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Abstract 
 

High strength boron steels are commonly used as structural reinforcements or energy absorbing 

systems in automobile applications due to their favourable strength to weight ratios. The high 

strength of these steels leads to several problems during forming such as poor formability, 

increased spring back, and tendency to work-harden. In view of these difficulties, high strength 

boron steels are usually formed by press hardening at elevated temperatures with a view to 

facilitate forming and simultaneous hardening by quenching of complex shaped parts. 

 

The high strength steel sheets are used with an Al–Si coating with a view e.g. to prevent scaling 

of components during hot-metal forming. The Al-Si coated high strength steel can lead to 

problems with galling (i.e. material transfer from the coated sheet to the tool surface) which have 

a negative influence on the quality of the produced parts as well as the process economy. The 

available results in the open literature pertaining to high temperature galling are very scarce. With 

this in view, the friction and wear behaviours of different tool steel coatings and different 

roughness lay directions sliding against Al–Si-coated high-strength steel at elevated temperatures 

have been investigated by using a high-temperature reciprocating friction and wear tester at 

temperature of 900 °C. 

 

The results have shown that parallel sliding with respect to the surface roughness lay reduces the 

severity of galling compared to perpendicular sliding.  None of the coatings included in this study 

have shown beneficial effects in view of galling. The DLC coating experienced less galling 

compared to the AlCrN and TiAlN. Post polishing of the coated tool steel has resulted in more 

severe material transfer with higher and more unstable friction. 
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1. Introduction 
 

A forming method called hot stamping (or press hardening) is employed for fabricating 

automobile structural components having a yield strength of 1500 MPa or more. By this method, 

the strength and hardness of a steel sheet is increased through quenching, after short time heating 

in the austenite temperature region, in a die which is maintained at room temperature [1,2]. 

 

There is a broad variety of applications where the wear of steels takes place. Wear of surfaces 

produces high costs associated not only to the mass, but also to energy and time losses. A 

reduction in these losses could be obtained by ensuring that an acceptable wear rate is 

established. Also, a more accurate prediction of the life of tribological components would be 

assist in optimising various engineering application in terms of wear. Both conditions are 

essential in order to improve reliability of industrial systems [3]. 

 

The fundamental mechanisms controlling the forming properties of sheet metals depend on a 

complex combination of factors such as steel sheet and tool materials, tribological conditions and 

press parameters, etc., see Figure 1. 

 

 
Figure -1- Factors influencing the forming properties of sheet metals [4]. 

 

The transfer of material between the contacting surfaces has always been considered as a 

problem, in many tribological sliding contacts, because it strongly influences the contact 

conditions and also the behavior of the tribosystem. For example, in sheet metal forming 

processes, adhesive build up of sheet metal fragments on the tool surface, resulting in galling, is 

considered as one of the most important parameters that permit to control the surface quality of 

the formed products and the tool life [5]. 

 

For that reason, some concepts have been developed to reduce the effects of galling in sheet 

metal forming. These includes dry lubricants, new forming tool steel grades and thin surface 

coatings deposited on the forming tool, e.g. physical vapor deposition (PVD) of thin hard 

coatings such as TiN, (Ti,Al)N, CrN, DLC, etc [6,7]. 

 

After all, the deposition of a low friction PVD coating does not guarantee improved function and 

the wear resistance as long as the pick-up tendency is conditioned by the coating topography/ 

morphology (any hard coating asperities will scratch the softer sheet metal). Concerning the 
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reduction of the tribological interaction between the coating and the counter surface, the coating 

surface must have a high quality. For example, sheet-metal forming where problems such as 

galling may occur [8]. 

 

Adhesive wear mechanisms (being active at the sliding interface) generate a material transfer. In 

sheet metal forming, adhesive wear is usually observed in the forming of aluminum and 

austenitic stainless steel while abrasive wear in the abrasive wear is generally observed in 

combination with adhesive wear during the forming of high strength steel sheets [9]. 

 

As a result, PVD coatings aimed for hot forming of high strength steel sheet should exhibit a high 

anti-sticking resistance (i.e. low friction properties) in combination with a high abrasive wear 

resistance (i.e. a high hardness) in order to increase the forming tool life. 

 

The aim of this present study is focused on the influence of surface roughness lay and also to 

compare different hard PVD coatings in terms of galling properties, when applied on forming 

tool steel and tested against Al-Si coated high strength steel during hot forming. The tribological 

evaluation was carried out under unlubricated conditions using a high-temperature reciprocating 

friction and wear tester at temperature of 900 °C and included PVD deposited TiAlN /AlCrN and 

DLC coatings. In order to explain the observed friction and wear mechanisms, post-test 

characterisation using scanning electron microscopy (SEM) and energy dispersive X-ray 

spectroscopy (EDS) were performed. 

1.1 High temperature tribology 

 

Tribology is the field of science and technology, dealing with contacting surfaces in relative 

motion which means that it deals with phenomena related to friction and wear. The word 

tribology comes from the Greek word tribos which means “to rub”. The term tribology was 

introduced in the Jost report in 1966, published by the UK Department of Education and Science. 

The committee, led by Peter Jost, was given the task of highlighting the need for education and 

research within the field of lubrication. The report resulted in the establishment of a new 

interdisciplinary field which was termed “tribology”. The Jost report concluded that 

approximately 1% of the gross national product of the UK could be saved through reduction in 

friction and wear [10]. Similar savings have also been estimated in other countries and some have 

suggested even larger savings. Historically, the awareness of tribological phenomenon existed 

even way back around 2500 B.C. as is evident from illustrations showing the lubrication of sleds 

for transporting boulders to build the pyramids. The lubricant was probably milk or a water/oil 

mixture to reduce friction. 

 

In industrialized societies there is a growing need to reduce or control friction and wear for 

several reasons. These could be to extend the lifetime of machinery and  bio-systems, to make 

engines and devices more efficient, to conserve scarce material resources, to save energy, and to 

improve safety. 

 

Earlier these aims have been achieved by design changes, selecting improved bulk materials, or 

by utilizing lubrication techniques. Bulk material changes might involve applications with 
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ceramics or polymers, whilst the lubrication techniques would include the use of liquid lubricants 

such as mineral or synthetic oils or solid lubricants such as molybdenum disulphide. 

 

Mechanical components and tools are today facing higher performance requirements. The use of 

surface coatings opens up the possibility for material design in which the specific properties are 

located where they are most needed. The substrate material can be designed for strength and 

toughness while the coating is responsible for the resistance to wear, thermal loads and corrosion 

[11]. 

 

Friction can be defined as “the resistance against sliding between two contacting bodies” [12]. 

The resistive tangential force, which acts in a direction directly opposite to the direction of 

motion, is called the friction force. There are two main types of friction that are commonly 

encountered: dry friction and fluid friction. As its name suggests, dry friction describes the 

tangential component of the contact force that exists when two dry surfaces move or tend to 

move relative to one another. Fluid friction describes the tangential component of the contact 

force that exists between adjacent layers in a fluid that are moving at different velocities relative 

to each other as in a liquid or gas between bearing surfaces [13]. 

 

Wear is defined as the loss of material from the contacting surfaces. However, this does not 

necessarily mean that material is lost from the tribological system since material can be 

transferred from one surface to the other. In most cases wear is detrimental to the satisfactory 

operation of a technological system and will lead to performance deterioration or even complete 

failure. Usually, the goal is to minimise wear by proper selection of materials and lubricants 

keeping in view the operating conditions. On the other hand, there are cases where a controlled 

form of wear is desirable. Examples of such applications are manufacturing processes such as 

cutting, milling, grinding and polishing. Like friction, wear can also be classified in different 

types. According to the German standard DIN 50320 four main wear types are involved in wear 

processes [12]: 

 

- Adhesive wear involves the formation and breaking of atomic junctions between surfaces 

which results in removal or transfer of material, also referred to as sliding wear. 

 

- Abrasive wear occurs when the asperities of a hard surface plough and scratch the softer 

mating surface (2-body) or when hard particles plough and scratch one or both interacting 

surfaces (3-body). 

 

- Surface fatigue wear caused by tribological stress cycles that result in fatigue and subsurface 

crack formation eventually leading to material removal. 

 

- Tribochemical wear involves chemical reactions between the tribological elements in a 

tribological system that are initiated by tribological action. The chemical reactions will consume 

the material of the surfaces. 

 

High temperature tribology involves tribological studies at elevated temperatures. Whether a 

system is operating at high temperatures is govern by the materials of the interacting surfaces. 

There is no exact limit that defines high temperature but usually > 2/3 of the melting temperature 

of a material is considered to be high temperature. 
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When increasing the temperature several complex phenomena takes place which affects the 

performance of the tribological system. These includes oxidation, diffusion, thermal softening, 

microstructural changes, changing mechanical properties and so on. 

 

From some studies done by J.Hardell and B.Prakash [14], the results have shown that both the 

friction and wear of tool steel/Al–Si coated high-strength steel pairs are temperature dependent. 

Friction decreased with increasing temperature whereas wear of the tool steel increased with 

temperature. As the temperature increased, the coefficients of friction decreased possibly due to 

formation of oxides and/or intermetallic compounds. The principal material removal mechanism 

appears to be adhesive wear at all temperatures coupled with contribution from abrading action of 

oxidised wear debris at elevated temperatures. 

1.2 Hot metal forming 

 

To reduce weight in automotive body design, conventional lightweight materials such as 

aluminium, magnesium, and polymers are used but the use of ultra high strength steels also is 

increasing. Conventional cold stamping methods and microalloyed boron steel (22MnB5) 

processing can be performed with a non-isothermal hot sheet metal forming process called direct 

hot stamping. This process combines hot forming and subsequent quench hardening in a single 

process step. Compared with conventional sheet metal forming, a proper hot stamping process 

design requires the knowledge of the interfacial phenomenon and material behaviour at high 

temperatures to obtain the desired properties of the final products in terms of the microstructure, 

surface condition, geometry and strength. 

 

Hot stamping is compatible with the chemical composition of boron-alloyed steels because it 

creates a robust process window for quenching, which causes martensitic transformation. Boron 

steels belong to a group of martensitic steels with good hardenability at low cooling rates. 

Since the year 2000 more hot stamped parts have been used in cars and the number of produced 

parts/year has gone up to approximately 107 million parts/year in 2007. The applied hot stamped 

parts in the automotive industry are chassis components, like A-pillar, B-pillar, bumper, roof rail, 

rocker rail and tunnel (Figure 2) [15]. 
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Figure -2- Hot stamped parts in a typical car [15]. 

 

A special type of hot forming process, known as press hardening, was invented and patented by 

Norrbottens Järnverk AB (which later became SSAB) in the early 1970’s. The process involves 

heating a steel blank in a furnace (i.e. austenising it at ~900 °C), transferring it to a press tool 

where it is formed and subsequently quenched by cooling the tools. By keeping the tools closed 

during the quenching step it is possible to obtain very good dimensional tolerances of the 

produced parts. A schematic of the process is shown in Figure 3. The main advantage of this 

process is that the forming occurs when the workpiece material is soft and formable which means 

that complex geometries can be obtained and problems such as spring-back, commonly 

encountered in cold forming of high strength steels, are minimized. Furthermore, since the 

material is quenched from austenite, the final product will have a fully martensitic microstructure 

and hence a high yield strength [16]. The most common workpiece material in press hardening is 

ultra high strength boron steels (UHSS). The steel is alloyed with boron which suppresses 

formation of softer microstructure phases and promotes a fully martensitic structure after rapid 

quenching from austenite. 

 

 
Figure -3- Schematic of the press hardening process [12]. 

 

The hot stamping process currently exists in two different main variants: the direct and the 

indirect hot stamping method. In the direct hot stamping process, a blank is heated up in a 

furnace, transferred to the press and subsequently formed and quenched in the closed tool (Figure 
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4a). The indirect hot stamping process is characterized by the use of a nearly complete cold pre-

formed part which is subjected only to a quenching and calibration operation in the press after 

austenitization (Figure 4b) (Merklein et al., 2008). Indirect forming can also involve cold forming 

of a closed profile, e.g. by roll forming, 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. Full martensite transformation in the material causes an increase of the 

tensile strength of up to 1500 MPa. 

 

 
Figure -4- Basic hot stamping process chains: a. direct hot stamping, b. indirect hot stamping [15]. 

 

In order to avoid cooling of the part before forming, the blank must be transferred as quickly as 

possible from the furnace to the press. Furthermore, forming must be completed before the 

beginning of the martensite transformation. Therefore, a fast tool closing and forming process are 

the precondition for a successful process control. After forming, the part is quenched in the 

closed tool, which is cooled by water ducts to transfer the heat out of the tool system. In order to 

avoid the quenching of the blank between the blank holder and the die during the forming 

process, most of the hot stamping tool systems work with a distance blank holder (Fig. 5) [15]. 

 

 
Fig. 5- Tool design for the hot stamping process [15]. 
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1.3 Adhesive wear and galling in sheet metal forming 

 

In general adhesive wear is identified as scoring, galling, seizing, and scuffing. These terms are 

used depending on type of application and type of appearance. Although adhesive wear has wide 

range of appearances it is defined as wear by transfer of material from one surface to another 

during relative motion due to a process of solid-phase welding. During adhesive wear particles 

that are removed from one surface are either permanently or temporarily attached to the other 

surface. 

 

Solid surfaces are almost never perfectly smooth, but rather consist of microscopic asperities of 

various shapes. When asperities of one surface come into contact with asperities of the 

counterface they may adhere strongly to each other and form asperity junctions as shown in 

Figure 6. Relative tangential motion of the surfaces causes separation in the bulk of the softer 

asperities and material is removed. In adhesive wear the surface material properties, as well as 

possible protecting surface films or contaminants, play important roles [13]. 

 

 
Figure -6- Schematic of adhesive wear [13]. 

 

For adhesive wear to occur it is necessary for the surfaces to be in intimate contact with each 

other and the surfaces have a high tendency to adhere to each other. So, to reduce the adhesive 

wear two types of solutions are proposed: 

 

- changing the chemistry of either one or both of the surfaces to lower the adhesion between the 

surfaces. 

- separating the surfaces by adding a lubricating film between the sliding surfaces. 

- changing the roughness of the surface. 

 

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 ultra high 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 down time for maintenance of the tools [17]. 

 

In his study [18], Schedin observed that galling has a big tendency to initiate at the irregularities 

on the surface and larger lumps develop during succesive forming operations. He states that the 

action of surface irregularities as initiation sites for galling seems to be non-sensitive to material 

combinations or lubrication. He suggests that due to the nature of how galling initiates, material 

transfer cannot be completely avoided but only the growth rate of the transferred layer needs to 

be controlled. 
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1.4 Surface engineering 

 

Aluminium-Silicon coated steel is an attractive material for the manufacture of automotive 

structural parts due to its excellent mechanical properties. It does however pose problems during 

sheet metal forming operations due to Aluminium pick-up on the die surfaces which changes the 

original forming characteristics of the part and increased maintenance of the die. The hypothesis 

presented here is that the severity of the problem may be reduced through surface engineering of 

the critical areas of the die so as to modify the frictional and chemical properties of the die 

surface. 

 

The concept of surface engineering is not a new one. Set in the 11th century, Theophilous a greek 

monk found that by dunking his steel tools and swords in buckets of goats urine, collected from 

goats which had been fed primarily on fern, he could significantly increases the hardness of his 

tools and make them last a lot longer than usual. Essentially, what was taking place was that the 

nitrogen in the urine was diffusing into the steel and combining with the iron in the steel to form 

iron-nitrides which hardened the steel and increases its wear resistance. 

 

Recently tribologists have made increasing use of another approach to friction and wear control – 

that is to utilize surface treatments and coatings. This has led to, and to some extent been fuelled 

by, the growth of a new discipline called surface engineering. The growth has been encouraged 

by two main factors. The first has been the development of new coatings and treatment methods, 

which provide coating characteristics and tribochemical properties which were previously 

unachievable. The second reason for the growth of this subject area has been the recognition by 

engineers and materials scientists that the surface is the most important part in many engineering 

components. It is at the surface that most failures originate, either by wear, fatigue or corrosion 

[13]. 

 

One definition of surface engineering is “the design of a coating and substrate system which 

performs in a way wich cannot be achieved by either the coating or substrate alone” [23]. 

 

It is important to distinguish between surface treatments and surface coatings. The following 

definition is commonly used [14]: 

 

- Surface treatments are processes where the surface properties are changed and the changes are 

confined to the surface with a gradual transition of properties from the surface treated layer to the 

substrate, Figure 7 (a). 

- Surface coatings are layers of certain thickness applied on a surface that will change the surface 

properties. The transition to the substrate properties will be very sharp in the case of surface 

coatings, Figure 7 (b). 
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Figure -7- Schematic of (a) surface treated material and (b) surface coated material [14]. 

 

An important factor to keep in mind is the hardness difference between the coating and substrate 

especially at higher temperatures. Softening of the substrate will result in insufficient support for 

the coating leading to its rapid failure. It has been seen that a duplex system (i.e. nitrided layer + 

PVD coating) performs very well at elevated temperatures and even a single nitrided layer can 

out-perform a single PVD-coated layer. 

 

In a study done by Podgornik and Hogmark [19], they observed that polishing of the tools 

reduces the severity of galling. However, they suggest that surface engineering can bring some 

benefits but it needs to be well controlled. They propose that a solution for providing good 

galling properties, surface modification of the tools should include plasma nitriding, as it 

improves the load carrying capacity, post polishing after plasma nitriding and finally a deposition 

of a hard low friction coating. They observed that DLC had a good galling resistance. 

 

Research has been done related to the influence of surface engineering on the alleviation of 

galling for forming at low temperatures. T. Sato et al. have evaluated the anti-galling behaviour 

of the DLC coating in aluminium forming [20]. They observed that under dry and lubricated 

conditions DLC behaves efficiently reducing galling. J. Eriksson and M. Olsson [21] evaluated 

the galling and wear characteristics of PVD coatings (CrN, (Ti,Al)N and CrC/C), in lubricated 

sliding contact with different high strength steel sheets. They suggest that besides the friction 

properties of the coatings, the size and density of surface defects will influence the material pick-

up tendency since both macro particles and shallow craters will increase the interaction tendency 

with the counter surface. 

 

J. Kondratiuk et al. [22] have studied the wear behaviour of coated tool steels sliding against Al-

Si UHSS, they observed that the use of coatings had a negative effect in terms of wear of the 

work-piece and they also observed a more severe occurrence of galling compared to uncoated 

tool steels, they suggest that a way to reduce galling could be to increase the temperature during 

the austenising stage. 

 

Nitriding surface treatment is also a well known method to improve the wear and corrosion 

resistance of a component. A study on wear resistance of plasma nitrided steel under 

rollingsliding conditions was carried out by Sun et al. It was reported that the nitrided steel 

experienced an improvement in wear resistance and wear occurred mainly due to oxidation and 

delamination. A study pertaining to wear of plasma nitrided hot rolling rolls was performed by 

Uma Devi et al. They found that plasma nitriding of the steel decreased the adhesive component 

of wear substantially. Improved high-temperature wear resistance of nitrided steel has also been 
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reported by Rodriguez-Baracaldo et al. This was attributed to the retained hardness at elevated 

temperatures and formation of compacted layers in the wear track [14]. 

1.5 Surface engineering techniques (nitriding processes and PVD) 

 
This section describes the nitriding and PVD processes in more detail. 

 
Nitriding processes 

 

Nitriding is a case hardening process that depends on the absorption of nitrogen into the steel. All 

machining, stress relieving, as well as hardening and tempering are normally carried out before 

nitriding. The parts are heated in a special container through which ammonia gas is allowed to 

pass. The ammonia splits into hydrogen and nitrogen and the nitrogen reacts with the steel 

penetrating the surface to form nitrides. Nitriding steels offer many advantages: a much higher 

surface hardness is obtainable when compared with case-hardening steels; they are extremely 

resistant to abrasion and have a high fatigue strength. There are three main types of nitriding 

processes: 

 

1. Gas nitriding; 

2. Salt bath nitriding; 

3. Plasma nitriding; 

 

Gas nitriding is a process wich use a nitrogen rich gas, ammonia (NH3), which is why it is 

sometimes known as ammonia nitriding [24]. When ammonia comes into contact with the heated 

work piece it disassociates into nitrogen and hydrogen. The nitrogen then diffuses from the 

surface into the core of the material. The thickness and phase constitution of the resulting 

nitriding layers can be selected and the process optimized for the particular properties required, 

see Figure 8. 
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Figure -8- Schematic of a simple ammonia gas nitriding furnace [25]. 

 

The advantages of gas nitriding over the other variants are: 

 

• All round nitriding effect (can be a disadvantage in some cases, compared with plasma 

nitriding); 

• Large batch sizes possible - the limiting factor being furnace size and gas flow; 

• With modern computer control of the atmosphere the nitriding results can be tightly controlled; 

• Relatively cheap equipment cost - especially compared with plasma;  

 

The disadvantages of gas nitriding are: 

 

• Reaction kinetics heavily influenced by surface condition - an oily surface or one contaminated 

with cutting fluids for example will deliver poor results; 

• Surface activation is sometimes required to successfully treat steels with a high chromium 

content - compare sputtering during plasma nitriding; 

• Ammonia as nitriding medium - though not especially toxic, it can be harmful when inhaled in 

large quantities. Also, care must be taken when heating in the presence of oxygen to reduce the 

risk of explosion; 

 

Salt bath nitriding, shortly after the development of gas nitriding, alternative methods of 

nitriding were sought. One such method was the use of molten salt as a nitrogen source. The salt 

bath process uses the principle of the decomposition of cyanide to cyanate and the liberation of 

nitrogen within the salt for diffusion into the steel surface. The salts used also donate carbon to 

the workpiece surface making salt bath a nitrocarburizing process. The temperature used is 

typical of all nitrocarburizing processes is 550–590 °C [25]. 
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The advantages of salt nitriding are: 

 

• Quick processing time - usually in the order of 4 hours or so to achieve; 

• Simple operation - heat the salt and workpieces to temperature and submerge until the duration 

has transpired; 

 

The disadvantages are: 

 

• The salts used are highly toxic - Disposal of salts are controlled by stringent environmental laws 

in western countries and has increased the costs involved in using salt baths. This is one of the 

most significant reasons the process has fallen out of favor in the last decade or so; 

• Only one process possible with a particular salt type - since the nitrogen potential is set by the 

salt, only one type of process is possible; 

 

Plasma nitriding, also known as ion nitriding, plasma ion nitriding or glow-discharge nitriding, 

is an industrial surface hardening treatment for metallic materials. In plasma nitriding, the 

reactivity of the nitriding media is not due to the temperature but to the gas ionized state. In this 

technique, intense electric fields are used to generate ionized molecules of the gas around the 

surface to be nitrided. Such highly active gas with ionized molecules is called plasma, naming the 

technique. The gas used for plasma nitriding is usually pure nitrogen, since no spontaneous 

decomposition is needed (as is the case of gas nitriding with ammonia). There are hot plasmas 

typified by plasma jets used for metal cutting, welding, cladding or spraying. There are also cold 

plasmas, usually generated inside vacuum chambers, at low pressure regimes, see Figure 9. 

 
Figure -9- Plasma nitriding scheme [26]. 

 

Usually steels are very beneficially treated with plasma nitriding. Plasma nitriding advantage is 

related to the close control of the nitrided microstructure, allowing nitriding with or without 

compound layer formation. Not only the performance of metal parts gets enhanced but working 

lifespan gets boosted. So does the strain limit, and the fatigue strength of the metals being treated. 

For instance, mechanical properties of austenitic stainless steel like wear can be significantly 
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reduced and the hardness of tool steels can be doubled on the surface [24]. A plasma nitrided part 

is usually ready for use. It calls for no machining, or polishing or any other post-nitriding 

operations. Thus the process is user-friendly, saves energy since it works fastest and causes little 

or no distortion. Plasma nitriding is often coupled with physical vapor deposition (PVD) process, 

to avail of immensely enhanced benefits. Many users prefer to have a plasma oxidation step 

combined at the last phase of processing to generate a smooth jetblack layer of oxides which is 

very resistant to not only wear but corrosion. Since nitrogen ions are made available by 

ionization, differently from gas or salt bath, plasma nitriding efficiency does not depend on the 

temperature. Plasma nitriding can thus be performed in a broad temperature range, from 260°C to 

more than 600°C. For instance, at moderate temperatures (like 420°C), stainless steels can be 

nitrided without the formation of chromium nitride precipitates and hence maintaining their 

corrosion resistance properties [24, 27]. 

 

In plasma nitriding processes nitrogen gas (N2) is usually the nitrogen carrying gas. Other gasses 

like hydrogen or Argon are also used. Indeed, Argon and H2 can be used before the nitriding 

process during the heating up of the parts in order to clean the surfaces to be nitrided. This 

cleaning procedure effectively removes the oxide layer from surfaces and may remove fine layers 

of solvents that could remain. This also helps the thermal stability of the plasma plant since the 

heat added by the plasma is already present during the warm up and hence once the process 

temperature is reached the actual nitriding begins with minor heating changes. For the nitriding 

process H2 gas is also added in order to keep the surface clear of oxides. This effect can be 

observed by analysing the surface of the part under nitriding. 

 

Physical vapour deposition 

 

There are many coating deposition methods, but not all of them are suitable for tribological 

applications due to their poor bonding strength, thin achievable thickness, etc. Some of them are 

developed for electronic, optical or decorative applications. The common deposition methods for 

tribological coatings include bonding, electrochemical deposition, thermal spraying, chemical 

vapor deposition, physical vapor deposition, welding, etc. 

 

The term Physical Vapor Deposition (PVD) encompasses any thin-film or coating process which 

involves depositing physically generated atoms or molecules onto a substrate. Thickness of films 

and coatings can vary from nanometres to millimitres. There is wide variety of applications for 

such coatings especially since modern technology has placed increased demands on developing 

engineering materials often with conflicting sets of properties. For example, combinations of two 

or more properties such as high temperature strength, impact strength, specific optical, electrical 

or magnetic properties, wear resistance, fabrication into complex shapes, biocompatibility and 

many are commonly for engineering materials in today’s world [28]. 

 

Deposition processes may be divided into two general categories: 1. Droplet transfer such as 

plasma spraying and arc spraying. The main disadvantage of these processes is the porosity in the 

final droplet. 2. Atom by atom transfer, such as PVD, Chemical Vapor Deposition (CVD) and 

Electrodeposition. With these there are essentially three steps involved in the formation of a 

deposit. 
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A. Synthesis of the material to be deposited, for example, transition from the solid or liquid 

phase to the vapor phase. 

B. Transport of the vapor phase between the source and substrate. 

C. Condensation of the vapors on the substrate and subsequent nucleation and growth of the 

film and coating. 

In CVD and electro deposition all three steps occur simultaneously at the substrate and therefore 

cannot be independently controlled, whereas, the steps can be controlled independently in the 

PVD process resulting in greater flexibility of control of the final structure, proprieties and 

deposition rate [28]. PVD processes are categorized according to the physical mechanism by 

which the vapor flux of the depositing atoms is produced. There are three main fundamental 

processes, sputtering, ion plating and evaporation see Figure 10. 

 

 
Figure -10- PVD schematic [28]. 
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2. Objectives 
 

The main focus of this work is to carry out a systematic tribological study to understand galling at 

high temperature and also to investigate different ways to relieve galling during hot forming of 

high strength steel. 

 

The specific objectives of this work are: 

 

 To investigate the influence of roughness and the directionality of the surface roughness 

lay in relation to sliding direction. 

 To explore the potential of certain surface modification techniques for controlling friction 

and minimising wear at elevated temperatures. 

 To investigate the influence of post polishing of coatings. 
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3. Experimental work 
 

This section present the detail about the experimental work carried out in study. 

 

To see the influence of the directionality of the tool surface roughness, two sliding directions 

were used during the tribological tests (sliding in parallel and perpendicular direction respect to 

the roughness lay). The surface of the tool steel specimens was prepared in the same way as 

during refurbishment of the actual forming tools. 

 

To see the influence of coating of the tool, different surface treatment and coatings of the tool 

steel were used during the tribological tests. The surface of the tool steel was polished first to a 

surface roughness of 50 nm, then nitrided and at the end coated by using PVD method. 

 

The steel composition of the tool steel was the same for all the cases, and it was a hot work tool 

steel, the same composition is usually used for tools in the actual hot stamping process. 

 

The influences of surface topography and coatings on galling were analysed using SEM and a 

Wyko 3D optical surface profiler. 

3.1 Material and specimens 

 

The specimens used for the tribological tests were an upper pin of Ø2mm made from a hot work 

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 of Ø24mmand 6.3mm height (Figure 11). 

 

 
Figure -11- Dimensions of the specimens. 

 

The chemical composition of the high strength steel is presented in Table 1: 

 

Table -1- Chemical composition (wt%) of the materials employed. Fe makes up the balance. 

Compositions are provided by the material suppliers 

Material C Mn Cr Si B P S Ni Mo V 

Al-Si Coated UHSS 0,25 1,4 0,3 0,35 0,005 - - - - - 
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The specimens for the study of the surface lay were coarse ground (Ra=1.57 um), this is done to 

eliminate compacted transferred material that is deposited on the surface of the tools after hot 

forming process. Two hardness levels were used for this ground tool steels (48 and 52 HRC). 

 

In Figure 12, the 3D optical surface profiler images of the uncoated upper pin specimens for the 

study of the influence of roughness lay and the lower specimen are presented. The sliding 

directions used in the tribological tests are also shown. 

 

 
 

Figure -12- 3D Optical surface profiler images of the upper and lower specimens showing the 

sliding directions; a) ground upper specimen (Ra=1.57 um), b) lower specimen (Ra=2.26 um). 

 

Three different coatings were used for analysing their effectiveness in reducing galling. The 

coatings used were AlCrN, TiAlN and DLC (diamond like carbon). The AlCrN and TiAlN 

coatings are well known for their good wear resistance and for their stability at high 

temperatures. In Table 2 the properties of the evaluated coatings are listed. 

  

Tables -2- Properties of the coatings used for the tribological tests. 

Coating Hardness (HV) Operating temperature (ºC) Ra value (μm) Thickness (μm) 

AlCrN 3200 1100 0,16 5 

TiAlN 3400 900 0,24 10 

DLC 2000 350 0,20 2 

 

Cross section images of these coated upper tool steels are shown in Figure 13. TiAlN coating had 

a thickness of (~10um), AlCrN thickness was about (~5um) and DLC coating (~2um). The three 

samples were nitride and polished before coating. 
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Figure -13- Cross section of the upper pin specimens showing the coatings and the 

microstructure. 

 

For the study influence of surface coatings on galling, the 3D optical surface profiler images of 

the coated upper pin specimens are shown in Figure 14. 

 

 
Figure -14- 3D Optical surface profiler images of coated upper pin specimens; a) TiAlN 

(Ra=0,24 μm), b) AlCrN (Ra=0,18 μm) and c) DLC (Ra=0,20 μm). 

 

For the study influence of post polishing of coatings on galling, two coated tool steels (AlCrN 

and TiAlN) were polished to reduce the roughness on the surface of the pin. The 3D optical 

surface profiler images of polished coated upper pin specimens are showed in Figure 15.  

 

 
Figure -15- 3D Optical surface profiler images of polished coated upper pin specimens; a) TiAlN 

(Ra=0,115 μm), b) AlCrN (Ra=0,143 μm). 
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3.2 Experimental technique 

 

High temperature reciprocating sliding friction and wear 

 

For the tribological studies at high temperatures, an Optimol SRV reciprocating friction and wear 

test machine was utilised (Figure 16). In this, an upper specimen (uncoated tool steel pin) is 

loaded against the lower stationary disc (UHSS) and oscillated by means of an electromagnetic 

drive. The lower specimen is mounted on a specimen block incorporating a cartridge heater 

which enables tests up to a temperature of 900°C. A computerized control and data acquisition 

system enables in the control and measurement of different test parameters. 

 

Before the tests, all the specimens were wiped and cleaned by using ethanol. The upper pin 

specimen 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 work-piece is first heated up and then it comes into contact with the cooler tool. Once 

the desired temperature was reached (900ºC), the lower (work-piece) specimen was retained at 

that temperature for 4 minutes to allow sufficient time for the diffusion while still separated from 

the upper (tool) specimen. When a time of 4 minutes had elapsed, the pin was loaded against the 

disc and the test was started. On completion of the test, the specimens were cooled in the 

chamber and then removed and analysed. 

 

 
Figure -16- Test chamber of the SRV machine. 

 

Test parameters 

 

The parameters used for the tribological tests are shown in Table 3. Tests at 10 MPa were carried 

out for two different hardness levels, two different directions of sliding and three different 



 20 

coatings of the tool steel specimens. The influence of hardness, directionality of the roughness 

lay and type of coating was then evaluated. 

 

Table -3- SRV test parameters. 

Test parameters Value 

Normal Load 31 N 

Nominal contact pressures 10 MPa 

Temperature 900ºC 

Stroke length 4 mm 

Frequency 12.5 Hz 

Duration 30 s 

3.3 Analysis of specimens 

 

In order to characterise the nature of surface damage, the morphology of the surface and the wear 

mechanism(s) after the tribological tests a scanning electron microscope incorporating energy 

dispersive spectroscopy (SEM/EDS) was used. 

 

Investigation of the surface topography was carried out using a Wyko NT1100 3D optical surface 

profiler. 
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4. Results and discussion 
 

In this section, the tribological tests results and SEM micrographs of transferred material on the 

tool steel are presented. In the SEM micrographs shown in this section, the dark zones correspond 

to the transferred Al-Si coating and the brighter zones correspond to the tool steel substrate. From 

a previous study [17], the EDS spectra from the different zones confirm that the dark zones 

correspond to the transferred material and the bright zones to the tool steel. 

4.1 Influence of surface roughness on galling 

 

The aim of this study was to evaluate the influence of hardness and directionality of the 

roughness lay on galling. For that two different hardness levels and directions of sliding of the 

tool steel specimens were used for the high-temperature reciprocating friction and wear tester. 

 

Friction 
 

In Figure 17, representative friction curves corresponding to the specimens with hardness of 48 

and 52 HRC with parallel and perpendicular direction of sliding are shown. 

 

 
Figure -17- Friction as a function of time for uncoated tool steel, a) 48 HRC, b) 52 HRC 

(F=31N, vslide=0.1 m/s, T=900 °C). 

 

Similar behaviour was found for the two hardness values, when sliding perpendicular to the 

roughness lay (Figure 17). A high value of the friction coefficient was obtained when sliding 

perpendicular to the roughness lay, especially for the lower hardness. At the higher hardness the 

effect surface roughness lay is less pronounced. 

 

In this study, the friction was low and similar during sliding in parallel direction respect to the 

roughness lay even for two different hardness levels. Galling occurs for both samples (Figure 18 

(b) and 18 (d)) and the friction coefficient was stable. Contrary to sliding parallel, perpendicular 

direction of sliding gave higher friction and more unstable friction. This can possibly be 

attributed to more galling in the case of perpendicular sliding which results in an increase of the 

coefficient of friction. 
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Figure -18- Worn surfaces of tool steel a) 48 HRC/perpendicular, b) 48 HRC/parallel, c) 52 

HRC/Perpendicular and d) 52 HRC/parallel. 

 

From a previous study [17], it has been shown that the instability of frictional behaviour can be 

related to galling and it mainly occurs at higher contact pressure because the force keeping in 

contact the two surfaces is higher, so only some material transfer can generate instability and 

changes in the coefficient of friction. The tests at lower contact pressure are more sensitive so 

changes in the friction coefficient may occur more easily and for any other reasons. 

 

Wear 
 

Figure 19 shows higher magnification images of the transferred material. It can be seen from 

Figure 19 (a) that the coating material adhered to the asperity tips, it indicates the initiation of 

galling. A compaction of debris can be observed in Figure 19 (b) where a large amount of 

compacted debris (not sintered) on the surface of the tool could be observed. A close-up of one of 

the compacted debris formed can be observed in Figure 19 (c). After sintering, these several 

compacted debris form the built-up material as shown in Figure 19 (d). 
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Figure -19- Transferred material on the tool surface, a) adhered material on the asperity tips, b) 

compaction of debris, c) close up of the compact layer and d) build up of the compact after 

sintering. 

 

Figure 18 shows general view of the coarse ground tool steel specimens after a tribological test 

with parallel and perpendicular direction of sliding and different hardness levels. 

 

From Figure 18 it can be seen that there was full contact while sliding parallel to the roughness 

lay and not uniform contact in perpendicular sliding. Severe material transfer is observed on 

those that slid perpendicular to the surface lay (Figure 18 (a) and 18 (c)). On the specimen that 

slid parallel to the surface lay, mild galling occurred (Figure 18 (b) and 18 (d)). 

 

Figure 20 shows a comparison of SEM micrographs at higher magnification between parallel and 

perpendicular direction of sliding for specimens having a hardness of 48 and 52 HRC. In the case 

of the specimens with 48 HRC (Figure 20 (a) and 20 (b)), the specimen with perpendicular 

sliding to the roughness lay showed considerably more transferred material compared to the 

parallel sliding. 

 

Comparing Figure 20 (b) and 20 (c), the sliding direction was the same but the hardness was 

different. The contact was homogenous on both of them and the transferred material was more 

for 48 HRC specimens. 
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Figure -20- SEM images of the tool steel after tribological tests from, a) 48 HRC/perpendicular, 

b) 48 HRC/parallel, c) 52 HRC/perpendicular, and d) 52 HRC/parallel. 

 

A close up of samples that slid parallel to the roughness lay showed a big amount of debris 

accumulation at the edge of the specimen, outside the area of contact (Figure 21). 

 

 
Figure -21- SEM image showing the edge of the upper tool steel after sliding parallel to the 

roughness lay. 
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The analysis of the obtained results shows that, during sliding, roughness plays an important role 

on the transfer of material. The surface valley regions on the ground tool specimen provided sites 

for wear debris entrapment and accumulation. This debris gets compacted under the operating 

contact pressure which ultimately leads to formation of larger transfer layer and material build-up 

on the tool surface. 

 

During sliding parallel to the roughness lay, the wear debris is evacuated through the grooves and 

then avoids compaction and material build-up on the tool surface. Contrary, when sliding 

perpendicular to the roughness lay the wear debris is accumulated and compacted and then leads 

to galling. 

 

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. This confirms the work that has been done by L.Pelcastre [17] implicating 

different hardness levels with a perpendicular sliding. 

 

Partial conclusion 

 

The most important conclusions are: 

 

 Sliding parallel to the roughness lay showed better results than sliding perpendicular. 

 The initiation of galling is the accumulation and compression of the debris in the 

depressed sites of the surface (scratch, pit, wavy surface). 

4.2 Influence of surface coatings on galling 

 

The aim of this study is to evaluate the influence of surface coatings applied on the tool steel on 

galling. For that, three different coated tool steels (TiAlN, AlCrN and DLC) were used for the 

high-temperature reciprocating friction and wear tests. 

 

Friction 
 

In Figure 22, representative friction curves corresponding to specimens with different coatings 

are shown: 
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Figure -22- Friction as a function of time for coated tool steel. (F=31N, vslide=0.1 m/s, T=900 °C) 

 

A similar behaviour was found for TiAlN and AlCrN with a high and increasing value of friction. 

The DLC coating showed better results but the coefficient of friction is still high comparing to 

uncoated tool steels (compared with Figure 17). This most likely caused by higher adhesion in 

the case of coated tool steel sliding against Al-Si coated high strength steel. 

 

Wear 
 

Figure 23 shows the worn surfaces of the coated tool steel specimens after tribological tests from 

TiAlN, AlCrN and DLC PVD-coatings (backscattered electrons micrographs). 

 

It is difficult to distinguish between the coating of the tool steel and the transferred material 

because of the presence of Al in both except for the DLC coating where it can be clearly seen the 

carbon in black and the transferred material in grey. 

 

 
Figure -23- SEM micrographs of the upper specimens (coated tool steel) after the tribological 

test from a) TiAlN, b) AlCrN, and c) DLC. 
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Figure 24 shows higher magnification images of the transferred material by using secondary 

electrons. It can be seen that the galling tendency increases in the order DLC-TiAlN-AlCrN, but 

for all the coatings, a severe material transfer is observed. Big lumps were formed in the case of 

TiAlN and AlCrN coatings whereas the DLC coating did not develop big lumps. 

 

In the case of TiAlN coating (Figure 24 (a)), severe transfer occurs on the edge of the pin which 

can be explained by the shape of the surface which was slightly concave. For AlCrN coatings 

(Figure 24 (b)) almost all the surface is covered by transferred material. In case of the DLC 

coating, detachment of the coating occurred and led to material transfer in this region. 

 

 
Figure -24- Transferred material on the tool surface of a) TiAlN, b) AlCrN, and c) DLC. 

 

It was found that substantial transfer of material occurred from the Al-Si coated UHSS to the 

AlCrN coated tool steel surface, Figure 25, indicating that this formed layer contains Si. The 

same case was also found for the other coatings.  

 

The severity of the transfer was more pronounced for the coated tool steels compared to the 

uncoated ones. 

 

The main mechanism for the occurrence of galling is adhesion since in this case the coating 

provides no sites where the debris can be accumulated. The transfer of material could be initiated 

after an increased affinity between the Al-Si coating from the work piece and the coating on the 

tool steel. First a thin layer of trasfered material is created after high affinity between the two 

surfaces and then this layer changed the roughness of the surface and led to an increase in friction 

and creation of lumps. In a study done by J. Kondratiuk and P. Kuhn [22], it was also shown that 

severe galling occurs when coatings are used. 
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Figure -25- EDS spectre of AlCrN after tribological test at 900 ºC. 

 

 

Partial conclusion 

 

The most important conclusions are: 

 

• The coatings evaluated in this study have not resulted in reduced material transfer. 

• DLC showed less material transfer compared to the AlCrN and TiAlN coatings.  

• Higher affinity between the Al-Si coating and the PVD coatings can be a cause for the 

increased material transfer. 

4.3 Influence of post polishing of coatings 

 

The surface roughness of the tool steel specimens increased after duplex surface treatment 

(nitriding + PVD coating) see Figure 26. The roughness value of the polished uncoated tool steel 
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before coating was 50 nm and it increases to 200 nm after coating. The aim of this study is to 

evaluate the influence of post polishing of the coatings on galling. For that, two different coated 

tool steels (TiAlN, AlCrN) were used for the high-temperature reciprocating friction and wear 

tester. 

 

 
Figure -26- 3D optical surface profiler images showing the roughness evolution of an upper tool 

steel a) before coating (Ra=36.34 ~50.86 nm), b) after coating (TiAlN) (Ra=200 nm) and c) post 

polished TiAlN coated tool steel (Ra=115 nm). 

 

Friction 
 

In Figure 27, representative friction curves corresponding to the polished coated specimens are 

shown: 

 

 
Figure -27- Friction as a function of time for post polished coated tool steel. (F=31N, vslide=0.1 

m/s, T=900 °C). 

 

A similar behaviour was found for both TiAlN and AlCrN with high and unstable friction. The 

very sharp increase in friction indicates that material transfer occurs at the initial stages of 

sliding, possibly due to higher adhesion of the polished coatings. 
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Wear 
 

Figure 28 shows high magnification micrographs of the transferred material by using the 

secondary electrons. 

 

 
Figure -28- SEM micrographs of the polished coated tool steel showing material transfer a) TiAlN, b) AlCrN. 

 

It can be seen that the galling tendency increases and a severe material transfer is observed for all 

the coatings. Big lumps were formed in the case of TiAlN and AlCrN coatings. This can be 

explained by the expansion of the contact surface after polishing the coated pin, where more 

contact occurred between the two surfaces during sliding. 

 

The main mechanism for the occurrence of galling in this case is also adhesion. The transfer of 

material is initiated after an increased affinity between the Al-Si coating from the work piece and 

the coating on the tool steel. 

 

As a conclusion, the increased surface roughness after deposition of the PVD coatings does not 

seem to increase the severity of material transfer. 

4.4 Mechanism description 

 

For the study concerning the influence of surface roughness on galling (Figure 29), the main 

mechanism was adhesion. The debris formed during reciprocating sliding is evacuated through 

the grooves during sliding parallel to the roughness lay. It is accumulated then compacted and 

sintered if the sliding is perpendicular to the roughness lay. 
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Figure -29- Mechanisms responsible for galling in case of uncoated tool steel and different 

sliding directions with respect to surface roughness lay. 

 

In the study concerning the influence of surface coatings and post polishing of coatings on galling 

(Figure 30), the main mechanism was also adhesion but this time the coating provides no sites 

where the debris can be accumulated. The transfer can be initiated after an increased affinity of 

the two coatings (on the tool steel and high strength steel specimens), a thin layer formed on the 

surface can thereafter lead to creation of lumps and tends to severe galling. 

 

 
Figure -30- Mechanism responsible for galling in case of coated tool steel. 
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5. Conclusions 
 

Tribological studies pertaining to galling at high temperature have been carried out. The effect on 

galling of tool surface roughness lay and utilisation of thin PVD coatings on the tool steel has 

been investigated by using a high temperature reciprocating friction and wear tester. 

The salient conclusions based in this work are as follows: 

 

• Orientation of the roughness lay plays an important role in debris evacuation during 

sliding. Parallel sliding relative to the roughness lay showed better results than 

perpendicular sliding. 

 

• Initiation of galling occurs by accumulation and compaction of wear debris in scratches, 

pits and similar features of the surface. 

 

• The coatings evaluated in this study have not resulted in reduced material transfer. 

 

• DLC showed less material transfer compared to the AlCrN and TiAlN coatings.  

 

• Higher affinity between the Al-Si coating and the PVD coatings can be a cause for the 

increased material transfer 

 

• The increased surface roughness after deposition of the PVD coatings does not seem to 

increase the severity of material transfer. 

 



 33 

Aknowledgements 
 

This work has been financially supported by Gestamp HardTech AB and the Centre for High 

performance Steel (CHS) and their contributions are gratefully acknowledged. Katarina Eriksson 

and Erik Adolfsson at Gestamp HardTech are also acknowledged for their active participation 

and valuable inputs to this project. 



 34 

References 
 

[1] Jennarong Tungtrongpairoj, Vitoon Uthaisangsuk and Wolfgang Bleck, Determination of 

Yield Behaviour of Boron Alloy Steel at High Temperature (2009) 1. 

 

[2] Taylan Altan, Hot-stamping boron-alloyed steels for automotive parts. Part II: 

Microstructure, material strength changes during hot stamping (2007) 1. 

 

[3] Masayoshi Suehiro, Kazuhisa Kusumi, Toshihiro Miyakoshi, Jun Maki, Masahiro Ohgami, 

Properties of Aluminum-coated Steels for Hot-forming Nippon Steel (2003) 1. 

 

[4] Per Carlsson. Surface engineering in sheet metal forming (2005) 3. 

 

[5] C. Subramanian, K.N. Strafford, Towards optimization in the selection of surface coatings 

and treatments to control wear in metal-forming dies and tools (1993) 291-298. 

 

[6] F. Clarysse, W. Lauwerens, M. Vermeulen, Tribological properties of PVD tool coatings in 

forming operations of steel sheet, Wear 264 (2008) 400. 

 

[7] T. Sato, T. Besshi, I. Tsutsui, T. Morimoto, J. Mater. Anti-galling property of a diamond-like 

carbon coated tool in aluminum sheet forming (2000) 21. 

 

[8] P. Harlin, U. Bexell and M. Olsson, Influence of surface topography of arc-deposited TiN and 

sputter-deposited WC/C coatings on the initial material transfer tendency and friction 

characteristics under dry sliding contact conditions. Surf Coat Technol,  203  (2009), pp. 1748–

1755. 

 

[9] J.A. Schey, Tribology in metalworking—friction, Lubrication and Wear, Elsevier, Amsterdam 

(1984). 

 

[10] Jost, H.P., Lubrication (Tribology) Education and Research - A Report on the Present 

Position and Industry’s Needs, H. M. Stationary Office, London (1966). 

 

[11] Kenneth Holmberg, Allan Matthews, Coatings tribology (2009) 139-380. 

 

[12] J. Hardell, Tribology of Hot Forming Tool and High Strength Steels, Doctoral thesis, Luleå 

University of Technology, (2009) 2. 

 

[13] Bharat Bhushan, Introduction to tribology (2002) 207-286. 

 

[14] J. Hardell, B. Prakash, High-temperature friction and wear behaviour of different tool steels 

during sliding against Al–Si-coated high-strength steel, Tribology International 41 (2008) 663 – 

671. 

 

[15] H. Karbasian, A.E. Tekkaya, A Review on Hot Stamping (2010) 2. 



 35 

 

[16] Berglund, G., The history of hardening of boron steel in northern Sweden, 1st International 

Conference on Hot Sheet Metal Forming of High-Performance Steel, CHS2, October 22-24  

2008, Kassel, Germany,. GRIPS media (2008) 175 – 177. 

 

[17] L. Pelcastre, J. Hardell , B. Prakash, Investigations into the occurrence of galling during hot 

forming of Al-Si coated high strength steel. Proc. IMechE. Part J: J. Engineering Tribology 225 

(2011) 2. 

 

[18 ] Schedin E. Galling mechanisms in sheet forming operations. Wear 179 (1994) 123-128 

 

[19] Podgornik B. and Hogmark S. Surface modification to improve friction and galling 

properties of forming tools. Journal of Materials Processing Technology 174 (2006) 334-341 

 

[20] Sato T., Besshi T., Tsutsui I. and Morimoto T. Anti-galling property of a diamond-like 

carbon coated tool in aluminum sheet forming. Journal of Materials Processing Technology 104 

(2000) 21±24 

 

[21] Eriksson J. and Olsson M. Tribological testing of commercial CrN, (Ti,Al)N and CrC/C 

PVD coatings — Evaluation of galling and wear characteristics against different high strength 

steels. Surface & Coatings Technology 205 (2011) 4045–4051 

 
[22] Kondratiuk J. and Kuhn P. Tribological investigation on friction and wear behavior of coatings 

for hot sheet metal forming. Wear 270 (2011) 839-849. 

 

[23] A. Mathews and D.S. Rickerby, Advanced surface coatings: A handbook of surface 

engineering, Chapman and Hall, 1991. 

 

[24] Ed Rolinski and Gary Sharp, Ion Nitriding and Nitrocarburizing of Sintered PM Parts 

Advanced Heat Treat Corp., Monroe, Mich (2007). 

 

[25] http://www.asminternational.org/content/ASM/StoreFiles/06950G_Chapter_1.pdf. 

 

[26] http://ppst-2008.physik.uni-greifswald.de/Plasma_Nitriding_and_PIII.pdf. 

 

[27] Grabke H. J.,Schutze, Michael, Corrosion by carbon and nitrogen: metal dusting, 

carburisation and nitridation (2007). 

 

[28] Rointan F. Bunshah, Handbook of Deposition Technologies For Films And Coatings, Noyes 

Publications (1994). 


