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ABSTRACT: 

Usage of high-strength aluminium alloys is increasing for automotive applications due to high strength-to-weight ratios. 
Limited formability at room temperature requires hot forming for production of complex geometries. The occurrence of 
severe adhesion and material transfer negatively affects process economy and there is a need for effective solutions to 
overcome these issues. This work is focussed on the high-temperature tribological behaviour of Al6016 alloy and 
uncoated/PVD coated tool steels. Studies were conducted under dry and lubricated conditions using a high-temperature 
reciprocating tribometer. High friction in dry sliding for uncoated and coated tool steels was observed. Hexagonal boron 
nitride lubricant was not effective in reducing friction. DLC coating with a polymer lubricant resulted in the lowest friction 
and minimised material transfer. 
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INTRODUCTION 

High temperature forming processes are increasingly used in 
the production of components made from high-performance 
materials as it increases the formability of materials. Hot-
forming processes enables manufacturing of complex shapes 
with simultaneous control of mechanical properties. High-
strength aluminium alloys such as the 6XXX series are often 
processed through hot forming as they exhibit a poor 
formability at low temperature. However, the elevated 
temperature processing of aluminium can result in severe 
wear and material transfer onto the tool surface. In order to 
increase the lifetime of the tools, the quality of the formed 
parts, and the overall process efficiency, surface engineering 
techniques as well as lubrication solutions have been the focus 
of various studies. 

CVD and PVD coatings are commonly used to control 
friction and wear in sliding contacts involving aluminium  [1]. 
Pellizzari highlights that the chemical affinity with aluminium 
as well as the cohesive and interfacial strength of these 
coatings are critical for an effective control of friction and wear 
[1].  

The use of lubrication to reduce adhesion and material 
transfer is also of interest in hot forming of aluminium. 
However, conventional lubricants (oils and greases) are 
ineffective at high temperatures, as they tend to decompose 
and degrade. Instead, solid lubricants and some special 
lubricants/additives may be used at high temperatures [2]. 

Few results have been reported in the open literature 
concerning the interaction of PVD coatings and lubricants with 
aluminium at high temperatures. Thus, the present study aims 
to investigate the effect of different tool steel compositions, 
PVD coating chemistries and type of lubricants on friction and 
wear during interaction with aluminium at high temperatures.  

MATERIALS AND METHODS 

The experimental campaign carried out in study involved 
three different hot forming tool steel grades, four PVD 
coatings, Al6016 aluminium as counter surface and two 
different lubricants. The chemical compositions of the tool 
steel substrates and the aluminium are shown in Error! 
Reference source not found.. 

 
Table 1 - Chemical composition (%wt) of the investigated materials 
(balance made on Fe for the steels and Al for the aluminium) 

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

Tool 
steel A 

0,5 0,3 0,3 4 18,4 0,3 - 8,6 2 - - - - 

Tool 
steel V 

1,1 0,5 0,4 4,5 3,2 8,5 3,7 - - 1,8 - - - 

Tool 
steel O 

0,4 1 0,4 5,2 1,4 0,9 - - - - - - - 

Al6016 - 
1 – 
1,5 

max 
0,2 

max 
0,1 

- - - - - - 
0,25 
– 0,6 

max 
0,2 

max 
0,2 

 

The A and V tool steel specimens were used in the 
uncoated state only; while the O tool steel specimens were 
tested in uncoated condition and, when coated, with CrTiN, 
DLC tetrahedral amorphous carbon, CrAlN and CrN PVD 
coatings. The aluminium samples were plates of 20x20x1mm 
and the tool steel specimens were cylindrical pins with a flat 
end having a diameter Ø4mm. The lubricants included one 
hexagonal boron-nitride solid lubricant, commonly used for 
superplastic forming processes (hereafter referenced as hBN); 
and an emulsion of polymers and siloxanes, usually employed 
for warm forming applications (hereafter referenced as pol.). 

The tribotests were carried out using an Optimol SRV® 
high temperature reciprocating friction and wear tester. The 
configuration chosen for this study was a flat-on-flat (pin on 
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plate) configuration. The tests were performed at 300°C, 
12,5Hz, 4 mm stroke length, 10N load and a duration of 30 s.  

The surfaces before and after tests were analysed using 
SEM, EDX and 3D optical surface profilometry. A study on the 
wettability of the tool steel specimens was also carried out 
using a goniometer. 

RESULTS AND DISCUSSION 

The average coefficients of friction (COF) for each tribopair are 
given in Figure 1. As seen, all the dry reference tests show high 
friction at a similar level. The hBN lubricant showed a small 
reduction in friction level, compared to the dry case, but also a 
high frictional instability. The pol. Lubricant resulted in a 
significant friction reduction and better stability when used 
with the PVD coatings.  
 

   
Figure 1. COF measured from the different tests (averaged over 25s). 

 
The dry tests showed similar behaviour with both coated and 
uncoated tool steel, indicating that the coatings do not 
significantly affect the dry friction behaviour. The higher 
standard deviation of the average friction for the DLC coating 
in dry conditions was most likely due to the spalling and 
detachment of the coating. 

Most of the coatings (except the CrTiN) showed improved 
frictional stability when used with the hBN lubricant. The tests 
involving coatings and the pol. lubricant gave the best results 
in terms of friction, particularly the DLC and the CrN coatings. 
This observation was also correlated with the wear observed 
on the pins (as seen in Figure 2 and Figure 3). 

 

 
Figure 2. Comparison of SEM micrographs showing the a) uncoated 
vs. b) DLC coated O pin after the tests with pol. lubricant.  
 

The uncoated tool steel (Figure 2a)) showed severe material 
transfer as a result of inadequate lubrication and metal-to-
metal contact. Mild adhesive wear was observed on the DLC  
(Figure 2b)) and CrN coated tool steel when tested with the 
pol. lubricant.  
As seen in Figure 3 (a), the initiation of material transfer on the 
uncoated tool steel occurs at the  surface groove edges. The 
transfer grows progressively during the test. These transfer 
layers are mainly composed of of aluminium and some species 
originating from the lubricant. On the DLC coated pins (Figure 

3 (b)), the transfer fragments show traces of C, O, Si and some 
Al indicating that these originate from the lubricant and the 
aluminium counter-surface. The small amount of Al indicates 
that the chemical affinity between the DLC and Al is low and 
results in lower adhesive wear. 

 

  
Figure 3. SEM micrographs showing the obtained wear pattern on the 
a) uncoated vs. b) DLC coated O pin after the tests with pol. lubricant. 
 

The wettability study revealed that the pol. lubricant has a 
similar interaction with all of the pins; the hBN lubricant 
showing higher wettability with the uncoated pins compared 
to that of the PVD coated ones. This can explain the lower 
average COF observed with the uncoated pins. The hBN would 
adhere more easily onto the uncoated pins and as a result it 
would remain longer in the contact area during the test. 

The obtained results emphasized that the interaction 
between the coatings and the lubricant is not only dependent 
on the roughness or the chemistry but also on the combination 
of these factors. The two best coatings (DLC and CrN) showed 
not only the best results when tested with the pol. lubricant 
but also the most stable friction behaviour with the hBN 
lubricant. However, they did not show any significant 
improvement when tested under dry conditions.  

CONCLUSIONS 

 In high temperature dry sliding conditions, the friction 
between aluminium and uncoated/PVD coated tool steel 
is very high due to severe adhesion. 

 The use of a hexagonal boron nitride lubricant is 
ineffective in reducing friction between aluminium and 
uncoated/PVD coated tool steel due to early failure of the 
lubricant film. 

 A silicon and polymer based lubricant showed a 
reduction in friction for all combinations of aluminium 
and tool steel with and without PVD coating. 

 The lowest friction was obtained with the DLC or CrN 
coatings in combination with the pol. lubricant. 

 The dominant wear mechanism was severe adhesive 
wear with transfer of Al onto the counter surface. The 
DLC coating showed significant reduction of material 
transfer. 
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