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“The only thing that makes life possible is permanent, intolerable uncertainty; 
not knowing what comes next.” 

Ursula K. Le Guin 
The Left Hand of Darkness (1969) 
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Abstract 

Lightweight design for automotive applications has been pursued for several decades and 
continues to increase. The main driving forces are new and increasingly stringent emission 
regulations as well as the increasing popularity of electric, or hybrid, vehicles where the 
increased weight of the batteries need to be compensated by light weight structures. It is also 
critical to maintain or improve passenger safety while creating components and structures 
with lower weight. Materials exhibiting a high strength-to-weight ratio, such as high strength 
aluminium alloys, are highly interesting to realise the next generation of lightweight vehicle 
structures. 

The high strength aluminium alloys include the 5XXX, 6XXX and 7XXX series. In 
order to increase their formability and minimise springback induced during forming at room 
temperature, these alloys are formed at elevated temperatures. Different forming processes 
such as warm forming and hot stamping (e.g. hot forming and quenching) have been 
developed to enable forming of components with high geometrical complexity and 
mechanical properties. However, hot forming of aluminium alloys leads to a challenging 
tribological interface. Aluminium alloys are ductile and reactive metals, prone to severe 
adhesion (also termed as seizure or galling) when sliding against a harder metallic counter 
surface. Aluminium transfer to the forming dies affects the tool lifetime and impacts the 
quality of the formed component which leads to significant maintenance costs and reduced 
productivity. These are the main limitations that hinder the implementation of hot 
aluminium forming for mass production. 

Lubrication as well as surface engineering strategies are potential approaches to control 
friction and wear in the hot aluminium-tool steel interface. Solid lubricants such as graphite 
and hexagonal boron nitride (hBN) have been studied for aluminium forming. Polymer-
based lubricants are also increasingly evaluated for high-temperature applications. Surface 
engineering techniques include both the control of the tool surface topography and the use 
of protective coatings. Surface roughness has been observed as a crucial parameter in the 
initiation of aluminium transfer to the counter surface. PVD and CVD thin coatings are 
increasingly studied as ways to alleviate galling. Among others, CrN and DLC coatings are 
known to reduce adhesion when sliding against aluminium. Despite considerable research 
efforts in this field, there is still lack of systematic studies where synergistic effects of 
lubrication, surface topography and coatings are explored in the context of hot aluminium 
forming. 

The aim of this research is to enhance the understanding of the tribological behaviour of 
aluminium sliding against tool steel at elevated temperatures. The effects of tool steel 
composition, surface roughness (as-received and post-polished), and PVD surface coating 
composition (CrTiN, CrAlN, CrN and DLC ta-C) have been evaluated under dry and 
lubricated conditions (hBN-based and polymer-based). 

High temperature tribological tests were carried out in a reciprocating sliding flat-on-flat 
configuration. In dry conditions, the aluminium-tool steel tribosystem is characterised by 
severe adhesive wear and high friction. Effective control of friction and wear was found to 
be highly dependent on the ability of the lubricant to remain in the contact zone. The 
combined use of a polymer-based lubricant with post-polished surface topography on a PVD 
coated tool led to the best improvements in terms of frictional stability and reduced material 
transfer. This was mainly attributed to reduction of the direct contact between the tool 
material and aluminium. Post-polished uncoated tool steels resulted in the development of a 
protective tribolayer in the contact and together with flattening of the aluminium surface, 
led to friction and wear reduction. In case of post-polished PVD coatings, the lubricant 
entrapment in the contact zone as well as the development of mechanically mixed layers on 
the aluminium surface lowered friction and wear.  
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Abbreviations 

AR As-Received (topography) 

BIW Body In White 

Chem. Chemical/Chemically 

COF Coefficient Of Friction 

CVD Chemical Vapour Deposition 

DLC ta-C Tetrahedral amorphous Carbon form of Diamond-Like-Carbon coating 

EDT Electric Discharge Texturing 

EDS X-Ray Energy Dispersive Spectroscopy 

hBN hexagonal Boron Nitride 

HFQ® Hot Forming and in-die Quenching® 

Mech. Mechanical/Mechanically 

pol./lub. Polymer lubricant 

PP Post-Polished (topography) 

PVD Physical Vapour Deposition 

Rsk Skewness (R-2D roughness parameter) 

Rv Maximum profile valley depth (R-2D roughness parameter) 

Sa, Ra Arithmetic mean height (S-3D, R-2D roughness parameter) 

SEM Scanning Electron Microscopy 

Temp. Temperature 

TS Tool Steel 

Unc. Uncoated 
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1 Introduction 

The interdisciplinary field of tribology encompasses the principles of friction, 
wear and lubrication in any system. Whenever contacting surfaces are put into 
relative motion, a tribosystem is born. Despite the vastness of this field of science 
and technology, and its significance in daily life activities as well as specific 
technological applications, this discipline is fairly unknown to the general public. 
Tribology plays an important role in the world surrounding us. Evolutionary 
processes resulted in the creation and optimisation of the many joints composing 
all vertebrate skeletons, or the development of an effective way to generate fire 
through frictional heating that was already discovered by prehistorical humans. 
The quest to improve performance and savings –varying from a reduced effort 
in order to carry one’s own body, to the higher probability of getting a warm 
meal at the end of the day– naturally led humans to optimise systems throughout 
the centuries. Interest in the role of friction, the understanding of wear 
mechanisms and the introduction of lubricants grew with time. Today, tribology 
is more and more becoming an integral aspect of many engineering disciplines. 

The unpredictable nature of the tribological behaviour of a system resides in 
its non-trivial nor intrinsic relationship with the materials in contact. Driven by 
the increasing complexity of new and existing machine assemblies and processes, 
this research field is continuously growing to meet the ever-increasing demands 
for robustness and sustainability.  Concerns for the environment calls for drastic 
improvement in energy efficiency, limited emissions and alternative solutions to 
non-sustainable products. These crucial preoccupations challenge the design, 
manufacturing, operation, and end-life stages of modern products, and tribology 
plays an important role in solving these challenges. 
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1.1 High temperature tribology 
High temperature tribology emerged as a relatively new research area within 

the field of tribology. This sub-discipline developed from the need to more 
accurately understand the tribological behaviour of systems operating under 
harsh conditions that give rise to high temperature in the contact zone. 
Especially, tribosystems with higher power density exposes the contacting 
materials to severe thermal and mechanical loads preventing the use of traditional 
lubricants and/or anti-wear additives to reduce the frictional energy dissipation 
in the contact. Other examples concern tribological systems where the ambient 
temperature and/or material temperature is increased, which in turn affects the 
friction and wear response. These challenges are commonly encountered in 
several applications, such as mining, metalworking, power generation or 
aerospace industries. 

There is no generally accepted definition of the term “high” or “elevated” 
temperature. This concept is highly system dependent, as the contact conditions 
and especially the thermal properties of the materials in contact determine in 
which temperature range the system can operate. Materials with relatively low 
melting point (such as polymers and some aluminium alloys [1]) lose their 
mechanical properties at temperatures above 200°C to 300°C, whereas ceramics 
do not experience significant changes in their mechanical properties up to 
2000°C. 

Tribologists consider temperatures above 300°C, corresponding to the 
decomposition and loss of effectiveness of conventional lubricants (such as oils 
and greases), to be high temperatures. Metallurgists prefer the concept of 
homologous temperature Th (as stated in Equation 1.1), which is the 
corresponding fraction of the melting point of the material to the operating 
temperature [2]. 

 Th (%) = 
T (K)

Tmp (K)
 (1.1) 

They define a system to operate under elevated temperature conditions when 
Th ≥ 0.4 (which corresponds to the operating temperature reaching the 
recrystallization temperature of the material). This definition is more physically 
based, but the complexity of tribological contacts still results in discrepancies 
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from case to case, as for instance frictional heating taking place at room 
temperature can trigger temperature activated mechanical and microstructural 
changes in the materials in contact [3]. 

The complexity of a tribosystem is increased at elevated temperatures 
compared to room temperatures, as a result of interacting and often synergistic 
physical and chemical phenomena being triggered [3, 4, 5, 6, 7]. The main 
phenomena affecting a high temperature tribosystem are schematically shown in 
Figure 1.1, for a lubricated aluminium-tool contact at elevated temperatures. 

 
Figure 1.1 – Phenomena occurring in a lubricated tool-aluminium tribological contact at high temperature 

Abrasion and adhesion are the two main wear mechanisms known to 
frequently occur in industrial systems and their severity is usually increased at 
elevated temperature [6, 8]. Abrasion occurs when rough features on a hard 
surface and/or hard particles in the contact, plough and cut into a softer material. 
The abrasion is promoted by thermal softening at high temperatures combined 
with presence of hard oxidised wear particles. Severe adhesion, or galling, on 
the other hand occurs due to bonding of the materials in contact and subsequent 
transfer of material from one surface to the other [8]. The formation of the bonds 
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comes from the chemical/metallurgical affinity of the materials leading to inter-
atomic bonding between some elements present in the contacting materials as 
well as the physical/mechanical bonding of particles from the counter-surface [9, 
10, 11]. Higher temperatures lead to increased severity of adhesive wear due to 
easier fracture of the oxide layers, exposure of reactive metallic aluminium, and 
increased real area of contact. The reduced mechanical strength of the substrate 
provides insufficient support for the hard oxide layers and simultaneously, 
increases local deformation of the aluminium surface and thereby its load bearing 
area. Back transfer is also facilitated at elevated temperatures, as the bond 
between one material and the transfer layer can overcome the strength of the 
adhesive bond between the transfer layer and the counterface and/or its rough 
surface can plough and retain the transfer layer [12]. 

Thermal softening affects the contacting materials and alter their bulk 
mechanical properties, such as yield strength, hardness and toughness. This 
results in reduced mechanical support of the surface layers (e.g. protective 
coatings, surface oxides) [13]. Thus, deformation of the materials as well as 
delamination of the surface layers can occur and impacts the tribological 
behaviour of the contact. 

The initiation and rate of microstructural changes, as well as diffusion of 
elements from the bulk to the surface and vice-versa, are also facilitated at higher 
temperatures [13]. Thus, the properties of the materials in contact will change, 
and especially the properties of the surface and near-surface regions [14]. These 
regions usually exhibit different microstructure and mechanical properties as well 
as local chemical compositional changes compared to the bulk material and thus 
play an important role in the tribological contact [15]. As schematised in 
Figure 1.2 for a rolled aluminium alloy, typical surface features include heavily 
deformed surface layers, native oxide layer as well as distributed precipitates, 
intermetallic compounds and microstructural defects [12]. 

Oxidation is a natural process taking place as metals react with the oxygen 
present in air. This process is known to increase at high temperature due to the 
higher chemical reactivity of the materials [13]. The oxides will naturally cover 
metallic bodies in the contact and since their properties are usually dissimilar to 
those of the bulk metals, they add to the complexity of the global tribological 
behaviour [15]. 
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The nature of the oxides developing on steel surfaces is known to be different 
depending on the amount of oxygen present in the contact, the alloying 
elements, and the temperature at which they form and interact with the 
countersurface. On steels, Fe2O3- and Fe3O4-based oxide layers can form as the 
product of the reaction between iron and oxygen at temperatures ranging from 
200ºC to 570ºC [5]. Fe2O3 oxides are usually abrasive, porous and poorly 
adherent to the parent metal while Fe3O4 oxides are homogeneous layers bonded 
to the substrate, which also have increased slip planes due to its cubic crystalline 
structure which facilitates deformation, thereby lowering friction and protecting 
the underlying surface from wear [5, 16, 17]. Protective coatings applied on steel 
substrates also undergo oxidation, which has been reported to be either 
beneficial or detrimental for the tribological behaviour of the contact. The main 
reasons are the differences in mechanical properties, reactivity, uniformity and 
thickness as well as bonding of the oxide layer on the substrate at elevated 
temperatures [18, 19, 20]. 

 
Figure 1.2 – Schematic illustration of near-surface microstructure on hot rolled Al product 

– adapted from [12] 

Oxides forming on the surface of aluminium alloys also differ depending on 
the alloying elements and the preceding thermo-mechanical processing steps 
[12]. Alumina, or Al2O3, is the native oxide developing on aluminium alloys and 
is known to be a hard and brittle ceramic up to 500ºC [12]. Parameters such as 
the various heat treatments and forming temperatures as well as processing 
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conditions (strain rates, shear rates, lubricants, contaminants) influence the nature 
and tribological behaviour of this oxide layer due to changes in its 
e.g. microstructure, hardness, brittleness and adherence to the substrate [12]. 
Diffusion of alloying elements (such as magnesium) affects the composition and 
microstructure of the oxide layer, and hence its resistance to the tribological 
loads [12]. For aluminium alloys containing magnesium (such as the 2XXX and 
6XXX alloys) for example, Mg rich oxide multilayers (e.g. MgO, MgAl2O4, Mg 
doped Al2O3 etc.) can develop as a result of diffusion and reactions with the alloy 
surface and environment [12, 21]. These oxides induce changes in the 
underneath microstructure (such as depletion of the alloying elements) and alter 
the protective nature of the oxide layers developed on the aluminium surface 
[12, 21]. 

Tribochemical reactions with the bodies in contact and wear particles are 
also triggered when the tribological contact operates at high temperatures under 
lubricated conditions. The use of lubricants is necessary to reduce friction and 
the severity of adhesive wear in the contacts involving aluminium at high 
temperatures [22, 23]. Also, thermo-mechanical loads induce changes in the 
lubricant’s properties (e.g. liquid vs. solid state, viscosity, bonding etc.) in the 
contact, thus impacting the global tribological response of the system. 
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1.2 Tribology in hot forming of aluminium 
Tribology plays a crucial role in both cold and hot metal working processes 

since these processes require an optimum friction level in order to produce the 
desired shaped components as well as to minimise wear of tooling for improved 
process economy. Friction and wear are highly system-dependent and different 
hot metal forming processes will result in varying tribological phenomena, 
resulting in the need for special attention to the properties of the materials in 
contact as well as to the operating conditions. The increasing interest in 
production of components made from high-performance materials is driving the 
expansion of hot forming technology, particularly in the automotive industry. 

Current regulations on CO2 emissions and fuel efficiency are steering changes 
in the automotive manufacturing industry. Lowering the weight of vehicles as 
well as optimising energy losses in the powertrain are ways to address these 
challenges. However, the average mass of cars is getting higher, due to increasing 
requirements on safety and comfort as well as growing interest in electric 
vehicles [24]. Using aluminium alloys for automotive structural components thus 
offers an opportunity to save weight on the body-in-white (BIW) structure. The 
BIW consists of the main structure of the car, which is all the joined components 
of the body and highly contributes to its total weight (as shown in Figure 1.3). 

 
Figure 1.3 – Components of subassemblies comprising the body-in-white and its contribution to overall 

vehicle weight [25] 
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The growing interest for aluminium as a lightweight structural material is 
primarily due to the development of high strength alloys (such as the 5XXX, 
6XXX and the more expensive 7XXX series), which offer promising weight 
reduction potential. These aluminium alloys exhibit promising energy 
absorption capacity and sufficient mechanical strength to provide passenger 
safety as well as higher recyclability than steels [26]. The potential in weight 
reduction from using these aluminium alloys mainly applies to sheet formed 
components. Despite the requirements to use approximately 1.5 times thicker 
aluminium sheets than steel to meet comparable mechanical strength in the final 
components, the lower density of aluminium (1/3 that of steel) theoretically 
enables up to 50% weight reduction of the BIW [24, 27]. 

Aluminium automotive parts are usually produced by casting, forging, 
extrusion and sheet forming processes (as shown in Figure 1.4). Forming 
complex shapes with close geometrical tolerances requires the mitigation of the 
poor room temperature formability and springback of high-strength aluminium 
alloys [12, 28]. In order to overcome these problems, components are typically 
formed at elevated temperatures. However, increasing the temperature in the 
forming process leads to the introduction of several tribological challenges. 

 

  
Figure 1.4 – Repartition by product categories and total aluminium content by forming process in European 

passenger cars – adapted from [24, 29] 
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1.2.1 Hot aluminium forming processes and associated 
tribological challenges 

Hot metalworking has a long history and involves forming techniques that 
take advantage of the increased ductility and higher formability experienced by 
most metals at high temperature, which results in the need for lower energy 
during forming compared to cold processes [5, 12, 30]. Mechanical properties 
of the formed components can also be controlled and adjusted in thermo-
mechanical processes [5, 12, 30]. 

Casting is one of the oldest manufacturing technology, consisting in pouring 
molten metal into a die, thus enabling high production volume of relatively 
complex shaped components by replication. Aluminium alloys are casted around 
700ºC in either cold or heated (around 350 ºC) dies, depending on the desired 
surface finish quality [31, 32, 33]. The dies can be made out of sand (renewed 
moulds) or tool steel (permanent or semi-permanent moulds), usually depending 
on the surface finish and geometrical tolerances of the formed components as 
well as economic considerations of the global process [31, 32]. Casting is also 
the primary manufacturing process of many metals, as this technique is used for 
the production of ingots, which then undergo various processing steps in order 
to form the products into their final desired shape [12]. The main tribological 
challenges faced during this forming process are related to the high temperature 
of the aluminium poured in the tool steel dies. Indeed, common wear 
phenomena occurring at the tool steel-aluminium interface include heat 
checking (as a result of thermo-mechanical fatigue), but also erosion, corrosion 
and soldering (i.e. extreme adhesion) of the molten aluminium on the dies [7] 
[32]. The chemical composition of the castings is controlled by careful alloying 
with different element at the production stage. Internal defects such as porosities, 
oxide inclusions and local variations in mechanical properties are also induced 
in the material by the process itself [34]. These will thus have repercussions on 
all the subsequent processes. 

Forging is a bulk forming process, which enables shaping of products 
through hammering, pressing and/or squeezing under relatively high pressures 
(closed die forging configuration exemplified in Figure 1.5a). The components 
obtained from forging exhibit higher strength and better homogeneity in their 
mechanical properties than castings, but at a higher production cost [31]. 
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Optimising the operating conditions and tools during forging also enables the 
control of the fibre structure of the material (e.g. microstructure orientation and 
spacing).  High performance and safety-critical parts, such as pistons, gears and 
wheels in vehicles, are therefore usually forged. Aluminium alloys are forged in 
their solidus state (e.g. between 300 ºC and 480ºC depending on the alloy), as 
good malleability is required but melting needs to be prevented, since the high 
deformations undergone by the materials during the forging operations result in 
further increase of temperature in the materials in contact [31, 35]. The tools are 
typically heated at temperatures ranging from 100ºC to the workpiece 
temperature when forging aluminium [31]. Loading and contact conditions are 
widely different from one application to another, leading to various alterations 
of the microstructural and mechanical properties of the workpiece, both in the 
bulk and at its surface [7]. The main wear mechanisms observed on forging tools 
are severe abrasion and adhesion as well as thermo-mechanical fatigue, resulting 
from the repeated exposure to heat and loading cycles [7].  

 
Figure 1.5 – Different high temperature bulk forming processes a) die forging, b) extrusion 

and c) hot rolling with highlighted material properties – adapted from [30]  
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Extrusion is another bulk forming process, which enables fast production of 
profiles, sheets and rods with complex fixed cross-sectional shape. The 
workpiece is shaped into a billet, then heated, and finally compressed by a ram 
through a die opening of the desired cross-section (as shown in Figure 1.5b). The 
high versatility of this forming process makes it a method of predilection for the 
manufacturing of everyday aluminium products. Extrusion requires a more 
malleable state of the workpiece than forging, in order to achieve high reduction 
ratios when forming soft metals [36]. Aluminium alloys are thus usually heated 
above 500ºC and the dies around 200ºC to 250ºC during the extrusion process 
[37]. The wear mechanisms mostly encountered at the die-aluminium interface 
are abrasion, severe aluminium transfer (i.e. galling) and corrosion as well as 
erosion, due to the material flow [7, 30]. The extruded products exhibit 
elongated surface topographies, in the direction of extrusion, and due to e.g. 
dynamic recovery and static recrystallisation (shown in Figure 1.5b), their 
microstructure is greatly affected by the forming process, [30]. Dynamic 
recovery is a primary softening mechanism occurring during the deformation 
(i.e. dynamic) of metallic materials, due to the reorganisation and/or removal of 
the dislocations initially present in the material (i.e. recovery). This type of 
microstructural change results in a higher ductility of the aluminium. Static 
recrystallisation happens when new dislocation-free grains nucleate and grow in 
replacement of the strain-hardened grains after the deformation took place 
(i.e. static). This mechanism occurs as annealing takes place after the extrusion 
and leads to a decrease in the yield strength of the formed aluminium [38]. These 
microstructural changes may thus have an effect on the tribological behaviour 
in subsequent forming processes but their impact varies with the thickness of the 
aluminium material and additional heat treatments. 

Hot rolling is the most important manufacturing process of semi-finished 
flat products (e.g. sheets, rods, strips etc.) [39]. Metal stock, obtained from 
aforementioned casting, is shaped into flat and relatively thin products by 
compression while feeding it through successive roll pairs (as exemplified in 
Figure 1.5c). Hot rolling induces high shearing of the workpiece, which enables 
its fast reduction in thickness at each stage of the process [40]. Aluminium alloys 
are hot rolled at temperatures ranging from 280ºC to 600ºC, depending on the 
alloy but also the stage and the position (whether at the entry or exit of the roll 
pair contact) in the rolling mills [30, 39]. Indeed, the aluminium is not actively 
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heated during the forming process but previous to it, in a separate furnace, 
leading to its rapid cooling in air during rolling. The roll temperature ranges 
from room temperature to the aluminium workpiece temperature in the contact 
[30, 39].  

The contact between the rolls and the workpiece is complex. The rolls must 
“grab”/“bite” the stock to draw it into the roll gap in order to plastically deform 
the workpiece to the desired shape [12, 41]. Friction needs to be controlled in 
this process to avoid skidding of the workpiece between the rolls on one hand 
as well as to avoid excessive adhesive wear and damage to the formed products 
on the other [12, 22]. Thus, the tribological contact at the roll interface can be 
divided into different stick-slip zones, which affects the workpiece surface 
properties differently [41, 42, 43]. Galling is the main tribological challenge faced 
during hot rolling, especially as back transfer impacts the quality of the formed 
products. Abrasion as well as oxidation are also common wear mechanisms 
occurring at the roll-aluminium contact [12, 30, 39, 41, 43]. Hot rolling also 
significantly affects the specific features observed on the surface of the formed 
flat products as well as their microstructure, as dynamic recovery and static 
recovery mechanisms take place in the process (shown in Figure 1.5b) potentially 
lowering the yield strength of the final aluminium product [30].  

The surface texture of the manufactured aluminium sheets is controlled by 
the texturing of the last rolls, which is replicated on the aluminium end products 
[44, 45, 46, 47]. Mill finish corresponds to a standard (especially in the U.S.)  
surface finish produced by rolls exhibiting relatively rough topographies from 
their production finish and the previous rolling cycles, generating elongated 
surface features in the rolling direction (as shown in Figure 1.6a). The second 
typical (especially in Europe) surface finish for aluminium sheets is created by 
Electric Discharge Texturing (EDT) of the rolls, which imprints an isotropic 
pocket-like structure replicated on the Al surface as shown in Figure 1.6b. The 
latter texture was introduced as a way to improve the paint distribution of the 
end product, but has also proven to have a significant impact on the tribological 
behaviour of the aluminium sheets and tool contact during forming. Indeed, due 
to the stochastic distribution and specific shape generated on the EDT sheets, 
the real area of contact is quite different compared to a mill finish surface, and 
lubricant is more easily retained in the contact during the subsequent forming 
stages [44, 45, 46, 47]. 
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Figure 1.6 – SEM micrographs of a) mill and b) EDT surface finish on automotive aluminium sheet [47] 

 

Hot stamping (also known as hot sheet metal forming or press hardening) was 
first industrialised in the steel forming industry but was later adapted for 
aluminium forming, as the so-called “Hot Forming and cold-die Quenching” 
(HFQ®) process [48, 49]. Hot stamping involves heating the aluminium sheets 
in a furnace until solubilisation, forming at high temperature (without active 
heating) and in-die quenching of the final component as shown in Figure 1.7. 
The quenching is done to prevent the formation of precipitates, particularly at 
grain boundaries. The formed part undergoes post-forming heat treatments 
(such as ageing) in order to obtain a sufficient mechanical strength in the final 
products [28, 50]. This forming process enables the production of complex shape 
and high strength aluminium components, at potential high production rates, 
adapted to the needs of the automotive industry.  The aluminium sheets are 
usually formed at temperatures ranging from 300ºC to 500ºC and the dies are 
kept at room temperature, in order to enable fast in-die quenching [49, 50]. 
Galling is one of the main wear mechanisms faced during hot stamping, in the 
form of severe transfer of aluminium especially at the radii and positions in the 
dies where stress concentrations are high and the aluminium sheets are deformed 
and/or sliding [15, 50, 51]. 
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Figure 1.7 – Key parameters of aluminium hot forming and quenching (HFQ®) process 

The heat treatment after the hot stamping process leads to the desired 
mechanical properties through age-hardening of the formed part. Not all 
aluminium alloys are heat treatable but the 6XXX and 7XXX series are the most 
interesting aluminium alloys for HFQ®, as their age-hardenability enables great 
strength-to-weight ratios and as they both experience springback when formed 
at room temperature [52]. As depicted in Figure 1.7, for an Al-Mg-Si alloy, the 
solution heat treatment enables uniform dissolution of the β-phase precipitates 
in the primary solid solution α-Al matrix, by heating the aluminium sheet above 
its solvus temperature until a homogeneous solid solution develops. Rapid 
quenching then leads to the formation of a super-saturated metastable solution 
αss, containing excess of the alloying elements. Ageing is the last step of age-
hardening, which can be obtained either naturally (i.e. at room temperature) or 
by re-heating the final shaped component below the solvus temperature of the 
alloy, triggering the growth of finely and uniformly dispersed precipitates within 
the α-Al matrix (such as e.g. β”-Mg5Si6 needle-like and β-Mg2Si plate-shaped 
precipitates [53]). The precipitates impede the movement of dislocations 
through the microstructure, leading to the final strengthening of the formed 
parts [52]. The mechanical properties, as well as the surface quality, of the final 
formed products are thus governed by the hot stamping process. 
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In summary, there are many different hot forming techniques to manufacture 
aluminium components. These processes require high formability of the 
workpiece, hence the use of elevated temperatures. However, forming 
aluminium at elevated temperatures results in severe wear occurring at the 
workpiece-tools interface. Severe material transfer is often observed when 
forming aluminium and this increases the need for frequent maintenance of the 
tools that adversely affects the economy of the process. Unexpected changes in 
the operating conditions (e.g. required forces as friction increases) as well as 
reduced quality of the produced parts are other detrimental factors induced by 
galling. There is nevertheless only a limited understanding of the mechanisms 
which lead to severe galling. 
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1.2.2 Aluminium transfer mechanisms 

As mentioned earlier, aluminium is a naturally highly reactive material, 
readily bonding with many other elements, as exemplified in Figure 1.8 from its 
high solid solubility in many other metals [54]. This thus makes material transfer 
a critical issue in forming of aluminium. The relatively softer and reactive 
aluminium easily transfers to the harder mating tool surface through severe 
adhesion, also known as galling. This phenomenon is known to have two main 
origins: chemical bonding and mechanical interlocking of asperities between the 
interacting surfaces [9, 10, 11]. 

 
Figure 1.8 – Relative mutual solubility of pairs of pure metals [54] 

Heinrichs et al. [9, 55] proposed a classification of the various transfer 
mechanisms occurring at the sliding interface between an AA6082 aluminium 
alloy and a mirror-polished tool steel with and without DLC coating. They used 
a tribometer mounted in an SEM for in-situ observations of the material transfer 
mechanisms. Their work specifically investigated the effect of chemical bonding 
by mirror-polishing the tool steel to expose hard phases with different 
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composition and studying how these performed when sliding against aluminium. 
They also investigated the role of surface topography, from the macro (by means 
of intentional 5 μm wide × 2 μm deep scratches) to the nano-roughness scale 
(from the exposed hard phases). Their conclusions are summarised in Figure 1.9.  

 
Figure 1.9 – Proposed main aluminium transfer mechanisms – adapted from [55] 

The permanent roughness defects (e.g. scratches, protruding features) on the 
tool surface lead to primary transfer by mechanical scraping of the aluminium 
surface (I1). Chemical bonding can also initiate primary transfer (I2), as long as the 
bonding strength between the tool surface and the aluminium transferred 
material is high enough. For instance, in both their studies [9, 55], adhesive 
transfer more readily occurred on the exposed carbonitrides due to a higher 
affinity to the exposed aluminium with the V(C,N) phase than with the other 
phases present in the contact. 

Once the primary transfer took place, secondary transfer (i.e. progressive 
building-up of material) can take place either due to the increased roughness 
from the primary transferred material (II1) or as a result of the high chemical 
affinity between the aluminium surface and the primary transferred material (II2). 
This is in accordance with observations on the development of material transfer 
as thick lumps in the contact. They introduced new elements of terminology in 
order to describe two noteworthy transfer mechanisms: the “damage activated 
transfer” (III) vs. “healing of damage activated work material” (IV) mechanisms. These 
concern the behaviour of the protective oxide layer covering the aluminium 
material. Even though this layer is present on the surface of aluminium alloys, 
its durability in the tribological contact is arguable due to its brittleness and 
higher hardness as compared to the underlying material. This layer can be 
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damaged by ploughing from the counter-material (including the previously 
transferred material) or flattening, thus exposing metallic aluminium in the 
sliding contact (III). The healing process (IV) takes place if the previously 
exposed reactive aluminium is sliding, for a certain time, against a smooth surface 
unlikely to initiate adhesion. Then, as no physical or chemical phenomena 
trigger the onset of adhesion, the metallic aluminium can “heal”, i.e. reform a 
passivating oxide layer in the contact lowering its tendency to galling. 

The stability and maximum thickness of the transfer layers were also stated 
(as summarised in Table 1.1) to be dependent on their mechanical anchorage on 
the surface and/or the strength of their chemical bond with the surface (it either 
being the counterface material or previously transferred material) and/or their 
specific cohesion. 

Table 1.1 – Summary of influencing factors on both the stability and thickness of transfer layers [55] 

Type of transfer Stability of the layer Maximum layer thickness 

Primary 
transfer 

Mechanically initiated (I1) Stable & strong mech. support Thick, limited by roughness 

Chemically initiated (I2) Depends on chem. affinity Thin, localised 

Secondary transfer (II) Highly depends on both intra-layer cohesion 
& inter-layer mech. and chem. bond (primary-to-secondary) 

Damage activated transfer (III) Highly depends on surface 
topography & chem. affinity 

with metallic aluminium 
Counteracting each other 

Healing (IV) 

The given classification by Heinrichs et al., even though being based on 
studies limited to small-scale tests at room temperature and under vacuum 
atmosphere, still gives a base for better understanding of the underlying 
mechanisms of material transfer involving aluminium and especially how 
material transfer initiates. Also, their observations still show some correlation 
with results from the literature under conditions closer to real contacts, i.e. in air 
[23] and at elevated temperature [3, 11, 18, 19, 56]. 

Westlund et al. [23] for instance, compared results obtained from the same 
in-situ manipulator mounted in a SEM with similar experiments carried out in 
air. They found that material transfer is significantly increased in air due to the 
higher oxidation rates associated with the presence of oxygen in the contact. 
Indeed, a heavily oxidised mixed layer developed on the surface as a result of 
reactions with air and the tool steel counter-material. They suggested that the 
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continuous mixing of steel particles with alumina particles and freshly exposed 
aluminium is a self-feeding process. The increased hardness of this 
heterogeneous layer abrades the tool steel surface, increasing its roughness, 
leading to higher mechanically initiated (I1) and damage activated (III) material 
transfer in a continuous manner. It is thus likely that elevated temperatures will 
have an increased impact on the tribological response of the system, as the 
development and nature of oxide layers as well as the mechanical properties of 
the materials in contact are highly temperature-dependent [15, 12]. 

The oxides which form on the surface of aluminium alloys usually develop 
as thin surface layers, whose thickness range from a few to some hundreds of 
nanometres depending on the thermo-mechanical loads that they are exposed 
to during their formation [12]. These layers are more or less uniform and 
continuous (depending on e.g. their composition and thermo-mechanical 
history undergone by the components), hard and brittle, which will be either 
beneficial or detrimental to the tribological interactions in the contact zone. 
Since being less reactive than the metallic aluminium, the aluminium oxide layer 
can effectively prevent direct metal-to-metal contact and reduce friction 
through adhesive wear prevention, as long as its failure is avoided [9, 12, 23]. 
However, damages are facilitated at high temperature by the reduced mechanical 
support due to the thermal softening of the bulk material, which also promotes 
coalescence of existing cracks and voids in the layer and/or at the oxide-bulk 
interface [12, 18, 19]. The fracture and delamination of this layer detrimentally 
affects the tribological behaviour since it generates hard and sharp wear debris 
and, most importantly, exposes fresh and reactive aluminium to the counter 
surface [12, 19]. Especially if re-generation of the stable oxide is delayed due to 
limited availability of oxygen in the contact as well as the continuous scraping 
action of the counter-surface. This prolonged contact with metallic aluminium 
promotes material transfer from the aluminium to the counter-material, giving 
rise to high friction. 

The working temperature has been reported in the literature to significantly 
increase the initiation and severity of material transfer in the contact between 
aluminium and tool materials [3, 11, 18, 19, 56]. Jerina and Kalin observed in 
different studies [18, 19, 56] that chemically initiated transfer readily occurs even 
during static contact (without macro sliding) on the counter-material at 
temperatures above 300ºC. This implies that before sliding takes place at high 
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temperatures, the aluminium oxide layer is potentially already damaged and fresh 
reactive aluminium already exposed. This increases the severity of adhesion 
during subsequent sliding as compared to room temperature.  

The amount of aluminium transferred to the counter-material has been 
reported to be significantly increased at elevated temperatures compared to room 
temperature. Even PVD coatings that are less prone to adhesion when sliding 
against aluminium at room temperature cannot prevent the onset of galling at 
higher temperatures [3, 11, 18, 19, 56]. Back transfer from the tool to the 
aluminium surface is also typically increased at high temperature, due to the 
progressive change from a tool-aluminium to a more reactive aluminium-
aluminium contact [12, 57]. 

Pujante et al. [3] investigated the influence of temperature on the 
phenomena leading to galling between an aluminium ball and a tool steel disc, 
with respect to the surface finish of the tool steel. They pointed out the existence 
of a critical system temperature above which semi-stable oxidation of the 
aluminium takes place, which limits material transfer. This could be an evidence 
of the “healing” process taking place, as the high working temperature increases 
oxidation rates and the resulting oxide layer thickness. This could lead to faster 
regeneration of a protective oxide layer on the exposed metallic aluminium 
surface than its damage by the surface defects present on the tool. However, this 
oxide layer was found to result in abrasion of the counter steel material. 

In another study, Pujante et al. [11] evaluated different surface engineered 
tool steel sliding against high purity Al balls at high temperature (450ºC). They 
observed that both chemical and mechanical interactions resulted in material 
transfer. Their results concerning the uncoated tool steels showed that 
mechanically initiated transfer (I1) took place when the surfaces were either 
rough or polished, correlating previous observations [3]. Noticeably, the transfer 
initiation mechanism were found to highly depend on the surface state of the 
AlCrN PVD coating they tested. Indeed, mechanically initiated transfer (I1) 
mainly took place on the rough coating surface, whereas chemically initiated 
transfer (I2) occurred on the polished coating surface. These observations suggest 
that the metallurgical and topographical interactions resulting in material transfer 
can also have a synergistic impact on its initiation, calling for careful selection of 
surface modification methods for hot forming applications.  
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1.3 Alleviating galling at elevated temperature 
In order to address the tribological challenges and ensure viable production 

rates, different wear reduction strategies are employed in the industry. Such 
methods usually include the optimisation of the hot aluminium-tool tribological 
interface by means of surface engineering techniques, including both the control 
of surface roughness and the use of protective coatings. Lubrication is also 
employed to prevent direct contact between the interacting surfaces and provide 
reduced interfacial shear strength, hence low friction. 

Surface roughness is known to impact the behaviour of any tribological 
contact and, as previously observed in Section 1.2.2, the roughness of the tool 
surface is one of the main factor contributing to the initiation of galling. 
Therefore, several studies have been carried out on the impact of surface 
roughness of various counter-materials sliding against aluminium [11, 18, 19, 23, 
56, 58]. The main findings highlighted in the literature are that mirror-polishing 
of tool steels is beneficial and especially that the control of the orientation of the 
surface roughness, with respect to sliding direction, is of great importance to 
minimise galling. Indeed, surface defects in the form of e.g. rough grooves or 
coating defects tend to initiate material transfer by scraping off and activating the 
aluminium counter surface. Pelcastre et al. [58] highlighted the detrimental 
impact of a surface lay perpendicular to the sliding direction, as it tends to 
increase the build-up of material transfer by entrapment of wear debris. Thus, 
roughness is a decisive parameter when it comes to galling but there is no clear 
threshold as to what a favourable roughness level is and which are the main 
topographical parameters (e.g. Ra, Rv, Rsk etc.) to take into account to limit 
galling. This is especially the case for real tools in industrial processes, where 
mirror-polishing of entire dies is unlikely to be achieved. Therefore, if the 
mechanically initiated material transfer cannot be fully avoided, the chemical 
affinity should be reduced, in order to limit galling. 

Several studies pertaining to the adhesion reducing abilities of various PVD 
coatings and CVD coatings have been conducted. Even though some CVD 
coatings have been found to exhibit good anti-galling potential [59], the 
deposition technique involves high process temperatures (often above 600ºC).  
This will cause changes to the tool steel substrate microstructure and mechanical 
properties as well as causes dimensional changes. This demands costly post-
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processing heat treatments and reshaping of the tools, and can, in the worst case, 
lead to tool failure [60, 61]. These are the main reasons why CVD coatings are 
not commonly used for surface modification of sheet forming dies. PVD 
coatings, on the other hand, are more suitable candidates as their deposition is 
done at lower temperatures (generally between 200ºC and 450ºC). Research 
based on the potentially promising anti-galling properties of aluminium-, 
titanium- and chromium-rich nitride coatings as well as DLC coatings has been 
carried out [11, 18, 19, 55, 56, 62, 63, 64]. 

DLC coatings are known for their high hardness and low-adhesion 
properties against aluminium at room temperature [55]. The main limitation for 
their use is their tendency to degrade at elevated temperatures, due to 
graphitisation or dehydrogenation [62]. Graphitisation is a hybridisation process 
of the DLC coating, taking place as graphite is more stable than the DLC at 
temperatures above 300ºC  [65]. The hydrogen content of DLC coating has 
been shown to impact its tribological behaviour as it decreases the chemical 
affinity towards aluminium due to the formation of hydrogen ended-bonds at 
its surface [62]. Hydrogenated DLC often tribologically outperform the non-
hydrogenated DLC coatings [62, 66]. Nevertheless, hydrogenated DLC coatings 
start to lose their beneficial friction and wear properties at temperatures between 
120°C and 200ºC. Abrasive wear by hard constituents on the counter surface 
(oxide layer) as well as adhesive wear, due to the depletion of the passivating 
groups on the DLC coating surface, can therefore readily occur [62, 66]. 

CrN PVD coatings have been shown to have a beneficial anti-galling 
tendency towards aluminium in many studies [11, 18]. This effect was found to 
be linked to the formation of CrxOy oxides on the coating surface, which exhibit 
a lower chemical affinity towards aluminium [18]. The formation of such oxides 
is triggered by high temperature and CrN coatings exhibits its best anti-adhesion 
properties when used at temperatures above 400ºC [18, 19]. 

Aluminium-rich nitride PVD coatings are reported to be both beneficial 
and detrimental for preventing chemically initiated aluminium transfer. Some 
studies [11, 67, 68] report an increased galling tendency when using such 
coatings, whereas others [18, 69, 70, 71] observed the opposite behaviour. The 
main explanation for the poor anti-galling properties of such coatings is the 
increased chemical reactivity of the aluminium workpiece towards coatings 
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containing aluminium. On the other hand, under certain conditions, 
aluminium-rich coatings can form a dense Al2O3 oxide layer, which might be 
beneficial in the contact [72]. This oxide has a high hardness, its tribological 
behaviour when sliding against an aluminium-based counterface is nevertheless 
not fully understood.  

Titanium-based nitride coatings have also been studied while sliding against 
aluminium at high temperature [63, 64, 70, 71]. These coatings are found to 
outperform the uncoated tool steel sliding against aluminium. Depending on the 
other main elements of the coating, the anti-galling properties may vary as 
function of their thermo-mechanical stability influenced by their e.g. resistance 
to diffusion, chemical reactivity with aluminium as well as their cohesion and 
bonding to the substrate [63, 64, 70, 71]. 

One important observation from all the previously mentioned studies is that, 
even in the best cases, aluminium transfer is reduced but never fully prevented 
using these surface engineering techniques. Therefore, there is a need for 
lubrication in the hot aluminium-tool contact, regardless of the chemical or 
topographical properties of the counterface material  

As mentioned earlier, conventional lubricants do not function at high 
temperatures due to rapid degradation of their physical and chemical properties. 
Thus, specific compounds and lubrication formulations are designed for such 
applications [73]. Lubricants can beneficially affect the tribological contact by 
providing improved friction and wear resistance through mechanical separation 
of the surfaces in contact [74]. In those cases, lubrication mechanisms such as 
e.g. shearing of the lubricant layer or shearing at the lubricant layer/substrate 
interface lead to reduced friction and wear in the contact [74]. Lubricants can 
also prevent the direct metal-to-metal contact by introducing specific additives 
which will react with the materials in contact and generate protective layers on 
the surfaces [73]. Some additives can also limit galling by preventing the 
agglomeration of loose particles or chemically activated material transfer into 
thicker material transfer patches [75]. 

Solid lubricants are defined as easily sheared solid materials, which improve 
friction and/or wear at the contact and are commonly employed when severe 
operating conditions prevents the use of conventional lubricants [76]. The 
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definition of such category of lubricants is quite wide, as it englobes various 
solids from soft metals, oxide layers, and DLC coatings to transition-metal 
dichalcogenides, graphite, and boron nitrides [74]. The lubrication effectiveness 
of the last three materials is owing to their specific lamellar or layered crystal 
structure, which can easily shear in the contact [20, 74]. In the context of hot 
forming of aluminium, lubricants incorporating graphite, MoS2 and boron 
compounds have mainly been studied [74, 77, 78]. 

Graphite is a well-known lubricant for the hot forming of aluminium, 
exhibiting good lubricity and high thermal stability up to 400ºC [76, 78, 79, 
80]. However, as it leaves residues on the formed parts necessitating further 
cleaning treatments, and due to growing concerns over its health and 
environmental impact, the use of this type of lubricant is rapidly decreasing [78, 
79]. 

Molybdenite, or MoS2, is a naturally occurring transition metal-
dichalcogenide which can be applied as a thin coating on the tool surface. Its 
lubricious behaviour comes from its lamellar structure with weak van der Waals 
bonds between the planes of MoS2 that have strong covalent bonds. This enables 
easy shearing in the tribological contact and can lead to extremely low friction 
and wear properties in dry and vacuum conditions. Its rapid oxidation in air at 
high temperature however adversely affects its lubricity [76, 81]. 

Boron compounds (such as hexagonal boron nitride -hBN- or boric acid) 
have been the subject of an increased interest as they could potentially replace 
the traditional graphite-based lubricants. Especially hBN based lubrication is 
promising due to its excellent lubricity up to 1000ºC [74, 80, 82]. On the down 
side, hBN does not bond easily to the surfaces in contact. This presents a 
problem in hot forming, as the geometry of the contact cannot ensure that the 
lubricant is present in the most critical locations where galling initiates. Examples 
of such locations are the bends and radii in hot stamping tools. This necessitates 
special formulations, with specific additives or carrier, to improve its retention 
in the contact [80, 81]. 

Solid lubricants have also been studied in the form of additives in oil/water, 
emulsions and greases, which enable a uniform deposition on the surfaces of dies 
[78, 80, 83]. However, the durability of the lubricant layers and the residues left 
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by the liquid or semi-solid carriers in the tribological contact have not been 
studied. 

Polymer based lubricants gained attention in view of their potential to fine-
tune the lubricating properties and performance by combining different 
compounds [73, 81]. Water-glass (e.g. sodium silicate compounds) are usually 
effective lubricants at temperatures higher than 600°C but are ineffective in the 
aluminium forming temperature range [79, 84, 85]. Wan et al. [73] reviewed 
inorganic polymer compounds as potential additives for improved lubrication at 
high-temperature. The formation of protective tribolayers, as a result of thermo-
mechanical interactions with the lubricant, is the main cause for their effective 
friction and wear reduction capabilities at high temperature. The more detailed 
performances of those formulations in tribological contacts (e.g. tribochemical 
reactions, lubrication mechanisms, and hazardousness) have however not been 
studied, particularly in the context of aluminium hot forming. 
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1.4 Research gaps 
The importance and complexity of hot forming processes, from technical and 

economical points of view, leads to a growing interest in improving the 
tribology of the tool-workpiece interface. Tribological interactions are known 
to be system-dependent, thus they need to be optimised for a given material 
combination operating under specific conditions.  

Surface topography and chemical affinity of the surface of the tool towards 
aluminium have a known effect in the aluminium-tool contact at room 
temperatures. At elevated temperatures however, only few studies have been 
carried out and no global understanding on the tribological phenomena 
occurring in the contact has yet emerged. 

In the context of aluminium hot forming, wear and friction can rise 
significantly as a result of severe material transfer taking place. There is however 
still only a limited understanding on the mechanisms responsible for the 
initiation of galling at high temperatures and its effect on friction. Effective ways 
to control wear and friction are not fully developed and the characterisation of 
their tribological properties is even scarcer. 

The use of surface coatings on tools has been investigated, but their detailed 
tribological behaviour in the contact is not fully understood. With the 
development of new coating compositions and possibilities to create multi-
layered compounds, more extensive tribological investigations on their 
performance in the hot aluminium-tool contact should be performed. 

Even though lubrication is known to be crucial in the hot aluminium-tool 
contact, the hot forming lubricants currently in use are scarce and developed for 
a particular set of working conditions. This reflects the global lack of knowledge 
on suitable formulations, compounds and systematic characterisation of their 
tribological behaviour in the contact. 

The interaction between surface engineering techniques and lubrication and 
its effect on wear and friction during hot forming of aluminium is clearly lacking 
in the literature. Indeed, further understanding of the combined and synergistic 
impact of roughness, PVD coatings and lubrication is necessary in order to 
optimise such a complex tribological contact as that of aluminium sliding against 
tool material at high temperatures.  
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2 Framework of the licentiate 

2.1 Aim and objectives 
The aim of this work is to increase the understanding of the tribological 

phenomena occurring during aluminium sliding against tool material at high 
temperature. Specifically, the mechanisms related to galling as well as ways to 
limit its initiation and build-up by means of controlling surface topography, use 
of PVD coatings and lubrication are studied, in order to address the following 
research questions: 

 What are the mechanisms leading to friction and wear during aluminium 
sliding against hot forming tool materials at elevated temperatures? 

 What are the main mechanisms responsible for material transfer and friction 
between aluminium and tool steel at high temperature with and without 
surface treatment/coating? 

 How can friction and wear of aluminium-tool steel tribopair be controlled 
at high temperatures? 

 Which compounds are suitable for high temperature lubrication of 
aluminium and what are the main mechanisms responsible for friction and 
wear reduction? 

The specific objectives of this study are as follows: 

 To characterise the high temperature tribological response using selected 
aluminium-tool material tribopair under dry and lubricated conditions; 

 To investigate the effect of chemical as well as topographical interactions 
between various tool steels and PVD coatings sliding against aluminium at 
high temperature; 

 To study the dominant wear mechanisms occurring in the contact between 
the hot aluminium and tool material under dry and lubricated conditions and 
the identification of potential anti-wear properties of various PVD coatings 
and different lubricants. 
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2.2 Limitations 
The focus of this research work has been directed towards fundamental 

understanding of the friction and wear response of the aluminium–tool steel 
tribosystem, with and without the presence of coatings and lubricants, using a 
simplified experimental laboratory setup. Hence, the direct translation of the 
results to hot forming applications are not straightforward due to the added 
complexity of real hot forming processes involving macro-scale deformation of 
the workpiece, unidirectional sliding and varying operating conditions across the 
tool surface. The heat treatments applied during the real hot forming processes 
also differ to that allowed by the laboratory setup. The mechanical properties of 
the aluminium alloy in the contact are thus different than what is expected to 
occur in reality. 
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3 Experimental work 

In order to address the research questions stated in Section 2.1, experimental 
studies were carried out and these are described in this section. 

3.1 Materials 
To study the influence of tool steel composition, three tool steels were 

selected: a Mo Co-Cr-B alloyed tool steel (further referred to as TS A); 
a Cr-Mo-W-V-N-alloyed cold work tool steel (TS V) and a Cr-Mo-V-alloyed 
hot work tool steel (TS O). The counter surface was an AA6016 aluminium 
alloy. Their chemical composition (as provided by the supplier) as well as 
microhardness (measured in the laboratory) are given in Table 3.1. 

Table 3.1 – Chemical composition in %wt and microhardness of the investigated materials                               
(Fe for the steels and Al for the aluminium make up the balance) 

Material C Si Mn Cr Mo V W Co B N Mg Zn Cu HV0.1 

TS A 0.5 0.3 0.3 4.0 18.4 0.3 - 8.6 2.0 - - - - 498 ±52 

TS V 1.1 0.5 0.4 4.5 3.2 8.5 3.7 - - 1.8 - - - 464 ±26 

TS O 0.39 1.0 0.4 5.2 1.4 0.9 - - - - - - - 260 ±7 

Al6016 - 1.0 
– 1.5 

≤ 0.2 ≤ 0.1 - - - - - - 0.25 
– 0.6 

≤ 0.2 ≤ 0.2 73 ±3 

TS O was delivered in uncoated and PVD coated conditions with four 
different commercial coatings (CrTiN, CrAlN, DLC ta-C and CrN). The 
measured thickness of these four PVD coatings is given in Table 3.2. 

Table 3.2 – Average thickness of the different PVD coating (5 measurements for each coating) 

Coating designation CrTiN CrAlN DLC ta-C CrN 

Thickness (μm) 10.3 ±0.9 16.4 ±2.1 1.4 ±0.2 7.4 ±0.3 
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The tribological tests were carried out under dry and lubricated conditions 
using two different lubricants. The first lubricant considered for this study was a 
commercially available hexagonal boron-nitride based lubricant (JK 41 from 
Zyp coatings Inc.). This lubricant was applied on the aluminium surface and will 
be further referred to as hBN. The second lubricant was a commercially available 
silicon-and-polymer aqueous emulsion (Lubrodal F 25 Al® from Fuchs-Lubritech 
GmbH). This lubricant was applied on the pin specimens in order to avoid its 
degradation during the heat cycle of the aluminium specimen (described in 
section 3.3) and will further be referred to as polymer. 

3.2 Specimens 
The test configuration was a pin-on-plate setup resulting in a flat-on-flat 

contact. The tool steel pin specimens were 10 mm long cylinders with a Ø4 mm 
flat end and the aluminium plates were 20 mm  20 mm  1 mm. 

To study the influence of surface roughness on the tribological response of 
the system, the tool steel pins were tested in both as-received (AR) and post-
polished (PP) conditions. For studying the effect of surface topography of the 
PVD coated specimens, two PVD coatings were selected for post-polishing 
(e.g. CrTiN and CrN). The arithmetic average roughness surface parameter (Sa), 
measured over a 2 mm  2 mm area is given for all specimens in Figure 3.1. The 
reduced peak height (Spk) roughness followed the same trend as the Sa, it was 
thus chosen to focus on the variations in Sa for comparison. 

 
Figure 3.1 – Average surface roughness parameters of the different specimens [ISO 25178, 

λc 0.25 μm, 3 measurements for each data point] 
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Typical surface topographies of the as-received samples are shown in 
Figure 3.2. The pins exhibited a radially oriented surface lay, providing a surface 
roughness lay independent of orientation with respect to sliding direction. The 
aluminium counter surface presented a typical surface morphology obtained 
from the hot rolling process of the sheets (e.g. grooves and shingles) [12]. 

 
Figure 3.2 – As-received surface topographies and SEM micrographs of a-b) uncoated TS O, c-d) CrN 

coated TS O and e-f) AA6016 samples 

The polishing process (described in Section 3.4) drastically decreased the 
roughness of the uncoated tool steels (divided by more than 5 times) but exposed 
carbides from the softer matrix (as shown in Figure 3.3). 

 
Figure 3.3 – SEM micrographs of the post-polished a) tool steel A, b) tool steel V and c) tool steel O pin 

samples showing the protruding carbides [5kX magnification] 
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The distribution and size of these carbides was characterised, in order to 
analyse their effect on the friction and wear response during the tribotests 
(Figure 3.4). The post-polishing of TS A revealed large carbides which also had 
the largest surface coverage. The carbides revealed from TS V were the second 
largest ones, though protruding the most of the three post-polished surfaces. The 
post-polished TS O surface comprised the smallest carbides which were neither 
protruding significantly, nor covering a large area of the surface. 

 
Figure 3.4 – Surface coverage and size of the protruding carbides on the post-polished uncoated TS surfaces 

[total measured area 55μm², ISO 25178, λc 2.5 μm] 

Considering the post-polishing of the PVD coated samples, the roughness 
was significantly reduced (down to Sa ≈ 0.02 μm), even though the polishing 
process (described in Section 3.4) was different than on the uncoated 
specimens. Grinding was limited to prevent the complete removal of the 
coating. The milder polishing process of those samples could not remove all the 
surface features that were initially present on the surface prior to polishing, as 
seen in Figure 3.5. 

 
Figure 3.5 – Post-polished surface topographies of a) uncoated, b) CrTiN and c) CrN PVD coated TS O 

samples 
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3.3 Experimental techniques 
The tribological tests were carried out using a high temperature reciprocating 

friction and wear tester and a schematic of the set-up is shown in Figure 3.6. The 
test rig makes use of an electromagnetic drive to provide the oscillatory motion 
and the load is applied using a servomotor and spring deflection mechanism. 
Integrated cartridge heaters in the lower sample holder provides heating of the 
lower stationary specimen. The chosen test configuration was a flat-on-flat pin 
on plate contact, in order to alleviate ploughing from the hard tool steel (upper 
specimen) on the soft aluminium counter surface (lower stationary specimen). 

Friction is recorded using piezo-electric force transducers during the tests. 
The steady-state friction levels were calculated depending on the individual 
stability of each friction curve and excluding the initial static-to-dynamic friction 
peak (described in Section 4). 

   
Figure 3.6 – Sketch of the test set-up and the heat cycle (not to scale) applied to the Al specimen only 

The surfaces of the specimens were analysed with respect to surface 
topography and wear mechanisms before and after the tribotests. The 
topography of the samples was measured using a 3D optical surface profiler based 
on white light interferometry. The wear mechanisms were analysed by using 
scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). 
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3.4 Methodology 
The tribotests were carried out as follow: 

 The samples were cleaned in an ultrasonic bath in acetone for 5 min; 

 The specimens were carefully aligned within the tribometer to ensure good 
contact and to avoid edge effects during sliding. The lubricant was then 
applied and left to dry at room temperature in air; 

 The aluminium sample was subjected to an in-situ heat cycle involving 
solubilisation at 540°C for 90 s, followed by cooling down until the test 
temperature was reached (as shown in Figure 3.6). The cooling down 
duration was limited by the equipment which does not have forced cooling 
and is thus dissimilar to hot forming processes. During the heating stage, the 
upper tool steel specimen was kept separated from the aluminium sample, 
thus remaining at lower temperature; 

 Once the test temperature was reached at the aluminium surface, the normal 
load was applied and the tribotest initiated, following the test parameters 
given in Table 3.3; 

 After the test, the samples were left to cool down at room temperature in air. 
They were then cleaned in an ultrasonic bath in acetone for 5 min, further 
stored and analysed. 

Table 3.3 – Test parameters used in the tribological tests 

Load 
(N) 

Contact 
pressure 

(MPa) 

Test 
temperature 

(°C) 

Stroke 
(mm) 

Sliding 
frequency 

(Hz) 

Test duration 
(s) 

Total sliding 
distance 

(mm) 

10 0.8 300 4 12.5 30 3 000 
 

The post-polishing of the specimens was carried out manually. The uncoated 
TS specimens were ground with #600 SiC paper (average particle diameter 
25.8 μm), then polished using 9 μm, 3 μm and 1 μm liquid diamond suspension 
and finally a 0.05 μm colloidal silica polishing suspension. The PVD coatings 
were not ground with a view to prevent removal of the coating, but finely 
polished using 6 μm, 3 μm, 1 μm and finally the polishing colloidal silica 
suspension previously mentioned. Between each steps, the specimens were 
rinsed in ethanol and dried in hot-air.  
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4 Salient findings 

In this section, the main findings from the appended papers are summarised. 
In Paper A, two potential lubricants for alleviating adhesion during sliding 
between the hot aluminium and tool steel were evaluated and compared to dry 
tests for reference. The effect of tool composition was evaluated in Paper A. In 
Paper B, the potential synergistic effect of lubrication combined with different 
PVD coatings was investigated. The effect of tool surface topography was 
studied in both Paper A and Paper B, with uncoated and PVD coated 
specimens respectively, by comparing the impact of a ground surface vs. 
manually post-polished surfaces on the overall friction and wear response. 

4.1 Tribological behaviour of uncoated tool steels 
As mentioned in Section 1, understanding which parameters influence the 

initiation of galling is of primary importance in the forming processes of 
aluminium. Thus, the objectives of the study carried out in Paper A were first 
to evaluate two commercial lubricants with respect to their effect on friction and 
wear performance of the hot aluminium-tool steel contact; then to find if 
differences in tool steel composition has an influence on the tribological response 
of the system. 

Dry sliding was found to result in instantaneous increase in friction to very 
high levels, resulting in failure of the sliding contact, irrespective of the tool steel 
used. The friction levels reached the cut-off value of the friction force sensor 
(2.5) as shown in Figure 4.1a. Those observations were correlated with the 
severe adhesion that took place, as severe transfer of aluminium was identified 
on the tool steel pins after the tests (see Figure 4.1b). 

The use of the hBN based lubricant did not lead to any significant 
improvement in friction or wear, as shown in Figure 4.1c-d. The lubricant film 
appeared to fail in every test, as its bonding to the surfaces in contact was poor. 
The lubricant flaked off from the surfaces after only a few strokes, which led to 
the lower friction levels observed in Figure 4.1c. Adhesion rapidly took place 
once the lubricant was ejected from the contact zone, leading to friction levels 
similar to that seen in dry conditions. Severe adhesion, in the form of thick 
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irregular features of aluminium transfer to the tool steel pin specimens (see 
Figure 4.1d), were observed after the tests with hBN lubricant. The material 
transfer taking place in those tests was more severe than in the dry case. Indeed, 
as can be seen by comparing Figure 4.1b and Figure 4.1d, the lumps of transferred 
aluminium were much smaller and covered a narrower area in the dry condition 
than in the hBN lubricated case. This can be attributed to the more severe 
contact conditions in the hBN lubricated case, as a sudden change from 
lubricated contact to a dry hot aluminium-tool steel contact occurred after few 
strokes. This abrupt change of the contact conditions certainly led to a harsher 
contact between the interacting surfaces, initiating less homogeneous and much 
thicker aluminium transfer layers. 

 
Figure 4.1 – Temporal evolution of friction and SEM micrographs of the worn pin surfaces observed from 
a-b) dry and c-d) hBN lubricated tests using the as-received tool steel O [Load 10 N, stroke length 4 mm, 

frequency 12.5 Hz, temp. 300 ºC, ↔ indicate the sliding direction] 
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The polymer based lubricant improved the tribological response of the 
tribosystem involving uncoated TS. The friction behaviour is shown in 
Figure 4.2 where an initial peak, corresponding to the transition from static to 
dynamic friction, is seen. This peak is directly followed by a decrease of the 
friction level down to much lower levels than that observed under the dry sliding 
or hBN lubricated conditions. This short steady-state period (around 5 s) is 
however rapidly followed by an unstable and increasing coefficient of friction 
(COF) throughout the remainder of the test. The steady-state period and 
subsequent instability were found to occur independently of the tool steel used. 
It was further found that this friction behaviour was due to the formation of a 
protective tribolayer on the pin surface, shown in Figure 4.3. 

 
Figure 4.2 – Temporal evolution of friction from the polymer lubricated tests using the as-received a) TS A, 

b) TS V and c) TS O [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temp. 300 ºC] 

These tribolayers were found to develop from a reaction with the lubricant 
and prevented direct metal-to-metal contact, resulting in the lower friction 
observed in the beginning of the tests. Figure 4.3a-c-e also show signs of failure 
of these layers due to fracture, resulting in generation of debris and in some cases 
complete removal of the tribolayer and exposure of the tool steel. The exposed 
areas were found to be preferential sites for adhesion to take place. Thus, as 
shown by the damage to the aluminium counterface (respectively 
Figure 4.3b-d-f), adhesion occurred even with the use of the polymer lubricant. 
Even though the severity of the observed surface damage on the aluminium 
sample was found to be less than in the dry and hBN lubricated cases, the 
extreme friction levels observed towards the end of the tests are correlated with 
the occurrence of severe adhesion. 
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Figure 4.3 – SEM micrographs of the worn pin (a-c-e) and aluminium surfaces (b-d-f) observed from the 

polymer lubricated tests using the as-received a-b) tool steel A, c-d) tool steel V and e-f) tool steel O 
[↔ indicate the sliding direction] 

When comparing the three different tool steels, no significant effect of 
chemical composition on the observed friction and wear behaviour could be 
established. Indeed, the friction levels were found to be mainly governed by the 
tribolayers formed in the contact zone. Those layers developed independently 
of the tool steel composition and their appearance (as shown in Figure 4.3a-c-e) 
was found to be similar for the three different tool steels. Aluminium transfer 
was found to occur on the tool steel surfaces at the preferential locations where 
the tribolayers failed, irrespective of the tool steel composition. In all three cases, 
severe adhesive damages were observed on the aluminium counter surface (as 
shown in Figure 4.3b-d-f), leading to high and unstable friction levels. On the 
other hand, the surface topography of the tool steels was found to have a greater 
impact on friction and wear than their chemical composition as will be discussed 
in Section 4.3.  
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4.2 Impact of PVD coating composition 
Only the DLC ta-C and the CrN PVD coatings were tested in dry 

conditions, as the friction and wear behaviour was very similar to that of the 
uncoated TS. As exemplified for the CrN PVD coated TS in Figure 4.4a, friction 
peaked to the cut-off value of the friction force sensor directly from the start of 
the test. This frictional behaviour was correlated with severe adhesion initiating 
during the first strokes and developing into thick lumps of aluminium transfer 
on the pins, as shown in Figure 4.4b. 

 
Figure 4.4 – Temporal evolution of friction (a) and SEM micrograph of the worn pin surface (b) observed 
from the dry tests using the as-received CrN PVD coated tool steel O [Load 10 N, stroke length 4 mm, 

frequency 12.5 Hz, temp. 300 ºC, ↔ indicate the sliding direction] 

Introducing a lubricant in the contact led to a significant reduction in friction 
for all the tests performed with the PVD coatings as compared to the dry 
condition. Similarly to the results from the tests using the uncoated TS, 
lubrication also resulted in a significant reduction of the adhesive wear. Indeed, 
lower material transfer was found to occur on the pin specimens and less severe 
damage was observed on the aluminium counter surface. Two tribological 
behaviours were identified using the as-received PVD coated samples.  

The CrAlN and CrTiN coatings behaved in a similar manner to the uncoated 
TS, as exemplified in Figure 4.5a, for CrTiN. The initial static-to-dynamic 
friction peak was followed by a low COF (around 0.3) for a short period of 
time. Friction then increased until the cut-off value of the equipment towards 
the end of the tests. Even though the duration of the steady-state friction was 
longer for CrAlN and CrTiN compared to uncoated TS, the drastic and erratic 
change in friction which occurred from around half of the test suggests a similar  



40 / 120 

transition in their tribological behaviour to occur in the contact as in the case of 
uncoated TS. 

Interestingly, the tests using the DLC ta-C and CrN coated TS specimens 
led to low and stable friction, as depicted in Figure 4.5a for the CrN coating. 
Throughout the entire test duration, friction was low (around 0.5), more stable 
and for a significantly longer period than when using the other PVD coatings. 
A gradual increase in friction throughout the test still occurred, suggesting that 
a more progressive change in the tribological contact took place than in the 
previous tests. 

 
Figure 4.5 – Temporal evolution of friction from the polymer lubricated tests using the as-received a-b) 

CrTiN and c-d) CrN PVD coated tool steel O [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, 
temp. 300 ºC] 

The worn surfaces of PVD coated TS also showed two distinguishable 
behaviours in terms of wear mechanisms, which correlate with the friction 
results. The tests using the CrAlN and CrTiN coated samples underwent more 
severe wear than in the case of DLC ta-C and CrN coated samples, as shown in 
Figure 4.6. 

The use of the lubricant resulted in the development of thin and fragmented 
tribolayers on the CrAlN and CrTiN coated samples, as exemplified in 
Figure 4.6a. The poor surface coverage of those layers led to the initiation of 
severe adhesion, in the form of aluminium transfer developing into lumps, on 
the areas where the coatings were exposed. The aluminium counter surface also 
presented damage typical of severe adhesive wear in the form of smeared, flaked 
and severely deformed features (seen in Figure 4.6b). These observations 
correlate with the friction behaviour for those tests. The tribolayers initially 
formed and prevented direct adhesion in the contact, leading to the relatively 
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low steady-state friction. However, due to their poor compaction and rapid 
comminution, material transfer initiated in the contact, resulting in the erratic 
friction behaviour towards the end of the test. As the sliding continued, the 
severity of the adhesive wear increased and led to the high final COF values. 

 
Figure 4.6 – SEM micrographs of the worn surfaces observed from the polymer lubricated tests using the as-
received a-b) CrTiN and c-d) CrN PVD coated tool steel O [Load 10 N, stroke length 4 mm, frequency 

12.5 Hz, temp. 300 ºC, ↔ indicate the sliding direction] 

The tribolayers which developed on the surface of the DLC ta-C and CrN 
PVD coatings were found to be similar to the ones developing on the other 
coatings, however more compact and with larger surface coverage. As shown in 
Figure 4.6c for a CrN coated specimen, the layers were more compact and did 
not disintegrate into debris as much as for the other two coatings. On the 
DLC ta-C and CrN coatings, no significant aluminium transfer occurred 
attesting the improved protective behaviour of the tribolayers in those tests. The 
tribolayers were load-bearing as seen from the grooves parallel to the sliding 
direction present on them. The aluminium counterpart, as exemplified in 
Figure 4.6d, present similar grooves, due to mild abrasive wear taking place. 
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The tribolayers developed on the DLC ta-C and CrN PVD coatings remained 
intact throughout the entire test and effectively prevented initiation of adhesion, 
leading to the relatively low and stable COF. The gradual increase in friction 
comes from the progressive removal of those tribolayers from the contact. 

Nanoindentation was carried out in order to characterise the properties of 
the tribolayers that developed on the PVD coatings. Figure 4.7 shows the 
different zones and the corresponding maximum penetration depth which were 
studied. The exposed PVD coating was indented as a reference for characterising 
the elastic/plastic behaviour of the developed tribolayer. The tribolayers were 
found to be relatively thick and ductile, as the indentation was carried out under 
the same loading conditions as for the CrN coating. Their ductility suggests that 
they can easily shear in the contact, thus leading to the low and stable friction. 
The thickness of the tribolayers correlates to the relative duration of the steady-
state friction in these tests. Indeed, their thickness led to increased durability 
before being progressively removed from the contact. 

 
Figure 4.7 – Average maximum nanoindentation depth obtained from highlighted locations on the worn 
surface of the CrN PVD coating [Load 0.5 mN, load rate 0.0167 mN/s, dwell time at maximum load 

30 s, thermal drift correction 30 s] 

Utilising PVD coatings on the tool steel therefore showed to be beneficial to 
a certain degree when sliding against hot aluminium. Applying a polymer-based 
lubricant led to the development of different tribolayers in the contact 
depending on the coating composition. The tribological behaviour was found 
to be strongly dependent on the synergistic action between the PVD coating 
and the lubricant, both in terms of friction stability and severity of wear. The 
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PVD coatings did not present the same surface topographies and interestingly, 
the DLC ta-C and CrN coatings, which were the rougher ones (see Section 3), 
still led to the lowest friction and less severe wear. These results suggest that, 
independently of the surface roughness, the PVD coating compositions 
influenced the tribological behaviour in the lubricated tests. 

4.3 Synergistic effect of topography and lubrication 
The effect of surface topography on friction and wear for uncoated tool steel 

and PVD coated tool steel is presented and discussed in this section. 

4.3.1 Uncoated tool steel 

Post-polished uncoated TS specimens showed a friction and wear behaviour 
independent of the TS chemical composition. As exemplified for TS O in 
Figure 4.8, the friction levels were drastically lower and an extended steady-state 
duration was observed in these tests. 

 
Figure 4.8 – Temporal evolution of friction observed from the polymer lubricated tests using the 

post-polished uncoated tool steel O [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temp. 300 ºC] 

A comparison between the steady-state friction levels from the tests involving 
the as-received and the post-polished uncoated TS specimens is plotted in 
Figure 4.9. Both the COF level (plotted as the y-axis in Figure 4.9) and the 
duration in seconds until a transition in the friction response was observed 
(plotted as the x-axis in Figure 4.9), clearly show that a lower surface roughness 
is a key parameter for low friction (thus reduced material transfer). The use of 
as-received samples gave rise to relatively high steady-state COF (above 0.2), 
whereas the use of post-polished specimens led to lower and more stable steady-
state COF (around 0.1). The friction level was improved even compared to the 
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tests involving the as-received DLC ta-C and CrN PVD coatings. This suggest 
that surface topography plays a more significant role in terms of frictional 
behaviour than the surface chemistry alone. 

Another significant improvement due to the post-polishing of the uncoated 
TS specimens was observed in the duration of the steady-state (x-axis in 
Figure 4.9). Using the as-received TS specimens led to an early transition in the 
tribological behaviour, before one third of the total test duration while the use 
of post-polished specimens enabled the system to retain a low and stable friction 
throughout the entire test. All these observations suggest that no significant or 
drastic change occurred in the contact throughout the entire duration of the tests 
involving the post-polished TS specimens. 

 
Figure 4.9 –Steady-state coefficient of friction vs. time to transition from tests using uncoated tool steel 

specimens [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temp. 300 ºC] 

Analysing the worn surfaces revealed interesting features, as exemplified by 
the post-polished uncoated TS O in Figure 4.10. Similar to the specimens in as-
received conditions, tribolayers developed on the TS specimens as a result from 
a reaction with the lubricant (shown in Figure 4.10a). These layers were found 
to be smooth, compact and covered a large area on the TS specimens. 
Interestingly, almost no material transfer was observed on the areas where the 
tribolayers failed to protect the uncoated TS. The only tests where adhesion 
took place were those where the friction increase towards the end of the tests 
(such as the first repetition –red curve– shown in Figure 4.8). These results thus 
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suggest that the tribolayers were resilient enough to resist the entire test duration 
and effectively prevented the initiation of adhesion. 

The corresponding surface damages to the aluminium counter surfaces are 
shown in Figure 4.10b. The initially protruding features (shown in 
Section 3 Figure 3.2e-f) were plastically deformed and flattened while the initial 
grooves were left apparently unworn (as highlighted in Figure 4.10b). The 
deformation process occurred due to interaction with the smooth and harder 
post-polished uncoated TS specimens. The protruding features of the initial 
shingles were plastically deformed into a conformal smooth surface without the 
initial grooves being significantly affected. Grooves parallel to the sliding 
direction (highlighted in Figure 4.10b) on this flattened surface suggest that the 
contact preferentially occurred there. Furthermore, the tribolayers that formed 
on the surface of the TS samples were present in the contact zone throughout 
the entire test. This suggests that the flattened load-bearing surface of the 
aluminium specimens was beneficial for the durability of the tribolayers, as a 
results of the reduced local contact stresses in the flat-on-flat conformal contact. 

 
Figure 4.10 – SEM micrographs of the a) worn pin surface and b) aluminium counterpart from the polymer 

lubricated tests using the post-polished uncoated tool steel O [↔ indicate the sliding direction] 

The manual mirror polishing of the uncoated TS samples revealed carbides 
from the TS matrices (as shown in Section 3 Figure 3.3) leading to a varying 
local surface roughness (as shown in Section 3 Figure 3.1). The friction stability 
and initiation of adhesion in the tests using the three different TS was found to 
correlate with the distribution and height of the exposed carbides (shown in 
Section 3 Figure 3.4). Indeed, as highlighted in the literature [9, 11, 55], even 
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slightly protruding features on mirror-polished samples act as initiation points 
for material transfer. The uncoated TS V exhibited the most protruding carbides 
that also covered a larger area fraction of the post-polished surface (as shown in 
Section 3 Figure 3.4). As seen from the scatter in x-axis in Figure 4.9, those tests 
were the least stable as compared to the other tests involving post-polished TS 
specimens. The post-polished uncoated TS O exhibited the least protruding and 
smallest carbides of the three materials (as shown in Section 3 Figure 3.4), 
which can explain its longer steady-state duration. In the cases where low 
adhesion occurred, material transfer was found to initiate from the carbides edges 
perpendicular to the sliding direction. This observation is in line with previous 
findings in the literature [9], [11], [55], where carbides acted as initiation sites 
promoting the onset of adhesion.   

4.3.2 PVD coated tool steel 

In order to study the impact of surface topography of the PVD coated TS 
specimens, two coatings were selected based on the tribological behaviour in as-
deposited conditions. The CrN coating was selected based on its good 
performance and the CrTiN coating was selected as showing the least 
improvement compared to uncoated TS. The motivation for not selecting the 
DLC ta-C was its low thickness which led to an easy removal of the coatings 
during the polishing process. The friction results obtained from the tests 
involving post-polished PVD coatings are shown in Figure 4.11. 

 

 
Figure 4.11 – Temporal evolution of friction from the polymer lubricated tests using the post-polished a) 

CrTiN and b) CrN coated TS O [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temp. 300 ºC] 
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Similar to the tests using post-polished uncoated specimens, the steady-state 
friction improved compared to the as-received surface topographies. Indeed, the 
steady-state friction levels were found to be significantly lower (COF under 0.1) 
and much more stable before a transition occurred. Noticeably, a higher 
deviation from one test to another was observed compared to the results for as-
received surface topography. This is especially visible for the post-polished 
CrTiN coatings where the steady-state friction duration varied from less than 
one third to around the entire test duration. The tests involving post-polished 
CrN coatings resulted in a reduced deviation but still varying from half of the 
test duration to lasting the entire test. The final COF levels for both the CrTiN 
and CrN coatings reached high levels close to 2.5 in some cases. Therefore, the 
occurrence of a dramatic change in the tribological contact significantly varies 
from one test to another. These results indicate that a lower roughness of the 
coated TS specimens is not beneficial in every case when sliding against 
aluminium at high temperature. Instead, it suggests that a different lubrication 
mechanism is triggered when using mirror-polished as compared to rougher 
PVD coatings. 

In order to compare the friction behaviour from the tests involving PVD 
coatings in both as-received and post-polished state, the steady-state COF vs. 
time to transition is plotted in Figure 4.12. 

 
Figure 4.12 –Steady-state coefficient of friction vs. time to transition from tests using PVD coated tool steel 

specimens 
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Unlike the tests using uncoated TS specimens, the main improvement from 
the post-polishing of the PVD coatings concerned the steady-state COF level 
(plotted as the x-axis in Figure 4.12), which was lower and more stable. The 
duration before transition was clearly found to become worse with the post-
polishing. Still, the post-polished CrN coatings outperformed the post-polished 
CrTiN in both friction level and stability. This indicates that the topography is 
not the only parameter to take into account when selecting PVD coatings for 
this type of applications. Instead, a compromise should be considered between 
the short, but highly unstable, improvement in friction gained from post-
polishing and the more repeatable but higher friction observed using rougher 
PVD coatings.  

Analysis of the worn surfaces from the tests using the post-polished PVD 
coated specimens revealed some interesting features (as exemplified for the CrN 
coating in Figure 4.13). Neither tribolayer nor significant material transfer were 
found to develop on the pin specimens from the tests resulting in the lowest 
final friction levels. The worn aluminium samples presented a topography with 
mechanically mixed layers developing in the contact zone and the grooves 
initially present on the unworn samples acting as lubricant reservoirs (as 
highlighted in Figure 4.13b). These suggest that, similar to the tests using post-
polished uncoated TS, the protruding features of the aluminium samples were 
plastically deformed and flattened from the contact with the smooth and hard 
pin specimens. 

 
Figure 4.13 – SEM micrographs of the worn a) pin surface and b) aluminium surface from the polymer 

lubricated tests using the post-polished CrN PVD coated TS O [↔ indicate the sliding direction] 
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As the lubricant preferentially adhered to the aluminium, the reciprocating 
sliding led to the embedment of residues in the soft flattened aluminium layers 
(as shown from the EDS maps in Figure 4.13b). This suggests that the lubricant 
did not bond with the PVD coatings and was spread and adhered to the 
aluminium surface. The tests which led to the highest final friction levels 
revealed that localised material transfer occurred, implying that a critical point is 
reached when the lubricant layer fails. This can be explained by the lubricant 
being progressively spread out of the contact zone due to the reciprocating 
sliding. Once the mechanically mixed aluminium comes into contact with the 
PVD coating, adhesion can take place as metallic aluminium is likely to be 
exposed. The sharp transition observed in the friction curves could thus be due 
to the larger real area of contact and local surface defects (shown in Section 3 
Figure 3.5), increasing the probability of adhesion to initiate and sharply increase. 
As the lubricant and no tribolayers are left in the contact at that point, severe 
adhesion can more easily develop than in the cases where a protective tribolayer 
remains on the PVD coating, such as in the tests involving the as-received 
surface topography. 

Nanoindentation tests were carried out on the aluminium specimens to 
characterise the surface features shown in Figure 4.13b, and the results are shown 
in Figure 4.14. 

 
Figure 4.14 – Average maximum nanoindentation depth obtained on the worn aluminium surface from the 
tests using post-polished CrN PVD coated specimens [Load 0.5 mN, load rate 0.0167 mN/s, dwell time 

at maximum load 30 s, thermal drift correction 30 s] 

  



50 / 120 

The mechanically mixed layers, due to their heterogeneous structure, 
exhibited a behaviour varying between the unworn aluminium reference and 
lubricant reservoirs. The resulting scatter on the average penetration depth at 
the maximum loading (shown in Figure 4.14) is higher than for the other 
locations indented. Those layers were mainly load-bearing areas in the contact 
zone, exhibiting mechanical properties similar to that of the unworn aluminium. 
Both the mechanically mixed layers and lubricant reservoirs appeared to be 
relatively thin, as the maximum penetration depth was only slightly higher than 
when indenting the unworn aluminium reference. This observation supports the 
high probability for severe adhesion to initiate, as the low thickness of those 
layers could lead to their easy failure, exposing the underlying aluminium. The 
lubricant remaining in the reservoirs exhibited high elastic recovery, suggesting 
that these layers are relatively hard. Their protective nature could thus be related 
to their relative hardness, as they could effectively prevent direct metal-to-metal 
contact. 

Surface topography of the tool thus plays a significant role in the tribological 
behaviour of this hot aluminium-tool steel lubricated sliding contact. A low 
surface roughness leads to low and stable friction as well as low material transfer 
as long as the protective tribolayers developing in the contact zone bonds with 
at least one of the surfaces in contact. If the tribolayers are not bonded to the 
surfaces, catastrophic failure can occur as these layers are likely to be removed 
from the tribological contact as sliding continues. This leads to a contact situation 
where local surface defects act as initiation points for material transfer and 
subsequently grows into severe adhesion. Lubrication is found to act differently 
when using mirror-polished either uncoated or PVD coated TS specimens. This 
difference is due to the low affinity of the lubricant towards the PVD coatings 
tested. In the uncoated TS case, the affinity between the lubricant and the TS 
material resulted in better bonding of protective tribolayers on the surface, thus 
a stable and beneficial tribological behaviour. Using PVD coatings, a higher 
roughness leads to higher and gradually increasing friction, as a result of the 
progressive ploughing of the aluminium alloy and scraping off of the tribolayers. 
This type of topography however promotes the bonding of these layers through 
mechanical anchorage on the PVD coatings. Without this anchorage, the poor 
bonding of the protective layers leads to catastrophic wear and consequently 
high friction when the tribolayers fail.  
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5 Conclusions 

The high temperature tribological behaviour of tool steel (with and without 
PVD coatings) sliding against aluminium in dry and lubricated conditions has 
been studied. The effects of tool steel chemical composition as well as surface 
topography of the uncoated and PVD coated tool steel have also been 
investigated. 

The main conclusions of this work are as follows:  

 Dry sliding of uncoated and PVD coated tool steels results in instantaneous 
high friction due to severe adhesive wear; 

 An hBN-based lubricant is ineffective under the testing conditions due to 
its poor bonding to the interacting surfaces and rapid ejection from the 
contact zone; 

 A polymer-based lubricant results in reduced friction and galling through 
the development of protective tribolayers on the contacting surfaces; 

 The chemical composition of the tested tool steels did not have a significant 
effect on the tribological behaviour; 

 In general, the use PVD coated tool steel specimens results in reduced 
friction and wear compared to the uncoated tool steel; 

 The CrAlN and CrTiN PVD coatings in as-received condition show a 
slight improvement in terms of friction reduction and material transfer as 
compared to the uncoated tool steels. On the other hand, the use of as-
received DLC ta-C and CrN coatings leads to significant improvement in 
both friction and wear performance owing to the formation of compact 
and load-bearing tribolayers; 

 Surface topography has a significant impact on the tribological behaviour 
of tool steel-aluminium at high temperature. Low and stable friction, due 
to minimised wear, was obtained with mirror-polished tool steel specimens. 
Post-polished PVD coated tool steels showed low friction and wear until a 
critical point, where the protective tribolayers that developed on the 
aluminium surface failed, leading to increase in friction and severe adhesive 
wear.    
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6 Future work 

The present work has increased the fundamental understanding concerning 
the tribological mechanisms occurring in the hot aluminium-tool steel contact 
through experimentations and analysis. These results can already be used in order 
to predict tribological phenomena that could occur in real hot forming contacts. 
Additional experimentations involving contact conditions closer to the reality 
are nevertheless required in order to fully establish the tribological response in 
such processes. Especially, testing in laboratory scale equipment under 
unidirectional sliding and controlled strain rates would help understanding the 
influence and limitations of lubrication as well as the exposure of the materials 
to real operating conditions. 

Concerning the lubrication techniques, other lubricants specifically designed 
for hot forming applications should be tested and their tribological behaviour 
characterised. In unidirectional sliding, the effect of bonding of lubricants on the 
surfaces in contact and their ability to remain in the contact zone should 
especially be investigated. 

Surface engineering techniques have proven to have a significant impact on 
the tribological behaviour of the hot aluminium-tool steel contact. Different 
controlled topographies, keeping the limitations associated with industrial 
processes in mind, as well as other potential protective coatings are highly 
recommended to be studied. 

The synergistic impact of lubrication and controlled topography should be 
further researched, as it should be optimised to meet the requirements of the real 
forming applications. 

The existing research gap on the fundamental initiation mechanisms for 
adhesion is even more pronounced when considering tribological contacts 
operating at high temperature. In that regard, more in-depth fundamental work 
should be performed so as to understand the mechanisms which trigger this 
complex phenomenon and evaluate their occurrence in such contacts. 
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ABSTRACT 

The use of high strength aluminium alloys, such as 6XXX and 7XXX series, is 
continuously increasing for automotive applications in view of their good strength-to-
weight ratio. Their formability at room temperature is limited and they are thus often 
formed at high temperatures to enable production of complex geometries. Critical 
challenges during hot forming of aluminium are the occurrence of severe adhesion and 
material transfer onto the forming tools. This negatively affects the tool life and the 
quality of the produced parts. In general, the main mechanisms involved in the 
occurrence of material transfer of aluminium alloys at high temperature are still not 
clearly understood. Therefore, this study is focussed on understanding of the friction and 
wear behaviour during interaction of Al6016 alloy and three different tool steels in as-
received and polished state. The tribotests were carried out under dry and lubricated 
conditions, with two distinct lubricants, using a reciprocating friction and wear tester. 
The worn surfaces were analysed using scanning electron microscopy (SEM) and energy 
dispersive X-ray spectroscopy (EDS). The results showed a high dependence of friction 
and wear behaviour on the tool steel roughness as well as on the stability of the lubricant 
films. Tribolayers were found to develop in the contact zone and their capacity to 
improve the tribological behaviour is seen to be drastically impacted by the surface 
roughness of the tool steel. When the tribolayers failed, severe adhesion took place and 
led to high and unstable friction as well as material transfer to the tool steel. 
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GRAPHICAL ABSTRACT 

KEYWORDS: friction, wear, high temperature tribology, aluminium, lubrication, tribolayer 

1. INTRODUCTION

In order to comply with the increasingly stringent emission regulations, passenger
safety, as well as the considerations of added weight of e.g. batteries for electric vehicles, 
the automotive industry is turning towards the use of materials with high strength-to-
weight ratio. High strength aluminium alloys, such as the 6XXX and 7XXX series, are 
examples of materials that can meet these demands. Novel lightweight design solutions 
can be realised by combining high-strength steel and aluminium into the body-in-white 
structure of passenger cars.  

In order to manufacture complex shaped components, hot forming of aluminium 
is usually the preferred production method [1]. Forming at high temperature minimises 
spring-back [2] and improves formability compared to cold forming [3], [4]. High 
temperature forming of aluminium, as for example the “Hot Forming and Quenching” 
(HFQ®) process, involves various heat treatments [4], [5]. This process involves pre-
forming solubilisation, quenching as well as ageing, in order to get sufficient mechanical 
properties and surface quality of the formed components [1]- [5]. The contact between 
the dies and the aluminium alloy sheets is a complex tribological interface that, when 
not properly optimised, can adversely affect the entire process efficiency and quality of 
the produced parts. Aluminium alloys are known to result in severe adhesion (also 
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termed as seizure and galling) when sliding against steels and other harder metals both at 
low and elevated temperatures [1], [6], [7]. Severe adhesive material transfer increases 
the need for frequent maintenance of the tools and adversely affects the economy of the 
process [4]. Furthermore, the hard aluminium oxide on the soft aluminium can fracture 
during deformation thus contributing to abrasive wear damage of the tool surface as well 
as occurrence of galling [1], [8], [9]. The adhesive and abrasive wear of the tools also 
have a detrimental impact on the surface quality and the dimensions of the formed 
components [6], [10], [11].  

Sliding contacts involving aluminium alloys at high temperature are generally 
associated with high friction levels, due to their chemical reactivity and softening at 
elevated temperatures [6], [12]. The sliding wear response of aluminium alloys has been 
divided into two regimes in the literature [12], [13], [14]. The mild wear regime, with 
low wear rates and oxidised tribolayers; and the severe wear regime, with significant 
plastic deformation, high adhesion and transfer of aluminium to the counter surface [14], 
[15]. The transition between these regimes is governed by operating parameters such as 
load, temperature and microstructural changes [14], [16].  

Typical solutions to alleviate issues associated with wear and high friction are the 
use of lubricants as well as surface engineering strategies, as reported by Krajewski et al. 
[17] and Pelcastre et al. [18].

Common metal forming lubricants include oil-based lubricants, emulsions, greases
and all these make use of specific additives (graphite, MoS2, boron compounds among 
others) [19], [20]. Lubrication at high temperatures is however limited by the physical 
and chemical changes occurring at elevated temperatures, resulting in rapid degradation 
of the lubricant [17]. Special lubricant formulations for high temperatures are thus 
required. 

Hexagonal boron-nitride is commonly used as a high temperature additive in 
greases and oils [21] and its use as a solid lubricant for aluminium forming is increasing 
[22]. Its lamellar structure exhibits friction and wear reducing properties as well as 
chemical stability at high temperatures [22], making it a potential candidate for these 
applications. On the other hand, polymeric lubricants [23], [20] and ionic liquids [24] 
have also been investigated as suitable high temperature lubricants for metal processing. 
Wan et al. [20] reviewed potential polymeric lubricants and concluded that specific 
polyphosphates are promising anti-wear additives for hot metal working applications. 
Their study focussed mainly on lubrication of a steel-steel contact. Jimenez et al. [24] 
tested ionic liquids as potential lubricants since ionic liquids exhibit good thermal 
stability at elevated temperatures. They found that protective layers could form at the 
steel-aluminium interface as a result of tribo-chemical reactions with the ionic liquids. 
Friction as well as wear were found to be directly linked to the properties of those layers 
during the tribotests. They limited their study to testing temperatures of up to 200°C. 
To date however, only a few commercial lubrication strategies for hot forming 
application have been reported and there is still inadequate knowledge in this field [17], 
[20], [24]. 
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 The importance of surface topography of contacting solids has been discussed in 
the open literature. Different researchers have highlighted the influence of the surface 
finish of the dies on the initiation and development of aluminium transfer, at both low 
and high temperatures [1], [9], [25], [26]. 

Heinrichs [25] evaluated the impact of surface topography parameters of tool steels 
on galling during cold forming. The results showed that on rough tool steel samples, the 
transfer of aluminium initiated and developed from grinding scratches and local surface 
defects. In dry conditions, even mirror-polishing the tool steel samples could not prevent 
aluminium transfer. One of the main conclusions was that, despite optimised tool steel 
surface finish and composition, the only effective way to prevent the initiation of 
aluminium transfer is the use of lubricants. For high temperatures processes, the 
information available in the open literature concerning the effect of the tool steel surface 
topography on aluminium transfer is limited. When considering lubricated conditions 
and elevated temperatures, the information available in the open literature is even 
scarcer. 

Pujante et al. [9] reported, for dry and high temperature condition, that even 
mirror-polished surface finish cannot prevent the initiation of aluminium transfer. They 
identified that surface irregularities, such as grinding groove edges and polishing 
scratches, are nucleation sites for the aluminium transfer also at high temperatures. 

Similarly, Gali stated [1] that the higher the tool steel surface roughness, the higher 
is the susceptibility of aluminium transfer to the mating surface. They concluded that, as 
transfer occurs, the roughness of the tool steel increases and leads to more unpredictable 
and severe tribological behaviour. 

Even though the need for controlled topography of the dies and lubrication are 
acknowledged in hot processing of aluminium, their effect on friction and wear has not 
yet been investigated in sufficient depth. The recent developments of new lubricants 
and better understanding of the effects of specific formulations at room temperature [19] 
has resulted in a widened perspective for the tribological research field, yet to be 
translated to elevated temperatures [20]. The understanding of the mechanisms leading 
to galling during hot forming of aluminium alloys is also still limited. 

The present study thus aims at bridging these knowledge gaps through 
characterization of the high temperature friction and wear response of tool steels sliding 
against aluminium. The effect of lubrication has been investigated by comparing two 
commercially available lubricants. The influence of tool steel composition as well as the 
effect of surface topography have also been studied. 
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2. EXPERIMENTAL WORK

2.1. Materials 

The tribotests carried out in this study involved three commercially available tool 
steels, an aluminium alloy (AA6016) as the counter surface and two different 
commercially available lubricants. 

In order to study the influence of tool steel composition, three tool steels were 
selected: a Mo Co-Cr-B alloyed tool steel (further referred to as Tool steel A); a Cr-
Mo-W-V-N-alloyed cold work tool steel (Tool steel V) and a Cr-Mo-V-alloyed hot 
work tool steel (Tool steel O). Their microstructures are shown in Figure 1, showing 
the different carbide sizes and distribution in the steel matrix for each of the alloys. Their 
chemical composition (as provided by the supplier) as well as microhardness (measured 
in the laboratory) are given in Table 1. Tool steels A and V present similar hardness 
levels, whereas tool steel O exhibits a much lower hardness. All the tool steels 
nevertheless show significantly higher hardness levels than the aluminium counter-
material. 

Figure 1 – Optical micrographs of the a) Tool steel A, b) Tool steel V and c) Tool steel O [magnification 1000X] 

Table 1.1 – Chemical composition (%wt, as provided by the supplier) and measured microhardness of the investigated 
materials (Fe for the steels and Al for the aluminium make up the balance) 

Material C Si Mn Cr Mo V W Co B N Mg Zn Cu HV0.1 

Tool steel A 0.5 0.3 0.3 4.0 18.4 0.3 - 8.6 2.0 - - - - 498 ±52 

Tool steel V 1.1 0.5 0.4 4.5 3.2 8.5 3.7 - - 1.8 - - - 464 ±26 

Tool steel O 0.39 1.0 0.4 5.2 1.4 0.9 - - - - - - - 260 ±7 

Al6016 -
1.0 

– 1.5 
Max 
0.2 

Max 
0.1 

- - - - - - 
0.25 
– 0.6 

Max 
0.2 

Max 
0.2 

73 ±3 

The first lubricant considered for this study was a commercially available hexagonal 
boron-nitride based lubricant JK 41 from Zyp coatings Inc. This lubricant is formulated 
for superplastic forming processes and will be further referred to as hBN. The second 
lubricant was a commercially available white die lubricant Lubrodal F 25 Al® from 
Fuchs-Lubritech GmbH. This lubricant is a silicon-and-polymer aqueous emulsion, 
formulated for warm forming of aluminium and especially forging, further referred to as 
polymer. 
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2.2. Specimens and topography 

The tool steel specimens were cylindrical pins of Ø4 mm with a flat end and the 
aluminium samples were flat plates with dimensions 20 mm x 20 mm x 1 mm. The hBN 
lubricant was applied on the aluminium samples in liquid form, then left to dry in air at 
room temperature for 10 min. The polymer lubricant was applied on the tool steel pin 
samples in a similar manner: few drops of the liquid lubricant were deposited on the pin 
surface and left to dry in air at room temperature for 5 min. 

In order to study the influence of tool steel surface roughness on the tribological 
behaviour, the tool steel pins were used in as-received ground (Sa 0.24±0.05μm) and 
mirror-polished (Sa 0.03±0.01μm) conditions. These specimens will be referred to as 
AR for the as-received and MP for mirror-polished throughout the text. 

Figure 2 – Surface topographies and SEM micrographs of the a)-b) as-received tool steel O, c)-d) mirror-polished tool 
steel O and e)-f) as-received aluminium samples 

An example of the as-received surface topographies of tool steel O pins is shown 
in Figure 2 a) and b). All of the pins exhibited a radially oriented roughness lay, which 
enabled to position them in any direction with respect to the sliding direction. A typical 
mirror-polished tool steel surface topography (tool steel O) is shown in Figure 2 c) and 
d). After polishing, a slight directionality of the surface lay, but at a significantly lower 
scale compared to the as-received topography, was observed. 

The as-received surface topography of the aluminium alloy samples are shown in 
Figure 2 e) and f). The features seen in these images are those typically obtained from the 
hot rolling process, showing the presence oxidised shingles, gorges and rolling grooves 
[1]. 
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The areal arithmetic average (Sa) and reduced peak height (Spk) roughness 
parameters from three measurements of a 2 mm x 2 mm area on the tool steel pins are 
given in Figure 3. It can be noted that the as-received samples for tool steel A exhibited 
a slightly lower roughness than the other tool steels. The polishing process drastically 
decreased the Sa and Spk values of all the tool steel samples, as polishing mainly acted 
on the protruding peaks of the surfaces. 

Figure 3 – Average areal roughness parameters of the different samples [ISO 25178, λc 0.25 μm] 

2.3. Test equipment and procedure 

The tribological tests were carried out using an Optimol SRV® high temperature 
reciprocating friction and wear tester. This machine utilises an electro-magnetic drive to 
oscillate an upper specimen (pin) against a lower stationary specimen (disc or plate) under 
a normal load. The load is applied by means of a servo motor and spring deflection 
mechanism. The lower specimen block incorporates a cartridge heater which enables 
tests to be performed at temperatures up to 900°C. A computerised control system allows 
data acquisition and control of the applied load, cartridge block temperature, stroke 
length and frequency of the oscillatory movement during the tests. The configuration 
chosen for this study was a flat-on-flat (pin on plate) contact (as exemplified in Figure 4). 
The test parameters are given in Table 2. The nominal contact pressure was 1 MPa, in 
accordance to typical contact pressures observed in the hot sheet metal forming 
processes. A temperature of 300°C was chosen, compromising realistic elevated forming 
temperatures and temperatures that the lubricants could withstand. The stroke was set 
to 4 mm in order for the entire surface of the pins to move out of contact with the 
centre of the wear track on the aluminium surface. The duration of 30 seconds was 
chosen in order to get past the running-in period while avoiding too long contact time 
(30 s corresponds to 3 m of total sliding distance in these tests), in order to prevent 
depletion of lubricant and occurrence of severe galling. The short contact time is also 
representative of hot forming applications where the total forming and quenching 
operation is typically around 10 seconds [27]. 
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Table 2.2 – Test parameters used in the tribological tests 

Load 
[N] 

Contact pressures 
[MPa] 

Test temperature 
[°C] 

Stroke 
[mm] 

Sliding frequency 
[Hz] 

Test duration  
[s] 

10 0.8 300 4 12.5 30

The aluminium alloy samples were subjected to an in-situ solubilisation heating 
cycle (shown in Figure 4) before the onset of sliding. It involved heating up to 540°C 
(dwell time of 90 s) followed by cooling down to the test temperature. Since the test 
equipment does not have an active cooling system, a resting time for cooling and 
stabilisation of temperature of around 10 min was used. After the resting time elapsed, 
the tribotest commenced. The pin specimens were not actively heated prior to or during 
the tribotest. 

The heating cycle is not intended to exactly simulate that of a forming process, but 
rather to expose the aluminium to a similar thermal history as that during hot forming. 

Figure 4 – Sketch of the SRV® test set-up and the heat cycle (not to scale) applied to the aluminium specimen only 

The test procedure involved aligning both samples to ensure good contact and to 
eliminate edge effects during sliding. The lubricant was then applied (following the 
procedure stated in section 2.2) and the heating cycle of the aluminium alloy specimen 
was started. During this stage, the samples were kept separated from each other. After 
cooling down to the test temperature, the pin was brought into contact with the 
aluminium sample, the test load was applied and the tribotest was initiated.  

The surfaces of the specimens were analysed before and after the tribotests. The 
topography of the samples was measured using a Zygo NewView 7300® 3D optical 
surface profiler. The friction and wear mechanisms were also analysed by using scanning 
electron microscopy (SEM) and energy dispersive spectroscopy (EDS). 

3. RESULTS AND DISCUSSION
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The results obtained from the tribological tests as well as from the post-test analysis 
are presented and discussed in this section. 

3.1. Dry sliding tests 

The average coefficients of friction (CoF) obtained from the dry reference tests are 
shown in Figure 5 (darkest bars). The friction level for each tribopair reached the cut-off 
value of the friction force sensor (2.5). The friction increased to the maximum value 
directly from the beginning of the test, due to instantaneous severe adhesion. This sharp 
rise was observed irrespective of the tool steel composition. The influence of tool steel 
surface topography was not studied under dry conditions, as only negligible 
improvements have been reported in previous studies [9], [28]. 

Figure 5 – Average friction levels over the last 25s of the tribotests for all the test configurations.  
[Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temp. 300 ºC] 

The main wear mechanism observed when using the as-received tool steel samples 
was severe adhesion, as described in [29], and transfer of the aluminium onto the tool 
steel surface (see Figure 6). The transfer mechanism progressed from initiation of 
aluminium pick-up, due to the ploughing action of the harder tool steel asperities, 
followed by agglomeration of the wear particles and build-up, finally leading to the 
development of thick aluminium lumps on the tool steel surface. Lumps were 
preferentially located at the grooves with perpendicular orientation to the sliding 
direction, as highlighted in Figure 6 b). This aluminium transfer process has previously 
been observed by Heinrichs et al. [28]. In their study, they investigated the transfer 
initiating from polishing scratches on mirror-polished DLC coatings. Their suggested 
mechanism for material transfer (initiation, progressive pick-up, and build-up) correlates 
well with the observations in the present study. Pujante et al. [9] also concluded that in 
dry conditions the surface roughness peaks of the tool steel impacts material transfer. 
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The topography of their ground samples led to mechanical ploughing, the creation of 
initiation sites for further transfer, and wear debris entrapment. Their observations of the 
material transfer features are thus correlating with those obtained in the present research. 

Figure 6 – SEM micrographs of the a) tool steel A, b) tool steel V and c) tool steel O surface obtained from the dry sliding 
test, showing the heavy aluminium transfer layer [↔ indicate the sliding direction] 

3.2. Lubricated sliding tests 

3.2.1. Hexagonal boron nitride 

All tribotests performed using the hBN lubricant resulted in early lubricant failure. 
As shown in Figure 7, high and unstable friction was obtained irrespective of the tool 
steel composition. The friction levels reached the CoF cut-off value of the sensor during 
most of the test duration. Sudden drops in the friction levels for a few seconds were 
observed during the initial stage but these were followed by a rapid increase to the 
maximum CoF value. The short periods with lower friction coefficients explains the 
high standard deviation observed in Figure 5. 

Figure 7 – Evolution of the CoF during the hBN lubricated tribotest for the as-received a) tool steel A, b) tool steel V and 
c) tool steel O samples. [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temp. 300 ºC]

The appearance of the transferred material onto the surface of tool steel O, for the 
dry and hBN-lubricated tests, is shown in Figure 8. Similar mechanisms were also 
observed on the other tool steels. Sever adhesion was identified again as the main wear 
mechanism [29]. The transfer layer that was formed in case of tests with the hBN 
lubricant is a build-up of adhered and smeared aluminium lumps but their size is much 
larger and less uniform than the agglomerated lumps in the dry condition (as observed 
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when comparing Figure 8 a) and c)). The transfer observed after the hBN lubricated tests 
also covered a larger area on the pin samples. The EDS analysis revealed that the 
transferred material consisted of aluminium, silicon and traces of the lubricant particles 
as well as oxygen. The aluminium counter surface also showed more damage compared 
to that in the dry condition (Figure 8 b) and d)). Its surface was characterised by deeper 
and less uniform grooves due to the severe material removal. 

Figure 8 – SEM micrographs of the a) pin and b) aluminium surface after a dry sliding test vs. c) pin and d) aluminium 
surface after a hBN lubricated test , both using as-received tool steel O at 30X and 200X magnification [↔ indicate the 

sliding direction] 

The abrupt removal of the lubricant from the contact zone can explain the fact that 
the tests using this lubricant clearly resulted in a worse tribological behaviour. The poor 
adhesion of the hBN lubricant to the contacting surfaces led to easy flaking off. The 
removal was also facilitated due to the hBN particle size, concentration, and the carrier 
fluid. The lubricant was water-based and with a relatively small particle size (≈5μm). 
During the heating cycle, the water evaporates and leaves the hBN particles free within 
the contact, thus facilitating their easy removal from the contact, also observed in other 
studies [19]. However, other carrier fluids, particle size and concentrations have shown 
good behaviour of hBN lubricants, when tested at low temperature [19], [30]. 

The hBN lubricant was thus only present in the contact at the very beginning of 
the sliding and thereafter it was rapidly removed as the test progressed. This sudden 
removal led to a sharp transition from the initial lubricated contact to a dry aluminium-
tool steel contact. Therefore, there was no running-in period, and ploughing of the 
aluminium occurred immediately after lubricant failure resulting in more severe contact 
conditions. 
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3.2.2. Polymer lubricant 

As-received tool steels 

The friction results from tests with the as-received tool steels samples and polymer 
lubricant showed some tribological improvement compared to those in the dry and hBN 
lubricated tests. The polymer-lubricated tests showed a reduction in the average friction 
level by half (as seen in Figure 5). As shown in Figure 9, an initial increase in friction is 
followed by a decrease and a short steady period with relatively low friction (COF 
around 0.3 for approximately 5 s). Towards the end of the test, friction becomes unstable 
and increases. The friction behaviour is similar for all tool steel compositions as well as 
to that in dry and hBN lubricated conditions. 

Figure 9 – Evolution of the COF during the polymer lubricated tribotests for the as-received a) tool steel A, b) tool steel V 
and c) tool steel O. [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temp. 300 ºC] 

Figure 10  – SEM micrographs of the surface of the a) as-received tool steel O and b) aluminium sample surface obtained 
from the polymer lubricated test at 200X magnification, showing the tribolayer developed on the pin and the wear of the 

aluminium [↔ indicate the sliding direction] 

The post-test analysis of the worn surfaces revealed the formation of a tribolayer 
on the pin surface, as seen in Figure 10. This is exemplified with tool steel O but similar 
tribolayers were observed for the other tool steels also. Chemical analysis revealed that 
the tribolayer contains a high concentration of carbon originating from the polymer 
lubricant. This layer was load bearing and prevented direct aluminium-tool steel contact. 
However, Figure 10 a) shows that the tribolayer fractured, which led to the formation 
of large debris, variation in thickness and partial removal of the tribolayer. The areas 



73 / 120 

where the tribolayer was removed were found to be the preferential sites for aluminium 
transfer to take place. 

On one hand, the transfer of aluminium at these sites can be attributed to the tool 
steel topography, which would act as ploughing asperities, scraping off the lubricant then 
abrading the soft aluminium. The tendency of aluminium transfer to increase after 
primary transfer takes place has been studied by Heinrichs et al. [31]. They observed that 
once it is initiated, the high chemical affinity of aluminium towards itself and coarsening 
of the surface features rapidly led to increased material transfer during the successive 
cycles. In the present research, a parallel can be drawn: the tribolayer failure leads to the 
primary material transfer and then further transfer rapidly grows. The aluminium counter 
surface showed less severe damage but similar mechanism as in dry sliding conditions (as 
seen Figure 10 b)), supporting the idea of rapidly increasing material transfer. 
Nevertheless, the transfer is significantly less in the polymer lubricated tests compared to 
that in the dry and hBN lubricated ones, as the tribolayer reduces the occurrence of 
primary transfer. On the other hand, Wan et al. [20] reported that inorganic polymer 
additives react to create stable lubricating and anti-wear layers in extreme contact 
conditions (e.g. high temperatures or pressures) against metals. Those additives could 
also lead to lower friction and wear by preventing overheating. Both those observations 
could explain the beneficial effect of the lubricant used in the present study, although its 
composition is different. 

The observed wear mechanisms correlate well with the friction behaviour. The 
increase in friction in the beginning of the test occurs before the tribolayer has formed 
a stable layer. Once the tribolayer is established, the tribological behaviour improves. As 
the tribolayer breaks down, the friction increases and becomes unstable as severe 
adhesion takes place. 

Mirror-polished tool steels 

As can be seen in Figure 5, mirror-polished tool steel samples led to a reduction of 
friction by 10 times compared to the as-received tool steel pin specimens. Furthermore, 
a much more pronounced improvement in terms of frictional stability was also observed 
as the standard deviation is 6 times lower compared to the as-received specimens. Figure 
11 shows the evolution of the coefficient of friction with time during the tests with 
mirror-polished specimens. The friction levels remained below 0.3 during almost the 
entire test duration, and in some cases it was down to 0.1. An increase in the friction 
coefficient was only observed towards the end of the tests, whereas for the as-received 
specimens, frictional instabilities occurred throughout the entire test (see Figure 9). As 
has been previously observed, the behaviour for the three different tool steels was similar. 
It is clear that the tool steel surface roughness plays a critical role in the stability of friction 
under high-temperature lubricated conditions.  
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Figure 11 – Evolution of the COF during the polymer lubricated tribotests for the mirror-polished a) tool steel A, b) tool 
steel V and c) tool steel O pin samples. [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temp. 300 ºC] 

As shown in Figure 5, the mirror polished sample with the highest roughness value 
was tool steel V, followed by tool steel A and tool steel O. This can be attributed to the 
size and height of the protruding carbides after the polishing process (shown in Figure 
13). The surface coverage and size of the protruding carbides are given in Figure 14. The 
protruding carbides acts as asperities and results in a reduced real area of contact 
(compared to a nominally flat surface) which promote failure of the protective tribolayer 
in the contact during sliding. A direct correlation between the surface topography of the 
tool steels and the friction stability has been observed; the friction behaviour using tool 
steel V is the least stable (see Figure 11 b)), followed by tool steel A, which has the 
intermediate surface roughness (Figure 11 a)). The most stable friction was obtained with 
tool steel O (Figure 11 c)), which had the smoothest surface topography and the smallest 
carbides (shown in Figure 13 c) and Figure 14). Interestingly, even though tool steel A 
have bigger carbides, they covered a larger area on the contact surface, and were found 
to be protruding less than those in tool steel V. This suggests that the main factor 
triggering the failure of the lubricant is their height as well as the area coverage. 

Figure 12 – SEM micrographs of the surface of the a) mirror-polished tool steel O and b) aluminium sample surface 
obtained from the polymer lubricated test, showing the tribolayer developed on the pin and the smooth flattened 

topography of the aluminium [↔ indicate the sliding direction] 

When examining the worn surfaces after the tribotests, compact and smooth 
tribolayers covering most of the tool steel pin surfaces were observed (see Figure 12), 
similar type of tribolayers was observed for all three tool steels. The tribolayers were 
composed of elements from the lubricant, i.e. carbon, oxygen and silicon. At the 
locations where tribolayer failure had initiated, traces of aluminium transfer were 
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detected. These observations explain the unstable COF observed at the end of the tests 
(see Figure 11). Furthermore, in the cases showing the lowest and most stable friction 
behaviour (for instance the 1st repetition in Figure 11 a) and 2nd repetition in Figure 11 
c)), no material transfer was detected on the tool steel surfaces. This suggests that the 
tribolayers in those cases did not fail and thus prevented direct aluminium-tool steel 
contact for the entire test duration. 

Considering the areas where adhesion took place (e.g. tribolayer failure areas), the 
protruding carbides were found to act as initiation sites for the aluminium transfer (Figure 
15). Tool steel V (Figure 15 b)) shows the initiation and development of transferred 
aluminium lumps from the carbide edges, while the surrounding matrix clearly shows 
less material transfer. Pujante et al. [9] also observed minor amounts of material transfer 
onto mirror-polished tool steel samples, as thin layers, growing into small patches, similar 
to those observed in Figure 15. They concluded that nucleation points on the polished 
tool steel were responsible for the material transfer, although in their case, those initiation 
sites were created from abrasion of the tool steel by the aluminium oxides. The specific 
preferential initiation of aluminium transfer at protruding sites has also been reported in 
extensive works from Heinrichs et al. [28], [31]. Their studies involved mirror-polished 
DLC coating with protruding carbides, which, similar to the present study, acted as 
initiation sites for aluminium transfer. 

Figure 13 – SEM micrographs of the unworn mirror-polished a) tool steel A, b) tool steel V and c) tool steel O pin samples 
at 5000X magnification, showing the different carbides revealed from the polishing process. 

Figure 14 – Properties of the carbides from the mirror-polished surfaces [total measured area 55µm², ISO 25178, 

λc 2.5 μm] 
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Considering the aluminium counter surface, some interesting features have been 
observed after sliding against mirror polished tool steel (shown in Figure 12 b)). The 
initial rough surface is still visible beneath a plastically deformed layer (highlighted in 
Figure 12 b)). This smooth flat topography forms through flattening of the protruding 
shingles (covering the as-received aluminium surface, as shown in Figure 2 e) and f)) 
during interaction with the polished tool steel counter surface (shown in Figure 2 c) and 
d)). The deformation of the aluminium is facilitated by the hardness difference between 
the specimens in contact, which is even more pronounced at 300°C. Compared to the 
as-received tool steel specimens, the real area of contact with mirror polished surfaces 
increases and is further increased with the flattening of the aluminium surface. This larger 
contact area contributes to reduced local contact stresses and the formation of the 
tribolayer over a larger surface area, than in the as-received cases, where roughness 
grooves act as stress concentration points and lubricant scraping features. This effectively 
prevents direct metal-to-metal contact and maintains a low and stable friction level. 

Figure 15 – SEM micrographs of the worn mirror-polished a) tool steel A (using 15kV), b) tool steel V (15kV) and c) tool 
steel O (10kV) pin samples at 5000X magnification, showing the initiation of aluminium transfer from the protruding 

carbides [↔ indicate the sliding direction] 

4. CONCLUSION

In this study, the high temperature tribological behaviour of three different tool 
steels with different surface topographies has been investigated during sliding against 
aluminium under dry and lubricated conditions. The salient conclusions from this work 
are as follows: 

 Dry sliding at high temperature results in instantaneous adhesion and
consequently high friction.

 The hBN lubricant selected for this study was found ineffective as a result of
poor adhesion to the interacting surfaces and easy removal from the sliding
interface.

 The use of a polymer-silicon based lubricant leads to reduced friction and
material transfer as a result of formation of a carbon-rich tribolayer on the tool
steel surface.
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 The tool steel chemical composition does not significantly affect the tribological
response under the studied test conditions.

 The tool steel surface roughness has a significant impact on the frictional
behaviour and the severity of material transfer. Even protruding carbides on a
mirror polished tool steel surface can act as initiation sites for aluminium
transfer.

 The combination of reduced tool steel roughness and polymer-silicon
lubrication results in the best improvements in terms of frictional stability and
material transfer.
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ABSTRACT 

Aluminium alloys are commonly used as lightweight materials in the automotive 
industry. This non-ferrous family of metallic alloys offers a high versatility of properties 
and designs. To reduce weight and improve safety, high strength-to-weight ratio alloys 
(e.g. 6XXX and 7XXX), are increasingly implemented in vehicles. However, these 
alloys exhibit low formability and experience considerable springback during cold 
forming, and are therefore hot formed. During forming, severe adhesion (i.e. galling) of 
aluminium onto the die surface takes place. This phenomenon has a detrimental effect 
on the surface properties, geometrical tolerances of the formed parts and maintenance of 
the dies. The effect of surface engineering as well as lubricant chemistry on galling has 
not been sufficiently investigated. DLC and CrN PVD coated steel have been studied 
to reduce aluminium transfer. However, the interaction between lubricants and PVD 
coatings during hot forming of aluminium alloys is not yet fully understood. The present 
study thus aims to characterise the high temperature tribological behaviour of selected 
PVD coatings and lubricants during sliding against aluminium alloy. The objectives are 
to first select promising lubricant-coating combinations and then to study their 
tribological response in a high-temperature reciprocating friction and wear tester. Dry 
and lubricated tests were carried out at 300°C using a commercial polymer lubricant. 
Tests using DLC, CrN, CrTiN and CrAlN coated tool steel were compared to uncoated 
tool steel reference tests. The initial and worn test specimen surfaces were analysed with 
a 3D optical profiler, SEM and EDS as to understand the wear mechanisms. The results 
showed formation of tribolayers in the contact zone, reducing both friction and wear. 
The stability of these layers highly depends on both the coatings’ roughness and chemical 
affinity towards aluminium. The DLC and CrN coatings combined with the polymer 
lubricant were the most effective in reducing aluminium transfer. 
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1. INTRODUCTION

Light-weight aluminium makes it a material of interest in many sectors and, particularly, 
the automotive industry. Typical alloys used as replacement for structural steel 
components are the 6XXX and 7XXX aluminium series, due to their superior strength-
to-weight ratio. Thus, these alloys are promising candidates to enable the compliance of 
new vehicles with modern environmental energy consumption as well as passenger safety 
regulations. 

Due to the limited formability of high strength aluminium alloys at low temperatures 
and the springback effect, these alloys are often formed at high-temperatures [1], [2]. 
Hot forming, and hot stamping in particular, are common manufacturing techniques for 
aluminium alloy components. These processes involve solubilisation of the aluminium 
work-piece, and subsequent forming in the dies at elevated temperatures (around 
0.6×Tm –Tm being the aluminium melting temperature [3]) and a final quenching step 
within the dies [2]. 

High-temperature forming of ductile and reactive materials such as aluminium alloys, 
leads to challenging tribological phenomena such as severe adhesion, often referred to as 
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galling. This makes the manufacturing process problematic, especially due to the 
stringent time and cost requirements of current line production processes [4]. High 
adhesion and severe galling are critical wear mechanisms known to occur when forming 
aluminium at high temperatures [5] [6] [7].These wear mechanisms affect the tool 
lifetime as well as the surface quality and the mechanical properties of the produced 
components [3] [2] [8] [9]. Thus, direct costs in forming (heating, tooling, lubrication 
etc.) and maintenance costs (refurbishing, stopping the lines etc.) increase dramatically, 
hindering the attractiveness of using aluminium for mass production [1]. 

In order to address the tribological challenges and ensure viable production rates, 
different wear reduction strategies are employed in the industry. Such methods usually 
include the use of lubricants and surface engineering techniques [10]. 

High-temperature lubrication for the aluminium-steel contact has, however, many 
limitations. Common lubricants such as oils decompose and degrade when in contact 
with surfaces hotter than 200°C, making them unsuitable lubricants for hot forming [11] 
[12] [13].

Solid lubricants such as graphite, MoS2 and boron compounds have been studied for 
aluminium forming [14], [15], [16]. Graphite exhibits good lubricity, high thermal 
stability and is suitable for the hot forming application [11], [13], [16]. Its use is however 
discouraged, due to health and environmental-related concerns, as well as cleanliness 
issues [13], [16]. MoS2 is known to possess extremely low-friction in dry and vacuum 
conditions. Its use in air at high temperature however leads to rapid oxidation, adversely 
affecting its lubricity [11], [17]. 

Boron compounds (such as cubic and hexagonal boron nitride -hBN- or boric acid) are 
being currently explored as replacement for traditional graphite-based lubricants. 
Especially, hBN based lubrication is promising due to its excellent lubricity and reduced 
health hazards [14], [18], [19]. However the retention in the contact is essential for the 
efficiency of solid lubricants, and hBN compounds do not easily bond to contacting 
surfaces due to their extreme lubricious behaviour, requiring the use of special 
formulations [17], [18]. Solid lubricants are also used as additives in oil/water, water 
emulsions and greases, which enable a more uniform deposition on the surfaces of dies 
[16], [18], [20]. Despite improved lubricity of those formulations, their tribological 
performance at high temperature and especially for aluminium has not been studied in 
detail. 

Recently, there is a growing interest in polymer based lubricants in view of the 
possibility of optimizing their properties and performance by combining different 
compounds [17], [21]. Water-glass (e.g. sodium silicate compounds) are usually effective 
lubricants at temperatures higher than 600°C but are ineffective in the aluminium 
forming temperature range [12], [13], [22]. Wan et al. [21] reviewed inorganic polymer 
compounds as potential additives for improved lubrication at high-temperature. These 
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have been found to effectively protect the surfaces in contact through the formation of 
tribolayers. They however mentioned the lack of evaluation of those formulations, as 
many of their effects in the contact (e.g. performance, tribological interactions, 
lubrication mechanisms, and hazardousness) are poorly understood. 

As highlighted by many authors in the literature in the past 20 years [16], [17], [21], the 
hot forming lubricants currently in use are scarce and there are only some isolated 
commercial products, developed for a particular set of working conditions. There is thus 
a need for systematic research to characterise and understand the tribological 
performance of these lubricants [6], [12], [21], especially in the context of hot forming 
of aluminium alloys [10], [18]. 

Besides lubricants, new surface engineering approaches that include techniques for 
controlling the surface roughness of the dies as well as the use of surface coatings and 
treatments have emerged [23]. Several studies pertaining to the adhesion reducing 
abilities of different PVD coatings [24], [25], [26], [27] as well as CVD coatings [24] [26] 
[28] against aluminium have been conducted.

Jerina and Kalin [27] compared the tribological behaviour of a H13 tool steel and a CrN 
PVD coating during sliding against an AA6060 alloy. At high temperatures (e.g. above 
400°C), the CrN coating has been found reduce galling, leading to an improved friction 
behaviour. Pujante et al. [23] compared various tool steels to an AlCrN PVD coating 
when sliding against 99% purity aluminium balls. They found that even polishing did 
not prevent material transfer to occur, as the coating has a strong chemical affinity 
towards aluminium.  

Pellizzari et al. [26] reported the behaviour of various as-deposited PVD coatings (CrN, 
TiCN and TiAlN) on nitrided tool steel when sliding against hot AA6082. They found 
that, under dry conditions, both TiAlN and CrN coatings outperformed nitrided tool 
steel before galling took place. The TiCN coating resulted in lower friction compared 
to that of the nitrided tool steel, but for a shorter time. Nevertheless, none of those 
coatings were able to fully prevent galling under dry conditions. 

Some selected DLC PVD coatings have also been reported to prevent aluminium 
transfer, due to their anti-sticking properties [24], [25]. Ni et al. [25] studied the 
influence of DLC coatings (hydrogenated vs. non-hydrogenated) and temperatures on 
adhesion against aluminium in dry conditions. They observed that above 120°C, both 
DLC coatings experience higher wear rates and more unstable friction than at room 
temperature. Jerina and Kalin [27] compared the behaviour of an uncoated H13 tool 
steel, CrN and TiAlN PVD coatings against AA6060 at different temperatures. They 
reported that TiAlN coated samples are most effective up to 300°C in terms of friction 
and galling reduction. CrN coated samples showed improved performance above 
400°C. They attributed the good tribological behaviour of the CrN PVD coating to the 
likelihood of CrxOy oxides formation which is less reactive towards the aluminium. 
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Heinrichs et al. [24] have carried out in-situ SEM tribological experiments in order to 
characterize the initiation mechanisms of adhesion between aluminium and a DLC PVD 
coating. They focussed on the effect of local surface defects on material transfer initiation 
under unidirectional sliding of a sharp aluminium tip across well-defined scratches on a 
DLC coated tool steel. The main findings from their work was a better understanding 
of the transfer mechanism, proposing three classes of aluminium transfer: primary, 
secondary and damage activated. They classified the key parameters activating primary 
aluminium transfer as either of chemical (e.g. adhesive bonding) or mechanical (e.g. 
scratches, local defects) origin. Their study, however, was carried out at controlled low 
temperature, under vacuum and dry conditions. 

Thus, PVD coatings are promising solutions to reduce galling, as long as their chemical 
affinity towards aluminium is low and when properly selected for the temperature of the 
application. Studies so far are however often limited to dry conditions and usually neglect 
the impact of surface roughness. Knowing that the roughness has a great impact on the 
tribological interactions between steel and aluminium at high temperature [3], [23], 
systematic characterisation of the surface topography of PVD coatings is missing in the 
literature. 

It is evident that presently there is a lack of knowledge concerning effective ways to 
prevent the initiation aluminium transfer at elevated temperatures. The effectiveness of 
high temperature lubricants, especially in combination with PVD coatings, for friction 
and wear control in tribosystems involving aluminium is also not fully understood. 
Furthermore, the published results about the role of PVD coating surface roughness on 
transfer of aluminium at elevated temperatures are scarce. 

The aim of the present work is therefore to characterise the effect of PVD coating 
composition and topography on the aluminium transfer and friction behaviour under 
lubricated conditions at high temperature. The results have been compared to that of 
uncoated tool steel in dry and lubricated conditions in order to assess any potential 
synergistic effects between the coatings and lubricant. 
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2. EXPERIMENTAL WORK
2.1. Materials and specimens

A commercially available Cr-Mo-V-alloyed hot work tool steel was used in uncoated 
and PVD coated conditions. Four different coatings (CrTiN, CrAlN, DLC ta-C and 
CrN) were applied to the hot work tool steel. The counter surface was an AA6016 
aluminium alloy. The chemical composition of the materials, as provided by the supplier, 
and their measured microhardness values are shown in Table 1. The as-delivered 
measured thickness values of various PVD coatings are given in Table 2. 

Table 1 – Chemical composition (%wt) and microhardness of the investigated materials (Fe for the tool steel and Al for 
the aluminium make up the balance) 

Material C Si Mn Cr Mo V Mg Zn Cu HV0.1 
Tool steel 0.39 1.0 0.4 5.2 1.4 0.9 - - - 260 ±7 

Al6016 - 
1.0 

– 1.5 
Max 0.2 

Max 

0.1 
- - 

0.25 

– 0.6 
Max 0.2 Max 0.2 73 ±3 

Table 2 – Measured thickness of the different PVD coatings (5 measurements for each coating) 

Coating designation Thickness (μm) 

CrTiN 10.3 ±0.9 
CrAlN 16.4 ±2.1 

DLC ta-C 1.4 ±0.2 
CrN 7.4 ±0.3 

The test configuration was a flat pin-on-plate (area) contact. The tool steel specimens 
were delivered in the form of 10 mm long with a Ø4 mm flat ended pins and the 
aluminium alloy as 20 mm × 20 mm × 1 mm plates. The tribological tests were carried 
out under dry and lubricated conditions, using a commercially available warm forming 
lubricant (LUBRODAL F 25 Al®) consisting of an aqueous emulsion of polymer and 
siloxanes (further referred to as polymer).  

To investigate the impact of PVD coating surface roughness on friction and wear, the 
CrN and CrTiN coated tool steel specimens were manually mirror polished. The 
polishing procedure involved fine polishing using 9 μm, 3 μm and 0.25 μm diamond-
suspensions. The tests using post-polished specimens and as-received topographies are 
referred to as PP and AR, respectively. The arithmetic surface roughness (Sa) values of 
the different specimens are given in Figure 1. An aluminium counter-surface was used 
in the as-received state in all the tests.  
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Figure 1 – Average arithmetic roughness on a 2 mm  2 mm surface of the pin specimens [ISO 25178, λc 0.25 μm] 
(three measurements for each configuration) 

In order to compare the changes in surface morphologies before and after the tribotests, 
SEM micrographs of the initial surfaces were taken. The as-received surface 
morphologies can be seen in Figure 2. The PVD coated samples exhibit surface features 
typical from the PVD coating process, e.g. droplets. The CrAlN coated samples (Figure 
2a) exhibit few small droplets and craters. Titanium and chromium nitrides droplets were 
identified by EDX on the CrTiN (Figure 2b) and CrN (Figure 2d) coated samples, 
respectively. Craters are also observed and these are either created from the removal of 
droplets or induced by the PVD deposition process. The DLC ta-C coatings (Figure 2c) 
show a more granular surface morphology. The initial roughness of the substrate is still 
visible even after the coatings were deposited (especially visible for the CrAlN, DLC ta-
C and CrN micrographs in Figure 2). The surface features on the aluminium samples 
are oxidised shingles (composed of lower gorges and protruding tongues - highlighted 
in Figure 2e), gorges and rolling grooves, which are typical from the hot sheet rolling 
process [3]. 

Figure 2 – As-received SEM micrographs and topographies of the a) CrAlN, b) CrTiN, c) DLC ta-C, d) CrN PVD coated 
tool steel samples and e) aluminium sample [measured area: pins Ø4 mm2, aluminium 1 mm2] 
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All of the pins exhibited a radially oriented roughness lay as shown in Figure 2, which 
enabled to position them in any direction with respect to sliding direction. It should be 
noted that the surface topography of the CrTiN coated pins (shown in Figure 2b) was 
different compared to the other specimens, as they displayed a central flatter surface and 
radially curved roughness marks around the circumference. The aluminium counter-
surface topography is show in Figure 2e. 

In order to assess the differences in surface morphology induced by the post-polishing 
process, 3D topography measurements of the mirror-polished surfaces were also carried 
out. The obtained morphologies are shown in Figure 3. The polishing led to a relatively 
smooth surface finish, compared to the as-received topographies. However, some defects 
can still be observed, more pronounced on the post-polished CrTiN (see Figure 3a) than 
the post-polished CrN coating (see Figure 3b). These defects are either the local defects 
initially present on the as-received specimens (e.g. droplets and craters) or from the initial 
topography lay, which was not fully removed by the manual-polishing (radial grooves 
visible in Figure 3b). 

Figure 3 – Post-polished topographies of the a) CrTiN and b) CrN PVD coated tool steel samples 

2.2. Test equipment and procedure 

The test set-up was a standard Optimol SRV® high temperature reciprocating friction 
and wear tester, adapted to a flat-on-flat (pin on plate) contact configuration. The test 
involves an upper moving specimen (tool steel pin) and a lower stationary specimen 
(aluminium plate). An electromagnetic drive oscillates the upper specimen, which is 
loaded against the lower specimen using a spring deflection mechanism. This specific 
contact configuration required accurate alignment of the test specimens before starting 
the heating cycle. The tool steel samples were the upper (moving) pin specimens, 
whereas the aluminium plates were fixed in the lower specimen holder. The tribotest 
parameters are given in Table 3. In the test set-up, active heating is applied only on the 
aluminium plate specimens. 
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The lubricant was manually applied (few drops) on the pin surface and left to dry in air 
at room temperature before mounting the pin in the tribometer. The aluminium plates 
underwent a solubilisation heat treatment (illustrated in Figure 4) in the tribometer, 
before initiating the tests. The contact between the pin and the plate was not made until 
the beginning of the tribological test (i.e. only few seconds before sliding commenced).  

Table 3 – Tribological test parameters 

Load 
(N) 

Contact 
pressure 

(MPa) 

Test 
temperature 

(°C) 

Sliding 
frequency 

(Hz) 

Sliding 
speed 
(mm/s) 

Test 
duration 

(s) 

10 0.8 300 12.5 100 30

Figure 4 – Applied heat cycle (not to scale) to the aluminium sample previous to the tribotest 

In the beginning of sliding, an unstable friction behaviour occurs as the system stabilises, 
generating an initial static-to-dynamic friction peak in all tests. 

The surfaces of both pin and plate samples were analysed before and after the tests using 
a 3D optical profiler for the topographical analyses; and a scanning electron microscope 
(SEM) incorporating energy dispersive spectroscopy (EDS), in order to analyse the wear 
mechanisms. Nanoindentation of some specific features on the worn surfaces was 
performed in order to evaluate the mechanical properties of the tribolayers developed 
during sliding. These measurements were carried out at 0.5 mN load, 0.0167 mN/s 
loading and unloading rate. The load was kept at its maximum for a dwell time of 30 s 
and thermal drift correction of 30 s was made after unloading. The averages were made 
over 100 indentations, for statistical value, due to the high scatter encountered during 
the measurements. 
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3. RESULTS AND DISCUSSION

The wear tracks were analysed to determine the main friction and wear mechanisms 
occurring for each test conditions. Figure 5 shows typical worn surfaces of both the PVD 
coated tool steel pins and aluminium samples after different tests. The results chosen for 
this example were all from tests with CrN PVD coatings under dry condition (Figure 
5a), in as-received lubricated condition (Figure 5b) and post-polished lubricated 
condition (Figure 5c). 

The pins exhibit different severity of wear depending on the contact conditions, which 
will be further described in the following sections. The SEM micrographs of the 
aluminium samples in following sections are taken around the mid-regions of the wear 
scars (as highlighted in Figure 5). The reasons for this choice are firstly due to diameter 
of the pin compared to the stroke length, which led to a full travel of its surface only 
over the centre part of the wear scar. Secondly, the sliding velocity was maximum and 
constant around the centre part of the wear scar due to the reciprocating movement. 
Thirdly, the most significant differences in terms of wear are observed in this region. 
Under lubricated conditions, the wear tracks on the aluminium samples were similar to 
the ones shown in Figure 5b and c. The lubricant was found to be spread over the 
aluminium sample and thicker residues accumulated around the wear track edges. 

Figure 5 – Overview of the wear tracks on both the CrN coated pin and aluminium specimens highlighting the main areas 
of interest for the test in a) dry, b) lubricated as-received and c) lubricated post-polished pin conditions. 
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3.1. As-received surface topographies 
3.1.1. Dry tests 

Dry sliding tests were performed using the DLC ta-C and CrN PVD coated specimens 
as literature shows that using only protective coatings without lubrication, is not 
sufficient to improve friction or wear [25], [29], [30]. Those tests were thus carried out 
as reference test, in order to observe if the lubricant chose in the present study was 
leading to any improvement in the tribological contact. Figure 6 shows that the dry tests 
using these two coatings led to very high friction levels from the very beginning of each 
test, reaching the cut-off friction value of the tribometer (CoF equal to or above 2.5). 

Figure 6 – Evolution of the COF during the dry tribotests for the as-received a) DLC ta-C and b) CrN coated tool steel. 
[Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temperature 300ºC, dry] 

Severe wear was observed when no lubrication was used, which is in accordance with 
results available in the open literature [25], [29], [30]. The SEM micrographs obtained 
from the dry tests with DLC ta-C and CrN coated tool steels are shown in Figure 7 b 
and c, respectively. Severe material transfer developed on both PVD coated specimens 
in the form of thick lumps of aluminium. The preferential location for the formation 
and build-up of these lumps were the initial roughness grooves and local defects on the 
pin surfaces, which is in agreement with previous studies [31]. The high friction is thus 
due to the occurrence of severe adhesive wear, in dry sliding. 

Figure 7 – Micrographs after the dry tests of the a) uncoated, b) DLC ta-C coated and c) CrN coated tool steel samples, 
with highlighted dominant wear features. 
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The difference in the worn surfaces seems to come from a stronger bonding of the 
transferred aluminium on to the PVD coatings compared to the uncoated tool steel. In 
the case of the DLC ta-C coating, evidence of back transfer in the form of aluminium 
particles exhibiting a topographical orientation differing from the sliding direction can 
be seen on the pin surface (as highlighted in Figure 7b). In the case of the CrN coated 
samples, the adhered material covered a larger part of the contact. The appearance of 
this layer suggests that it has been exposed to shearing (seen in Figure 7c). This can result 
from strong bonding to both the CrN coating and the aluminium. The layered 
morphology of the material transfer suggests the progressive development of thick lumps 
of aluminium on the surface, one layer on top of the other. This appearance can be 
explained from the amount of aluminium transferred to the pin, as the contact 
progressively changed from a CrN coating on aluminium to an aluminium-on-
aluminium contact.  The high surface coverage of the aluminium transfer can be 
attributed to the higher roughness of the CrN coated samples (see Figure 1). The local 
roughness of this coating, shown in Figure 2, promoted mechanically initiated transfer 
of aluminium. Once initiated, this material transfer rapidly grows unless healing (e.g., 
oxidation of the transferred and highly reactive fresh aluminium) occurs [24]. The 
rougher surface and sharp protrusions present on the CrN PVD coating are thus likely 
to have prevented this recovery process by ploughing the oxidised aluminium surface, 
continuously exposing reactive aluminium. 

3.1.2. Lubricated tests 

For all PVD coatings, a significant decrease in friction was observed when the lubricant 
was applied in the contact zone, as compared to that in the dry tests. The use of 
lubrication significantly alleviated material transfer to the pin specimens and damages 
observed on the aluminium specimens, as shown by comparing the worn surfaces 
obtained from the dry (Figure 5a) and as-received lubricated (Figure 5b) tests. The 
adhesive wear was reduced in those latter tests through the development of tribolayers 
on the pin specimens (visible in Figure 5b) which also lowered the wear taking place on 
the aluminium samples.  

Carbon and silicon rich tribolayers, coming from the lubricant, formed in the contact 
zone and prevented occurrence of instantaneous adhesion. The properties of these 
tribolayers differed depending on the coatings on the pin samples. 
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CrAlN and CrTiN 

The friction levels when using the CrAlN and CrTiN PVD coatings are shown in Figure 
8, and exhibit a short steady-state followed by an increasingly erratic behaviour towards 
the end of all tests. Even though, the roughness of these PVD coatings was lower than 
that of the DLC ta C and CrN coatings (as shown in Figure 1), the observed steady-
state friction levels and duration were lower. 

 The temporal friction curves shown in Figure 8 a and b clearly display the unstable 
friction behaviour obtained during the tests using the CrAlN and CrTiN coated samples. 
The friction remains at a relatively stable and low level of around 0.3 for less than half 
of the test duration, but suddenly changes to an unstable behaviour and reaches high 
friction levels towards the end of the test. The final friction values reached the tribometer 
cut-off value of 2.5. This indicates that the lubricant is effective for a certain duration, 
then, severe adhesion occurs as soon as the lubricant fails. 

Figure 8 – Evolution of the COF during the polymer lubricated tribotests for the as-received a) CrAlN and b) CrTiN 
coated tool steel. [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temperature 300ºC, lub.] 

In terms of wear mechanisms, the CrAlN and CrTiN coated pin samples behaved in a 
similar manner compared to the uncoated tool steel. Figure 9a and c show the type of 
tribolayer formed in the contact zone. The detailed study of these layers revealed a 
granular structure indicating poor cohesion even in the most compacted zones. The 
EDX analysis confirmed that the composition of the tribolayers is mainly carbon and 
silicon, originating from the lubricant, and aluminium was found as particles embedded 
in the tribolayer (as seen in the BSE details in Figure 9a and c). The layers nevertheless 
underwent a progressive breakdown, through fracture and comminution of the 
compacted layers into smaller sharp debris. Furthermore, as seen in Figure 9 a and c, the 
surface coverage of those tribolayers was low, leaving exposed areas of the PVD coatings 
where adhesion could initiate. In some of those areas, severe material transfer took place, 
which resulted in the damages observed on the aluminium counter-surface shown in 
Figure 9 b and d (e.g. smearing, flaking and severe plastic deformation). The observations 
of the worn surfaces correlate with the friction behaviour shown in Figure 8. The steady-
state level (directly following the initial peak as highlighted in Figure 8) is seen when 
the lubricant provides full protection (low initial CoF). After this, a transition occurs 
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when the layers start to break down (transition CoF), and the last stage of erratic and 
high friction (end CoF) correlates the severe adhesion taking place towards the end of 
the test. 

Figure 9 – SEM micrographs at 200X of a) the as-received CrAlN coated tool steel pin (BSE detail at 1kX) and b) its 
aluminium counterface, c) the as-received CrTiN coated tool steel pin (BSE detail at 1kX) and d) its aluminium 

counterface sample [↔ indicate the sliding direction] 
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DLC ta-C and CrN 

As shown in Figure 10, the use of the DLC ta-C and CrN PVD coatings led to the 
lowest and most stable friction levels of all the as-received samples tested. The stability 
of the coefficient of friction is significantly improved compared to that of the other two 
PVD coatings (apart from the similar initial static-to-dynamic friction peaks). A constant 
and slight increase is still observed but the final levels are much lower (around 0.5) than 
in the case of the CrTiN or CrAlN coatings (around 1.8). This behaviour suggests that 
a more gradual change in the tribological contact takes place than when using the latter 
coatings. 

Figure 10 – Evolution of the COF during the polymer lubricated tribotests for the as-received a) DLC ta-C and b) CrN 
coated tool steel. [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temperature 300ºC, lub.] 

When analysing the worn surfaces of the DLC ta-C and CrN coated samples, compact 
carbon and silicon-rich tribolayers on the surfaces have been observed (as shown in 
Figure 11a and Figure 11c). 

For the DLC ta-C coated samples, the developed tribolayers are more compact and 
smoother than on the CrN coated samples (see Figure 11a). Grooves, parallel to the 
sliding direction, on the tribolayers also confirm that these were load bearing during the 
test. It is also noticeable (see Figure 11b) that the main wear mechanism taking place on 
the aluminium samples was mild abrasion, indicating that there are also some hard 
constituent in the tribolayer. The protective layer thus efficiently prevented occurrence 
of adhesion, and only small fragments of aluminium were sparsely found on the DLC 
ta-C coating that was not covered by a tribolayer. 

Concerning the CrN coated samples, the protective tribolayer covered a significant part 
of the contacting surface of the pin. As can be seen in Figure 11c, this layer is compact, 
visibly thicker than that in the DLC ta-C case, and effectively protect the surface 
underneath. Similarly to the DLC ta-C, no significant aluminium transfer is seen on the 
surface and mild abrasion is the main wear mechanism observed on the aluminium 
counterpart (as shown in Figure 11d). Grooves parallel to the sliding direction are visible 
on this tribolayer, suggesting that the contact took place on this load-bearing layer. 
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Figure 11 – SEM micrographs at 200X of a) the as-received DLC ta-C coated tool steel pin, b) its aluminium counterface 
sample, c) the as-received CrN coated tool steel pin and d) aluminium counterface sample  [↔ indicate the sliding 

direction] 

These findings globally are in agreement with the low and stable friction behaviour 
observed in Figure 10. The tribolayers, once formed in the contact zone, effectively 
prevent adhesion and withstand the contact stresses throughout the entire test duration. 
The slight increase in friction at the end of the test may be attributed to the initiation of 
tribolayer failure, as debris can be seen in Figure 11a and b. Nevertheless, the total surface 
coverage and cohesion of those tribolayers is higher than the ones developing on the 
CrAlN and CrTiN. These properties explain the significant improvement in the 
tribological behaviour obtained when using the DLC ta-C and CrN coated samples. 
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3.2. Post-polished surface topographies 

In order to characterise the impact of PVD coating roughness on the tribological 
response of the coated tool steel-aluminium tribopairs, selected coatings were manually 
post-polished. As observed previously, two different behaviours were clearly identified 
in the as-received state tests. The CrAlN and CrTiN coatings on one hand led to 
unstable friction and wear behaviour, whereas the DLC ta-C and CrN coatings led to 
significantly low and stable friction and wear. It was thus chosen to study the effect of 
post-polishing the CrTiN (representative of the least beneficial behaviour in its as-
received state) and CrN (representative of the best behaviour) PVD coatings. In addition, 
knowing that dry sliding results in severe adhesion and aluminium transfer even in the 
polished state [31], the post-polished samples were only evaluated under lubricated 
conditions. 

The temporal evolution of friction in case of CrTiN is shown in Figure 12a. Even 
though a sharp transition occurred between the low and final CoF, a significant 
improvement both in terms of friction levels and stability (CoF of 0.07 ±0.01), is 
observed at the beginning of the test. The duration of this improvement is between 5 
to 18 seconds, leading to a high standard deviation from one test to another. This 
suggests that the formation of a stable tribolayer varies between different tests. This high 
deviation can be attributed to the topography of the samples (as shown in Figure 3a) 
exhibiting many randomly distributed defects. It is observed that the CrTiN coating in 
the as-received state has a tendency towards unstable behaviour once the lubricant layer 
fails, and direct contact between the coating and aluminium occurs. In this case, the 
smoother surface results in low CoF but the surface defects lead to the lubricant failure, 
inducing the observed unstable behaviour. 

Figure 12 – Evolution of the COF during the polymer lubricated tribotests for the a) post-polished CrTiN coated tool steel 
and b) post-polished CrN coated tool steel. [Load 10 N, stroke length 4 mm, frequency 12.5 Hz, temperature 300ºC, lub.] 

The best improvement in terms of friction out of all test configurations was obtained 
with the post-polished CrN coated samples (shown in Figure 12b). A significant 
improvement in frictional stability is observed over the longest period of all test 
configurations with an average CoF of 0.08 ±0.01 for more than 15 seconds. The low 



100 / 120 

and stable friction levels changed with a sharp transition to a higher level towards the 
end for two out of three tests. 

An important consideration is that, even in the best cases where friction levels were low 
and stable, material transfer could not be completely prevented (as seen in Figure 13). 
Aluminium transfer still initiated at local defects in the form of roughness grooves and/or 
PVD coating defects that the polishing process could not remove. Nevertheless, 
compared to the cases when material transfer initiates due to the tribolayer failure, the 
material transfer observed in the post-polished cases is significantly thinner and sparse. 
The surface coverage of this latter type of transfer is particularly low and the type of 
patches shown in Figure 13 are only sporadically found on the worn surfaces. This 
explains why the friction levels remained low and stable even though aluminium 
transferred to the counter material. 

Figure 13 – SEM micrographs at 1kX and 10 kV of the post-polished a) CrTiN and b) CrN coated tool steel tests showing 
the aluminium transfer patches [↔ indicate the sliding direction] 

The SEM micrographs of the worn post polished CrTiN and CrN coated samples and 
the corresponding aluminium counter surface are shown in Figure 14a-d. Noticeably, 
no tribolayer could be found on the PVD coated pin samples, as even the EDX analyses 
of these surfaces only revealed traces of carbon and silicon. These samples exhibit no 
significant wear or material transfer from the aluminium counterpart. Interestingly, the 
aluminium counter surfaces show three different areas. One with the lubricant layer, 
one flattened areas and reservoirs of the remaining lubricant layer, and exposed 
aluminium as shown in Figure 14b. 

Considering the post-polished CrN coated samples, a similar wear behaviour to the tests 
with post-polished CrTiN samples has been observed. No tribolayer developed on the 
pin surface, as can be seen in the Figure 14c. No significant wear took place on those 
samples, nor did significant material transfer occur from the aluminium samples. The 
aluminium counter surface exhibited the same type of feature (see Figure 14d). The 
EDX mapping of these features revealed the same kind of mixed structure of the 
flattened areas (e.g. with voids and embedded Si particles) and reservoirs of the remaining 
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lubricant layer (as shown in Figure 14c and d). Initial shingle features are still visible 
under this lubricant layer, acting as reservoirs, before the protruding tongues would enter 
the contact and be mechanically mixed into the flattened areas. 

Figure 14 – SEM micrographs at 200X of a) the post-polished CrTiN coated tool steel pin and b) its aluminium 
counterface sample, c) the post-polished CrN coated tool steel pin and d) its aluminium counterface sample [↔ indicate 

the sliding direction] 

Further analysis of the features shown in Figure 14b and d, revealed that the flattened 
mechanically mixed areas are formed by aluminium with embedded silicon particles (see 
Figure 15). Surrounding these layers, carbon and silicon-rich layers are observed 
(highlighted in Figure 14b and d), and these can be attributed to the remaining lubricant 
itself. The initial topography of the aluminium samples enabled the development of both 
types of layers; in the as-delivered condition, the shingles (shown in Figure 2) initially 
present a lower bottom part and protruding tongues. The valleys on the surface of the 
aluminium specimen act as reservoirs for the lubricant as shown in Figure 14b and d as 
well as Figure 15. On the other hand, the protruding asperities of the aluminium surface 
enter the contact and are mixed with the lubricant (as shown by the EDX maps in Figure 
15), spread, and flattened. 
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Figure 15 – SEM micrograph at 750X and EDX maps focussing on the worn features of the aluminium sample used 
against the a) post-polished CrTiN coated tool steel and b) post-polished CrN coated tool steel [↔ indicates the sliding 

direction;  indicate the nanoindentation areas:  load-bearing;  lubricant reservoir] 

Figure 16 shows a proposed schematic in four stages for the development of the 
particular features observed on the aluminium surface (seen in Figure 14b and d as well 
as Figure 15) during the tests using post-polished PVD coated specimens. The initial 
surfaces (not to scale), before the contact occurs, are shown in Figure 16 a. Due to the 
active heating, the aluminium sample is softer than the pin when the contact occurs 
(Figure 16 b), the protruding features are thus flattened during the loading. At the same 
time, the lubricant is spread over the contact zone and fills the grooves and cavities 
existing on the rough aluminium surface. When sliding takes place (Figure 16 c), the 
polished surface of the pin specimens prevents mechanical anchorage of the lubricant. 
The lubricant is thus first spread over the entire 4 mm sliding zone, leading to a full 
lubricant layer to develop between the pin and aluminium sample. Remnants are 
progressively spread out of the contact zone. Once the progressive spreading reaches a 
critical point, the lubricant layer is much thinner and remains mainly in the asperities of 
the aluminium sample (Figure 16 c). The soft flattened aluminium asperities thus 
undergo mechanical mixing as a results of the tribological loads, resulting in the specific 
features shown in Figure 18 b and d. After that stage, material transfer can initiate if 
sliding continues, as the remaining lubricant layer can fail and metallic aluminium be 
exposed. 

A noticeable difference between the post-polished and the as-received PVD coatings is 
an abrupt change in the friction behaviour. The friction curves shown in Figure 12 show 
a drastic increase from the initial stable friction levels to higher values than in the as-
received cases (see Figure 8b and Figure 10b). This sharp change is even more 
pronounced in the CrTiN PVD coated case, due to initiation of transfer at the local 
defects (shown in Figure 3). The lubricant failure thus appears to be critical in the post-
polished tribological contacts. 
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Figure 16 – Schematic progression of the contact at the asperity level between the post-polished coated pin and the 
aluminium sample showing four stages: a) initial surfaces before contact, b) loading, c) sliding with the development of a 

lubricant layer and d) critical point where mechanical mixing occurs and the lubricant layer becomes critically thin 

The tribolayers developed on the as-received PVD coatings do not appear to undergo 
catastrophic failure and a relatively low friction can be maintained despite some direct 
contact between the exposed PVD coating and aluminium. In the case of the post-
polished PVD coatings, protective layers do not develop on the PVD coated surface but 
on the aluminium counter surface instead. The failure of this layer results in direct 
contact between the PVD coating and bare aluminium which leads to adhesion, material 
transfer and high friction. The low and stable friction behaviour is governed by the 
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lubricant layer covering the majority of the contact. Once this layer starts to fail in the 
mid-region of the contact, the flattened mechanically mixed layers will develop which 
results in a gradual increase in friction. If sliding continues, the metallic aluminium will 
be exposed (e.g. in the tests with CrTiN) and immediate transfer to the PVD coating 
occurs with an abrupt increase in friction. 

These changes in the steady-state regime under lubricated conditions are summarised in 
Figure 17. In the as-received state, the use of PVD coatings mainly leads to an increase 
in the transition time of the friction level, as compared to the uncoated case. This 
improvement in the duration of the steady state can be linked to the resistance of the 
tribolayers formed on the pins. Indeed, the CrAlN and CrTiN coated samples exhibit 
granular and locally removed layers, whereas the CrN and DLC ta-C coated specimens 
show more compact and durable layers, leading to a longer steady-state. From the four 
as-received coatings, the CrN and DLC ta-C exhibit the longest time to transition, as 
observed from the temporal curves (shown in Figure 10). Figure 17 also highlights that 
the tests using the CrN coated samples are less stable (both in the friction levels and 
transition time) than the DLC ta-C coated ones. 

Figure 17 – Steady-state friction coefficient vs. time to transition in both as-received and post-polished cases 

Using post-polished coatings clearly shows an improvement in the friction levels, as the 
steady-state friction is four times less in both the CrTiN and CrN cases. Nevertheless, 
the sharp transition to extreme friction levels also becomes evident, as the average 
transition time is around the same in both as-received and post-polished cases, but 
exhibits a much (two to four times) higher deviation in the latter. 

These results are in accordance with literature [24] [28] [32], where tests performed 
using mirror-polished samples proved to be more stable and beneficial to the overall 
tribological behaviour. However, as observed in the present work and as pointed out in 
[24], [28] and [32], the control of the surface topography is crucial. In lubricated cases, 
surface defects can initiate lubricant failure and direct contact between the aluminium 
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and the counter surface occurs, leading to the abovementioned sharp and detrimental 
change of friction and wear behaviour. 

3.3. Nanoindentation of the formed protective layers 
3.3.1. From the tests using as-received PVD coatings (on the coated samples) 

Nanoindentation was carried out on the worn as-received CrN coated pin surface, with 
the aim of understanding the elastic/plastic behaviour of the PVD coated surface (Figure 
18c) and the tribolayer (Figure 18a and b). The locations of the indentations are 
highlighted in Figure 18d. It is important to note that the nanoindentation curves are 
largely affected by the roughness and surface defects of the coating as well as the 
heterogeneity, roughness, brittleness and/or ductility of the tribolayers. Thus, relatively 
large scatter can be expected in the measurements. Despite this, some trends can be 
distinguished from the measurements. In view of the significant scatter, the actual 
hardness values are not considered for this analysis, but the focus is mainly on the 
behaviour during loading/unloading and on the penetration depths. 

Figure 18 – Load vs. penetration depth from the nanoindentation at 0,5mN of the as-received CrN coated pin samples 
after the lubricated tests – a) compact tribolayer at the top of the contact zone, b) tribolayer at the central location, c) 

exposed PVD coating [please note the difference in the depth scale for that graph], d) highlights of the different indented 
locations on the pin sample and e) average maximum depth of the different zones [Load 0.5 mN, load rate 0.0167 mN/s, 

dwell time at maximum load 30 s, thermal drift correction 30 s] 

The maximum penetration during loading did not exceed 100 nm for the exposed PVD 
coating (as shown in Figure 18c and e). On the other hand, the maximum penetration 
into the tribolayers ranged between 400 and 700 nm (as summarised in Figure 18e). 
This means that the tribolayers are relatively thick, soft, and ductile. Indeed, as the same 
load was used for all the different regions, a higher maximum penetration depth can be 
linked to a lower hardness and higher ductility of the indented layer. Moreover, the 
penetration being four to seven times higher than in the case of the exposed PVD 
coating, is correlated to the relative thickness of the layer before the indenter would 
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reach the coating underneath. The ductility of these tribolayers is also certainly 
increasing at higher temperature, making these layers easily shear between the 
aluminium and PVD coating, explaining the low and stable friction observed. 

3.3.2. From the tests using post-polished PVD coatings (on the Al samples) 

The worn aluminium surface after sliding against the post-polished CrTiN coating was 
analysed using nanoindentation. Indentation was carried out at various locations 
highlighted in Figure 15 a and Figure 19 d. The location included the reference unworn 
aluminium (e.g. out of the wear track on the sample), the mechanically mixed areas and 
the lubricant reservoirs. The respective obtained load vs. depth graphs are plotted in 
Figure 19 a to c. 

The mechanically mixed areas show an intermediate behaviour, as some indentation 
curves are found to be similar to the lubricant reservoir results (Figure 19 b) and others 
similar to the unworn aluminium (Figure 19 c), which correlate with their mechanically 
mixed structure. Indeed, these features are visibly heterogeneous, comprising embedded 
silicon particles as well as apparent craters and voids, as shown in Figure 15. 

Figure 19 – Load vs. penetration depth from the nanoindentation of the aluminium samples tested against post-polished 
CrTiN pin samples under lubrication – a) load-bearing areas, b) lubricant reservoirs, c) unworn aluminium, away from 

the wear track, d) highlights of the different indented locations on the aluminium sample and e) average maximum depth of 
the different zones [Load 0.5 mN, load rate 0.0167 mN/s, dwell time at maximum load 30 s, thermal drift correction 30 s] 

The protective layers that developed on the aluminium are different compared to those 
developed on the previous as-received PVD coated pins. The latter are soft and thicker, 
as large penetrations (up to 700 nm) are measured at the maximum load and after the 
unloading a remaining penetration depth of 300 – 400 nm is observed (shown in Figure 
18). In the case of the aluminium specimens shown in Figure 19, the maximum 
penetration is approximately 150 nm for both the areas with only remaining lubricant 
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layers (reservoirs) and the mechanically mixed areas. The measurements carried out on 
the remaining lubricant layer show that it is very thin, as the maximum penetration 
depth is in the same range as the unworn aluminium and no large influence of 
viscoelastic/plastic behaviour is detected, as seen by the small increase in penetration 
depth at the maximum load (see Figure 19 b). The mechanical properties of the 
remaining lubricant layer are quite different from the unworn aluminium, as the plastic 
deformation after unloading is significantly lower. This implies that the lubricant layer 
is hard and provides high elastic recovery, which can explain the protective nature of 
this layer and its ability to prevent direct contact between the PVD coated surface and 
aluminium. The mechanically-mixed layers (e.g. load bearing areas) show an 
intermediate behaviour (seen in Figure 19 a) between the remaining lubricant layer in 
the reservoirs (Figure 19 b) and the unworn aluminium (Figure 19 c).  This suggests that 
once developed and flattened, the mechanically mixed zones offer sufficient mechanical 
support to maintain a conformal contact.  

When considering the tests carried out against the post-polished CrN pins, similar 
behaviour is observed in the nanoindentation measurements. In general, penetration is 
in the same range as the unworn aluminium, with more scatter being observed for the 
mechanically mixed layer. The higher hardness and elastic recovery of the remaining 
lubricant layer is also observed in this sample, as the depth after unloading is only a few 
nanometres. The main difference is that for the post-polished CrN coated sample, the 
mechanically mixed layer also show high recovery after unloading in some cases, 
suggesting that more lubricant remnants exist within these areas.  

Figure 20 – Load vs. penetration depth from the nanoindentation of the aluminium samples tested against post-polished 
CrN pin samples under lubrication – a) highlights of the different indented locations on the aluminium sample and b) 

average maximum depth of the different zones [Load 0.5 mN, load rate 0.0167 mN/s, dwell time at maximum load 30 s, 
thermal drift correction 30 s]  

The nanoindentation results thus suggest that the friction behaviour for the post-polished 
tests is governed by the hard and protective nature of the lubricant layer on the 
aluminium surface as well as the smooth surface topography of the mechanically mixed 
layer. The nanoindentation results also show a clear difference in the tribolayers formed 
on the as-received pins compared to the post-polished case (e.g. on the aluminium). 
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4. CONCLUSION

In this study, the friction and wear behaviour of different PVD coatings sliding against 
aluminium were investigated at high temperature. The present work included the use 
of uncoated tool steel specimens as reference. Two roughness levels of the coated 
specimens were tested, in order to study its influence on the tribological behaviour. The 
use of a warm-forming polymer-based lubricant was also evaluated against dry sliding 
tests. The main conclusions from this study are as follow:  

 The coefficient of friction is significantly affected by the surface roughness of the
PVD coatings and the lubrication. High and unstable friction is found in dry sliding
conditions. Friction is reduced when using a lubricant with as-deposited PVD
coatings. A further reduction and improved friction stability is accomplished when
using polished PVD coatings with lubrication.

 The dominant wear mechanism is severe adhesive wear in dry conditions. Reduced
adhesive wear and mild abrasion on the aluminium surface are observed when using
as-deposited PVD coatings with a lubricant. No significant material transfer can be
detected on the polished PVD coated surfaces that were used with a lubricant.

 The use of the polymer-based lubricant results in the formation of protective
tribolayers on the as-received PVD coatings which considerably reduces the
aluminium transfer and friction. The DLC ta-C and CrN PVD coatings show the
best results, due to improved coverage and durability of the tribolayers formed on
these surfaces.

 The polishing of the PVD coatings leads to a significant improvement in friction and
less severe adhesive wear, however the stability of this regime is greatly impacted by
the roughness and local defects. The failure of the lubricant layer seems to be more
dramatic when using polished coatings, as a sharp transition to extreme friction and
wear has been observed in some cases.

 Both chemical and topographical interactions need to be taken into account when
selecting PVD coatings in conjunction with aluminium for high temperature
lubricated sliding conditions.
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