHSS.
Thewearmechanism in the tests at 40 ◦Cwasmainly

adhesive in the unhardened and hardened cases (Figs
11(a) and (d) and 12(a) and (d)). The unhardened
UHSS showed signs of severe adhesive wear. The tool
steel showed a large amount of compacted oxidized
wear debris after sliding against the hardened UHSS
(Fig. 12(d)), which can explain the absence of seizure
in that test, as well as lower and steadier friction.

The increased tool steel wear at 400 ◦C as compared
to that at 40 ◦C both in the unhardened case and the
hardened case is attributed to thermal softening of
the tool steel and increased adhesion. This is further
strengthened by the observation of relatively higher
amounts of Cr found on the UHSS surfaces, Table 6,
which originates from the tool steel.
In Fig. 12(f), it can be seen that the plateaus on the

hardened UHSS wear scar appears to be more com-
pacted and smoother as compared to those in the
unhardened case. The lower wear on the hardened
UHSS can possibly be caused by the interaction of
the tools steel with the already existing oxide layer
remaining from the hardening.

3.3.2 Al–Si-coated UHSS

In the case of plasma-nitrided tool steel and unhard-
ened Al–Si-coatedUHSS, the wear of the tool steel was
higher at elevated temperatures. The maximum wear
of the Al–Si-coated UHSS occurred at 40 ◦C, whereas
the wear was quite low and similar at 400 and 800 ◦C
respectively (Fig. 17(a)).
Wear of the plasma-nitrided tool steel during sliding

against hardened Al–Si-coated UHSS was also higher
at elevated temperatures (Fig. 17(b)). At 40 ◦C, the tool
steel wear was slightly higher than that in the unhard-
ened case, but at 400 and 800 ◦C, it was lower as
compared to that of the unhardened case. The wear
of the hardened Al–Si-coated UHSS was the lowest at
400 ◦C and the highest at 800 ◦C. The wear at 40 ◦C
was lower as compared to the unhardened case. It
may, however, be noted that the scatter in wear was

Table 6 Composition based on EDS results with reference
to the micrographs in Figs 11 and 12 (wt%)

Figure O Cr Ni Fe Mn

11(e) 2.98 1.87 1.44 92.46 1.25
12(e) 3.47 1.89 – 93.25 1.39

Fig. 16 Weight loss for (a) plasma-nitrided tool steel and unhardened UHSS and (b)
plasma-nitrided tool steel and hardened UHSS at 40, 400, and 800 ◦C (load: 50N; stroke:
1mm; frequency: 50Hz; duration: 20min)
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Fig. 17 Weight loss for (a) plasma-nitrided tool steel and unhardened Al–Si-coated UHSS and (b)
plasma-nitrided tool steel and hardened Al–Si-coated UHSS at 40, 400, and 800 ◦C (load:
50N; stroke: 1mm; frequency: 50Hz; duration: 20min)

very large and a quantitative distinction in their wear
characteristics is difficult.
The hardening process promoted the formation of

hard Fe–Al–Si intermetallics and owing to this the sur-
face layer reached a hardness of more than 800HV10

(Fig. 3). The tool wear was higher at 40 ◦C in the case
of sliding against hardened Al–Si-coated UHSS com-
pared to the unhardened case. This was caused by the
very hard surface layer, which abraded the counter
surface, as can be clearly seen by the neatly cut out
grooves in Figs 14(b) and (c) and Figs 15(b) and (c), as
well as the absence of the wear protective layers that
Al–Si alloys are known to form [13, 14]. The wear of
the hardened Al–Si-coated UHSS was, however, lower
compared to that of the unhardened.
The wear scar on the hardened Al–Si-coated UHSS

(Fig. 15(e)) showed no trace of Al or Si and had
more compacted plateaus consisting of Fe, Cr, and O,
whereas the unhardened UHSS in Fig. 14 (e) showed
less compacted layers and clear traces of Al and Si
along with Fe, Cr, and O. This can be explained by
the higher wear of the tool steel when sliding against
the hardened Al–Si-coated UHSS, which will produce
more wear debris consisting of Fe and Cr. These will
then be oxidized and some will form layers on the
UHSS surface. The reason for the higher friction in
the unhardened case is the higher adhesion caused
by the difference in the initial surfacemorphology and
composition.
The tool wear at 800 ◦C was lower in the case of

the hardened Al–Si-coated UHSS, which can also be
attributed to the differences in surface morphology.

4 CONCLUSIONS

High-temperature tribological studies on plasma-
nitrided tool steel sliding againstUHSS in unhardened
and hardened conditions and with and without Al–Si
coating have been conducted. The salient conclusions
from this work are as follows:

1. The frictional behaviour of different tribological
pairs at elevated temperatures is affected by hard-
ening of the uncoated and the Al–Si-coated UHSS.
Generally, friction decreased during sliding against
hardened UHSS.

2. For the Al–Si-coated UHSS, the reduced friction at
elevated temperatures is caused due to lower adhe-
sion when the Al–Si coating forms an intermetallic
layer of Fe–Al–Si. At lower temperatures, high fric-
tion and seizure are attributed to adhesion and
transfer of the Al–Si coating to the tool steel.

3. The wear characteristics are affected by both the
hardening of the UHSS and the operating temper-
ature. At low temperature, the tool wear increases
and the UHSS wear decreases in the hardened case
(both with and without coating).

4. The tool wear increases from 40 to 400 ◦C, but it
remains unchanged from 400 to 800 ◦C when slid-
ing against the uncoated UHSS (unhardened and
hardened). Tool wear continuously increases dur-
ing sliding against the coated UHSS (unhardened
and hardened).

5. Minimum wear of the UHSS was found at 400 ◦C
for all tribological pairs, owing to the formation
of compacted wear-resistant layers combined with
thermal softening and increased wear of the tool
steel.

6. Generally at elevated temperatures, the tool wear
decreases during sliding against the hardened
UHSS (with or without coating).
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2.1 Test materials and specimens
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2.2 Heat treatment of the Al-Si coated boron steel 
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2.3 Tribological tests
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2.4 Preparation of the Al-Si coating surface 
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3.1. Microstructural evolution of the Al-Si coating

as-delivered 
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3.2 Influence of heating conditions on the tribological behaviour and galling 
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3.2.1 Correlation between the phases of the coating and the tribological response 
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Figure 39 Cross section of the coating after the tribological tests. A) 700 C and 0 min soaking time, b) 900 C 
and 0 min soaking time and d) C and 4 min soaking time

3.3 Influence of Al-Si coating surface roughness on frictional behaviour and galling 

3.2.1 Morphological changes of the coating and its surface 
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