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Abstract 

 
In recent past, warm forming processes have been used successfully to increase the strength of age-hardenable 
alloys by dynamic precipitation. However, the influence of dynamic age hardening on the wear and friction 
behaviour of age-hardenable aluminium alloy is not clear. Therefore, in the present investigation the effect of 
static and dynamic ageing on the friction and wear behaviour of aluminium 6082 alloy (AA 6082) sliding 
against tool steel (TS) surface has been studied. The aluminium samples used in the present study were in as-
cast, solitionised and peak aged conditions. Optical microscope revealed the presence of dendritic structure in 
both as-cast and solitionised samples. Scanning electron microscope analysis of the debris and worn surfaces 
revealed the wear mechanism and role of precipitates on the friction and wear results. At low temperature 
(40 °C), the frictional behaviour of as-cast, solitionised and peak aged samples were similar. The wear rates at 
40 °C increased with increase in the amount of strain inside the specimens due to fine precipitations. At 
180 °C, a significant variation in the frictional behaviour of different specimens was observed. The wear rate 
of solitionised specimens at 180 °C is higher compared to as-cast and aged specimens. The absence of hard 
phases at initial stage of the test and subsequent dynamic precipitates restricted to a thin layer were 
responsible for the increase in wear rate. 
 
Keywords: Dynamic ageing, wear and friction, aluminium alloy. 
 
*Corresponding author: Leonardo Pelcastre (leonardo.pelcastre@ltu.se). 
 

1. INTRODUCTION 
 
Warm forming processes are well-known process for 
manufacturing complex high-quality components. 
Warm forming processes have lot of advantages over 
cold and hot forming processes. It is a higher precision 
process, which has low oxidation problems, low strain 
hardening during forming and it also eliminates the 
costly intermediate treatments like annealing, 
normalizing, etc. [1-3]. Especially in the case of age-
hardenable aluminium alloys, warm forming plays an 
important role as its temperature coincides with ageing 
temperature [4-5]. It is beneficial in terms of achieving 
higher strength as the age/precipitation hardening 
occurs during the forming process. Age hardening 
during the forming process is termed as dynamic 
ageing. Several research works have been reported on 
the dynamic ageing behaviour of aluminium alloys [6-
8]. Majid et al. studied the dynamic ageing 
characteristics of Al6061 alloys by equal channel 
angular pressing (ECAP) [6]. It was found that the 
hardness increases significantly at both 100 °C and 
150 °C due to dynamic ageing. An extensive study 

using equal channel angular extrusion (ECAE) process 
at 170 °C was carried by  Cai et al. to compare static 
and dynamic ageing of Al-Mg-Si alloys [7]. It was 
observed that the ageing time was reduced from 1000 
min for conventional static peak-ageing to 10 min by 
ECAE process. It was also found that further 
significant increase in ultimate tensile strength (UTS) 
can be achieved by dynamic ageing with comparable 
ductility. Hence, it can be concluded that during warm 
forming of age-hardenable alloys, hardness and 
strength of the alloy increases remarkably due to 
dynamic ageing. The increase in hardness and strength 
of age hardenable alloys due to dynamic ageing and 
precipitation can also influence the wear and friction 
behaviour of the alloy and tool surface during warm 
forming. Therefore, it will be interesting to study the 
effect of dynamic precipitation on the wear and 
friction behaviour of age hardenable aluminium alloys. 
Numerous research works has been reported on the 
effect of static age hardening on the wear and friction 
behaviour of aluminium alloys [9-12]. Most of these 
conclude that an increase in age hardening decreases 
the wear rate of the aluminium alloys. It was reported 
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by Gavgali et al. that the aging treatment decreases the 
coefficient of the friction after attaining the steady 
state [9]. The reduction in coefficient of friction was 
attributed to the increase in precipitation amount of the 
phases in the structure. However, no clear explanation 
has been provided by the authors. At present there is 
no research work available on the effect of dynamic 
ageing on the wear and friction behaviour of 
aluminium alloys. In the present work a tool steel was 
used as the counter surface since it is commonly used 
in warm forming processes [2, 13]. It has been found 
that aluminium alloys generally gets transferred to the 
tools steel surface during tribological interaction, 
especially at elevated temperatures through a process 
known as galling [13].  
 
In the present investigation, the primary objective is to 
understand the effect of dynamic ageing on the friction 
and wear behaviour of an age hardenable aluminium 
alloy during interaction with tool steel. Tribological 
tests were performed at the ageing temperature and the 
change in friction coefficient was observed 
simultaneously. Wear mechanism due to static and 
dynamic ageing was evaluated by correlating the 
frictional behaviour and SEM images of the worn 
surfaces.  
 
2. EXPERIMENTAL 
 
2.1 Test materials and specimens 
 
The chemical compositions of the experimental 
materials are given in Table 1. The Al-Mg-Si alloy 
(AA 6082) used in the present study were in as-cast, 
solitionised and peak aged condition. For evaluating 
the age hardening behaviour of the alloy, identical 
samples were cut from the as-cast sample. The sharp 
edges of these samples were removed by grinding, to 
avoid stress concentrated regions. Solutionising 
treatment was carried out in a tubular furnace at 
540 °C for 2 hours, in argon atmosphere (to avoid 
oxidation) followed by water quenching (10 °C). For 
the ageing treatment, the samples were kept in a low 
temperature oven at 180 °C for different time intervals, 
followed by water quenching. Vickers microhardness 
tester was used to determine the hardness of all the 
samples. For each hardness value, an average of 10 
hardness readings was taken.  
 

The tool steel used in this study was a prehardened hot 
forming tool steel. The tool steel (TS) disc (∅ 24mm 
and 7.85mm thick) was placed as the lower specimen 
and AA 6082 alloy in form of cylindrical pins (∅ 3mm 
and 3mm length) were the upper specimen oscillating 
against the tool steel. 
 
2.2 Test equipment 
 
Tribological studies were carried out by using an 
Optimol SRV reciprocating friction and wear test 
machine. In this machine, tests can be conducted from 
room temperature to 900 °C. The SRV machine 
utilizes an electromagnetic drive to oscillate an upper 
specimen against a stationary lower specimen (Figure 
1). Friction is measured by using a pair of piezoelectric 
force transducers mounted at the base of the lower 
specimen. The machine has a computerised data 
acquisition and control system, which records 
coefficient of friction (COF), temperature, load, 
frequency and stroke length during the test.  
 
Microstructural characterisations of the alloys were 
done by using optical (OM) and scanning electron 
microscope (SEM).  The microstructure of both pre 
and post tribotest samples were observed to explain the 
wear and friction results.  Different etchants were used 
for micro and macro etching process. Micro and macro 
structures were acquired by etching the samples using 
Poulton’s reagent (2 ml HF, 3 ml HCl, 20 ml HNO3, 
175 ml water) and a special reagent (25ml CH3OH, 
25ml HCl, 25ml HNO3, 1 drop HF), respectively. 
 
2.3 Test procedure 
 
The surfaces of the specimens were polished (0.25 
µm) before performing the tribological tests. The 
specimens and specimen holder were cleaned in 
industrial petrol in an ultrasonic cleaner, cleaned with 
ethanol and dried before testing. 
 
The specimens were mounted on the specimen holders 
inside the SRV machine as shown in Figure 1. 
Temperature calibration was carried out by using a 
thermocouple before performing all the tests. A low 
load of 2 N was applied to connect both the upper and 
lower specimens. The temperature of the lower 
specimen was raised to a certain value (monitored by 
 
 

Table 1: Chemical composition of the aluminium alloy and tools steel used in this study 
Alloy C Si Ni Cu Mn Mg Cr Zn Ti Mo Fe Al 

AA (6082) - 0.7-1.3 - 0.10 0.40-1.0 0.6-1.2 0.25 0.20 0.10 - 0.50 Bal. 

TS 0.37 0.3 1.0 - 1.4 - 2.0 - - 0.2 Bal. - 
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the SRV) so that the temperatures on the surface of the 
AA6082 remained approximately 40 °C±2 or 180 
°C±5 (measured by a thermocouple). The process was 
repeated twice in order to confirm the surface 
temperature of the upper specimen; the tribological 
tests were then started. The upper pin specimen was 
kept separated from the lower disc during the heating 
process. The test parameters used in this study are 
listed in Table 2. The wear was quantified by mass 
loss (using a semi-micro weighting balance) and 
converted to volume by using density. The wear of the 
test specimens are represented in terms of specific 
wear rates, which have been calculated as; 
 

                  (Eq 1) 
 
where, V is the wear volume (mm3), FN is the normal 
load (N), and S is the sliding distance (m).  
 

 
 

Figure 1: Schematic of SRV test configuration  
 
Table 2: Test parameters used in SRV machine 
 
Test Parameters Value 

Load (N) 10 

Temperature (°C) 40, 180 

Stroke length (mm) 2 

Frequency (Hz) 13 

Duration (min) 30 
 
3. RESULTS AND DISCUSSION 

 
3.1 Age hardening behaviour of AA6082 alloy 
 
Figure 2 shows the age-hardening behaviour of AA 
6082. It is observed that the hardness increases 
remarkably up to 2hrs of ageing and then becomes 
constant. This hardening is attributed to a precipitation 
sequence that is generally accepted [14, 15], i.e., super 
saturated solid solution (SSSS) → atomic clusters → 
GP-zones → β″ phase→ β′ phase → β (stable). After 

2hrs there is an insignificant variation in the hardness 
values up to 16hrs of heat treatment. This shows that 
coarsening of precipitates (probable) and grains have 
little effect on the hardness of the alloy from 2 to 16hrs 
of heating.  Figure 3 shows the macrostructure of 
solitionised and peak age-hardened (16hrs) alloy. The 
average grain sizes of solitionised and age hardened 
alloys were 1826±350 and 1897±378µm, respectively. 
An average of 50 grains has been taken to evaluate the 
grain size of each heat treated alloy. It is observed that 
there is an insignificant difference in the average grain 
size of solitionised and age-hardened alloy. This shows 
the ageing temperature has little effect on the 
migration of grain boundary. A higher value of 
standard deviation signifies the significant variation of 
grain size for a sample. This variation can also be 
attributed to the anisotropy of the non-spherical grains. 
The large size of the grains almost rules out the 
probability of grain boundary influence on the 
tribological behaviour.    
 

 
 

Figure 2: The variation in microhardness as a function of 
ageing time for AA 6082 alloy 

 

 
 

Figure 3: Macrostructure of (a) solitionised and (b) aged 
hardened (16hrs) AA 6082 alloy 

 
Figure 4 shows the optical microstructures of as-cast 
and solitionised samples. Dendritic structure is 
observed in the case of as-cast samples (Figure 4(a)). 
For solitionised samples, grains containing dendritic 
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structure are clearly visible (Figure 4(b)). The peak 
hardened specimens had similar microstructure as the 
solutionised specimen. This shows that solutionising 
treatment at 540 °C for 2hrs do not annihilates the 
substructures. Secondary dendritic arm spacing 
(SDAS) of the as-cast and solutionised sample was 
approximately 6.58±1.35 and 6.93±1.54µm. The solute 
segregation at the inter-dendritic region (IDR) 
significantly increases the hardness of IDR compared 
to the dendritic interior (DI). Also, an increase in 
SDAS decreases the amount of IDR and hence 
decreases the hardness of the alloy. Hence, the 
presence of sub-structures in the form of dendrites can 
influence the friction and wear behaviour of the 
specimens. However, in the present investigation, the 
dendritic morphology is common in all these 
specimens. Also the difference in average SDAS is 
insignificant and its effect can be neglected.    
 

 

 
 

Figure 4: Optical microstructure of (a) as-cast and (b) 
solitionised AA6082 alloy 

 
3.2 Microhardness  
 
Figure 5 shows the microhardness of the AA6082 
alloy in as-cast, solitionised and peak aged conditions. 
It is observed that the hardness of the as-cast alloy is 
higher compared to the solitionised alloy. It can be 
attributed to the dissolution of hard phases and 
subsequent grain coarsening during heating at 540 °C 

for 2hrs. Aged samples have much higher hardness 
compared to as-cast and solutionised samples. The 
cause of increase in hardness during ageing treatment 
has been discussed in section 3.1.  
 

 
 
Figure 5: Microhardness of AA 6082 alloy in as-cast, 
solutionised and peak aged conditions 
 
3.3 Frictional behaviour 
 
Figure 6 shows the coefficient of friction (COF) as 
function of time for AA6082 samples (as-cast, 
solutionised and aged) obtained from reciprocating 
sliding tests. Three tests for each condition have been 
carried out to see the reproducibility of the COF 
curves. However, due to very high COF values the 
majority of these tests (at 180 °C) did not complete the 
total test duration. The friction behaviour and wear 
mechanism are described in section 3.3.1 and 3.3.2 for 
each specimen at 40 °C and 180 °C, respectively.  
 
3.3.1 Frictional behaviour at 40°C 
 
It is observed that at 40 °C the frictional behaviour of 
all the samples (i.e., AA6082 in as-cast, solutionised, 
and aged condition) are similar. This shows that 
increase or decrease in hardness of the alloy due to 
heat treatment process has little influence on the 
frictional behaviour at 40 °C. Figure 7 shows the SEM 
micrographs of worn surfaces for TS and AA6082 in 
as-cast, aged and solitionised conditions. Material 
transfer from AA6082 to TS surface is evident, which 
signifies adhesive wear mechanism was the main wear 
mechanism. The material transfer from AA6082 to TS 
is explained in section 3.3.2 (Figure 8). Parallel 
scratches with fine debris on the wear surface are also 
observed in the images for all the cases. It can be 
attributed to the abrading action of the hard oxide 
debris. At 40 °C, both adhesive and abrasive wear 
mechanisms are present. However, initial mechanism 
of wear could be adhesive type, followed by abrading 
action by the wear debris. 

(a) 

(b) 
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Figure 6: Coefficient of friction as a function of time for AA6082 alloy in different conditions 

 

3.3.2 Frictional behaviour at 180°C 
 
Significant amount of variation in the frictional 
behaviour is observed for as-cast, aged and solitionised 
samples at 180°C. The friction behaviour of the as-cast 
alloy shows a certain pattern. There was a gradual 
increase in the value COF from 0.7 to 2.2 (in 6 mins) 

followed by an instantaneous drop to 0.7. To 
understand the frictional behaviour two intermediate 
tests were run of different duration, i.e., (i) 6 mins 
(where friction was maximum) and (ii) 6 mins 5 secs 
(where friction was minimum).  Backscattered SEM 
images, 3D optical of these intermediate tests are 
shown in Figure 8 (a-d). It is observed that for 6 min 
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test run the adhesion of AA6082 alloy is significantly 
high compared to 6 min 5 secs test. This indicates that 
the gradual increase in the COF can be attributed to the 
material transfer from AA6082 alloy to the TS disc 
(Figure 8(a)), which creates a condition where 
AA6082 pin oscillates against transferred AA6082 on 
the TS surface. It is well known that COF increases 
due to strong adhesion when similar metal pairs are 
rubbed against each other [14]. The EDS data obtained 
from adhered surface the transferred material confirms 
that the material has been transferred from AA6082 to 
the TS surface. Figure 8 (b and d) shows the removal 
of the adhered surface to a significant amount. Parallel 
grooves on the remaining adhered surface and 
presence of wear debris are also observed in Figure 8 
(b). This shows that wear debris plays a significant 
role in removal of the transferred material. Hence it is 
found that there is a formation and removal of 
transferred material layers during sliding. The removal 
of the transferred layer explains the drop in COF after 
6 mins as it helps to regain the initial contact between 
AA6082 and TS. However, complete removal of the 
transferred layer is not evident. Figure 9(a-c) shows 
the worn AA6082 pin surface. Wavy structures on 
these worn surfaces show the plastic deformation of 
AA6082 during tribological test. Adhered fragments of 
transferred materials layer are observed in Figure 9(d-
f).  
 
As mentioned above, the wear debris can also have a 
significant effect on the drop of COF. Wear debris 
were observed on the surface of the transferred 
AA6082 adhered on TS (Figure 10). The as-cast 
samples showed mainly fragmented sheet type 

particles ((Figure 10(a)), which confirms that they 
were formed by delamination of the adhered layer 
[15]. Furthermore, these wear debris and fresh AA 
6082 surface might blend and plastically deform under 
compressive load to form a new layer. The new layer 
starts forming from 6 to 12 mins, which results in an 
increase of COF. However, thereafter due to increase 
in the amount of debris, the friction behaviour is very 
complex. The COF is relatively constant from 14 to 22 
mins, after a swift increase. This can be attributed to 
the increase in the amount of debris, which acts as a 
third body abrading medium. These debris are more 
likely to be hard oxides, they decrease the adhesion 
and acts as abrading particle or solid lubricant 
(spherical debris). In the case of aged AA6082, after 
an initial raise and drop in the value of COF it 
becomes nearly constant with slight variation. This can 
be attributed to the presence of precipitates in the alloy 
matrix. These precipitates increase the hardness of the 
alloy by coherent strain hardening [16]. The strength 
and hardness of the aluminium alloy increases 
remarkably at the expense of ductility [17, 18]. The 
region near the precipitate is under stress due to 
difference in lattice parameters of the precipitate and 
the matrix. The applied load and sliding action during 
the test is most likely to initiate fine cracks at the 
periphery of the precipitate, which finally grows to 
form wear debris. Due to these stresses less time is 
required to form debris, which is very stable and hard 
at 180 °C to act as abrasive particles. It is observed 
that the debris on the adhered surface are finer 
compared to as-cast and solitionised samples (Fig. 10). 
 

 

   

   
 
Figure 7: SEM micrographs of worn surfaces of AA6082 (upper image) and TS (lower image) at 40°C for (a and d) as-cast, (b 
and e) aged, (c and f) solitionised conditions, respectively  

(a) (b) (c) 

(d) (e) (f) 
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Figure  8: Tool steel surface showing adhered aluminium alloy: Backscattered electron images after (a) 6 mins and (b) 6 mins 5 
secs of test run. 3-D optical surface images of (c) Fig. 8(a) and (d) Fig. 8(b). EDS shows the adhered material is Aluminium 
 
This shows that the debris was formed due to the 
presence of internal stresses in the aged AA6082. The 
quicker formation of debris is responsible for near 
uniform friction behaviour in aged conditions, 
compared to as-cast condition. The debris restricts 
mass adhesion and sudden delamination of adhered 
AA6082 layer to certain significance on TS. The 
smaller lumps of AA6082 adhered on TS (Figure 9(e)), 
shows that the adhered surface removal is frequent 
compared to as-cast and solitionised.  
 
In the case of solitionised AA6082, different frictional 
behaviour is observed. Initially the friction behaves 
similar (up to 6mins) as in the case of the as-cast 
condition. However, after 8 mins COF rises up to a 
moderate value and remains constant for 3-4 mins. 
This friction behaviour is very different and interesting 
as it continuous in a similar manner at a later stage 
from 13-21 mins. This can be attributed to the dynamic 
precipitation occurring after 8 mins. It has been found 
earlier that mechanical deformation under load can 
accelerate the precipitation kinetics. In the late 1980’s 
Chandler et al. worked on cyclic strain induced 
precipitation in a solitionised aluminium alloy [19]. 
The work compared the response of cyclic mechanical 
test on hardening of Al-Mg-Si and Al-Mg alloys. In 
the case of Al-Mg-Si (age hardenable alloy) 
dislocation density reached a maximum and then 

decreased with further cycling. This shows that 
mechanical stress generated during testing, increases 
the amount of dislocations. The heterogeneous 
nucleation of matrix precipitates on the dislocation is 
favoured since it lowers the elastic strain energy 
associated with the dislocations [20]. During dynamic 
ageing, dislocations are mobile and hence intensify the 
ageing kinetics. Several publications on the dynamic 
ageing are already mentioned in section 1, which 
reports on acceleration in ageing kinetics during ECAP 
process. In the present work, the solitionised sample 
during tribological test, experiences similar stress. 
These stresses generate dislocations inside the surface, 
which becomes the nucleating site for the coherent 
precipitates. As mentioned in Section 2.3, the heat is 
transferred from the TS to AA6082. It is most likely to 
have a temperature gradient from the wear surface of 
the pin (AA6082) toward its axial direction. Hence, a 
certain layer near and parallel to the wear surface 
experiences both the induced strain and temperature 
required for dynamic precipitation. It has been 
discussed in the previous paragraph that these 
precipitates are responsible for generating debris 
instantaneously, which are responsible for the constant 
friction values. So this layer behaves similarly (as in 
aged condition) when it approaches the counter surface 
and hence a constant COF value is observed. 

(a) (b) 

(c) (d) 
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Figure 9:  SEM micrographs of worn surfaces of AA6082 and TS at 180°C for (a and d) as-cast, (b and e) aged, (c and f) 
solitionised conditions, respectively  
 
 
After the layer of precipitates is removed due to wear, 
the friction behaviour of the fresh surface is similar as 
it has been in the initial stage (i.e., increase in COF). 
During this period of time the temperature gradient 
gets approximately neutralized throughout the 
specimen. But, the mechanical straining due to the 
sliding action is required to achieve rapid dynamic 
precipitates. It is evident from the friction behaviour 
that the process repeats thereafter. However, the 
second short peak does not have a plateau as the short 
one. It can be attributed to the constant temperature 
(i.e., 180 °C, experimentally found) attained during the 
process. This minimizes the time to form the new 
dynamic precipitation layer. Due to minimum time 
required for precipitation the layer thickness could 
reduce. Also, higher mobility of dislocation can 
annihilate each other to reduce the preferential site of 
nucleation of precipitates. The adhered wear debris on 
the surface consists of similar amount of both 
fragmented sheet and fine globular type of debris 
((Figure 10(c)). This confirms the effect of dynamic 
precipitation during wear. 
 
3.4 Wear rate  
 
Figure 11 shows the specific wear rates (an average of 
three measurements) of the specimen in as-cast, aged 
and solitionised condition.  
 
3.4.1 At 40 °C 
 
The specific wear rate is higher for the harder 
specimen (hardness shown in Figure 5). This can be 
attributed to higher probability of micro crack 

formation due to the relative brittle nature of harder 
materials during the test. The worn surfaces (Figure 7) 
of the as-cast, aged and solitionised specimens are 
similar. Hence, the wear rates can be directly 
correlated to the higher strains of the harder material, 
which can crack easily to form fine debris and 
thereafter it acts as an abrading medium.  
 
3.4.2 At 180 °C 
 
At the ageing temperature the wear rate of the 
specimens in different condition shows an opposite 
trend in comparison to those at 40 °C. Wear rate of the 
solitionised specimen is higher than as-cast and aged 
specimens. The material removal at the initial stage in 
the case of solitionised specimens is high due to the 
absence of hard second phase in the matrix. Also, it 
can be attributed to the frequent removal of adhered 
layer by abrading debris formed during the test, which 
exposes the fresh surface to undergo wear 
instantaneously. Hence, initially due to pure adhesion 
there is a large material removal from the surface, 
followed by abrasive action of debris formed later, 
which increases the wear rate. The wear rates in the 
case of as-cast and aged specimens are almost similar. 
This shows that despite of different wear mechanisms 
(section 3.3.2) the wear volume is similar. From the 
friction behaviours it can be concluded that in the case 
of as-cast samples the wear rate must have increased or 
decreased in different interval of time and for the aged 
samples a constant wear rate has been maintained 
throughout the wear test. 

(a) (b) (c) 

(d) (e) (f) 
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Figure 10: SEM image of debris on the surface of transferred AA6082 adhered to TS for (a) as-cast, (b) aged, and (c) solitionised 
specimens  
 

 
 
Figure 11: Specific wear rates of the AA6082 in different 
condition  
 
4. CONCLUSIONS 

 
Tribological tests at 40 °C and 180 °C have been 
carried out to study the friction and wear during static 
and dynamic ageing of aluminium AA6082 during 
sliding against tool steel.  
Large grains were observed in the case of solitionised 
samples. However, dendritic structure of the alloy 
retains after solutionising treatment with insignificant 
change in SDAS. So the effect of dendritic structure is 
neutralized for being a common factor.  
 
The friction behaviour was similar for all the 
specimens at different conditions at 40 °C. The worn 
surfaces were also similar, suggesting material transfer 
due to adhesion and a defined trace of abrasion by hard 
debris as the wear mechanism. However, the wear 
rates at 40 °C were increased with increase in the 
amount strain inside the specimens. 
 
Friction behaviour for as-cast, aged and solitionised 
samples had significant variation at 180 °C. As-cast 
specimens followed a simultaneous increase and 
decrease in COF values due to the formation of an 

adhered layer on the tool steel and its subsequent 
removal by sliding action. Aged specimen showed 
nearly constant COF values due to the formation of 
fine debris, which restricts the mass adhesion. And in 
the case of solitionised specimens an influence of 
dynamic precipitation was found on the frictional 
behaviour. The wear rate is higher for solitionised 
specimens. The initial absence of hard phases and 
subsequent dynamic precipitates restricted to a thin 
layer is responsible for higher wear rate in the case 
solitionised specimens.   
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