Arch. Metall. Mater. 69 (2024), 4, 1555-1564

DOIL: https://doi.org/10.24425/amm.2024.151426

B. GASSAMA®!, B. KARAHISAR®', N. 0ZTURK KORPE®?, M.O. OTEYAKA®?"

CRYOGENIC TREATMENT EFFECT ON THE WEAR RESISTANCE OF AM60 MAGNESIUM ALLOY

Magnesium alloys were used as structural materials due to their low density. However, the poor wear behavior of magnesium
alloys limits their use. In this study, AM60 magnesium alloy was subjected to deep cryogenic heat treatment to enhance the wear
properties in dry and wet conditions with different loads. For this purpose, a deep cryogenic treatment at —196°C was applied for
48 h to the AM60 magnesium alloy. On the other hand, the wear performance of the treated sample was compared to the untreated
sample using the pin-on-disc method at loads of 1 N, 2 N, and 3 N. The microstructure and wear groove were investigated using
imaging techniques, while the XRD method characterized the phase modification. The results showed that the microstructures of
the untreated sample drastically changed; the eutectic phase around the §8 phase was dissolved in the matrix, and some twins were
formed after heat treatment. The XRD analysis confirmed the formation of a new /5 phase belonging to twins and an increase of the
current S phase. Regarding hardness behavior, it increased by ~17.5% compared to the untreated sample after cryogenic treatment.
In dry conditions, abrasive wear was the primary mechanism, and the wear resistance was better for the treated sample for all loads
applied due to probably new phase formation. The treated sample exhibited lower wear resistance against the untreated sample,
apparently due to the oxidative wear mechanism.

Keywords: Magnesium alloys; AM60; wear; cryogenic; heat treatment

1. Introduction

Magnesium, one of the lightest of all light metals, is also
one of the most abundant materials in the earth’s crust (the eighth
most abundant material in the universe). In recent years, it has
been closely studied for use as a structural material in engineer-
ing, especially in areas where lightweight is a crucial necessity
[1-6]. AZ and AM series of magnesium alloys were widely used
among magnesium alloys, especially AZ91 and AM60. The
AMBG60 alloys are one of those magnesium alloys that studies
are being carried on as prospects of engineering materials [7,8].
This alloy AM60 is mainly due to the good strength-to-weight
ratio that the alloys display. The AM60 combines aluminum,
manganese, and other alloying elements to form an alloy with
good mechanical strength and ductility and is considerably more
corrosion-resistant than pure magnesium [9-13]. Magnesium
alloys are known for being easily corroded when exposed to
corrosive environments [9,14,15] and their weak wear resistance
compared to most engineering materials [1,12]. As a result, work

must be done on its corrosion and wear resistance performance
to be a strong prospect in engineering materials. Different stud-
ies were reported on the wear performance of AM60 at differ-
ent loads and conditions [14,15]. For example, Aattthisugan et
al. studied at varying loads, 10 N and 20 N, under the ambient
condition at 1 ms™' the wear properties of AM60 alloy [15].
They showed that the wear resistance decreased significantly by
increasing the load and the distance. Zhiwen et al. coated with ion
implantation and by gradient duplex AI/AIN/CrAIN/CrN/MoS2
the AM60 to enhance the wear property [14]. The AM60 al-
loy coated with duplex coating decreased the wear rate from
3.15x10"* mm*/N to 2.31x10® mm?/Nm, meaning a reduction
of 136 times. In another work, the AM60B magnesium alloy was
coated with plasma electrolytic oxidation (PEO) to increase the
wear resistance at elevated temperatures in wet conditions [16].
The PEO-coated sample exhibited a lower coefficient of friction
and higher wear resistance due to the coating’s porous structure
and high hardness. Furthermore, they also pointed out that the
wear rate increased with the increase in load and temperature.
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On the other hand, the wear performance of the as-cast
AMO60 alloy subjected to friction stir processing (FSP) was
examined by Iwaszko et al. [17]. A load of 20 N was applied
on the surface of the stirred zone using the pin-on-disc method
and thermomechanically affected zone in dry conditions. A de-
crease in friction coefficient for the FSP sample compared to the
untreated was found.

Different elements were added to the alloy to enhance the
wear resistance of AM60. For example, Chenghao et al. inves-
tigated the effect of rare mixed earth; (RE) La and Ce on the
wear performance of AM60. They found that the addition of RE
decreased the coefficient of friction and specific wear rate due to
refining the grains of the o phase and Mg;,Al;, phase [11]. Yong
and Li[12] studied the addition of 1 wt.% silicon to the mechani-
cal properties of AM60. The wear weight loss of the without
silicon AM60 alloy was superior compared to the silicon-added
AMO60. Moreover, it was more pronounced for the load 60-80 N;
by contrast, it was equal at low loads between 20-30 N. The bet-
ter wear performance at high loads was due to the formation of
Mg,Si, which has a higher hardness than the matrix.

Recently, cryogenic heat treatment was investigated to
enhance the wear resistance of light metals. Cryogenic heat
treatment is a method that has been previously used to improve
both the wear and corrosion resistance of certain materials in the
engineering world [ 18-20]. This heat treatment works well with
steel because it increases the mechanical properties by dissolv-
ing more residual austenite phases [21-24]. Currently, it begins
to investigate the effect of cryogenic treatment on light metals
such as Ti [25], Al [26,27], and Mg [20]. This heat treatment
may enhance the wear behavior of AM60 and open a new area
of research. Herein, we investigated the effect of deep cryogenic
treatment on the wear resistance of AM60 magnesium alloy in
dry and wet conditions with different wear loads.

2. Materials and methods
2.1. Sample preparation and heat treatment

The as-cast AM60 alloys used were obtained from the Firm
Varzone Ltd. in the dimension of 300x200x300 mm and cut
into small cubes of 10x10x20 mm?®. The chemical composition
of the material was mainly composed of aluminum (6.26%),
manganese (0.29%), zinc (0.1%), and balance with magnesium.
The samples were then labeled as untreated and treated, and one
labeled treated was taken to be cryogenically treated whiles the
labeled “untreated” waited. The labeled “treated” sample was
placed in a room-temperature box. The temperature in the box
was gradually reduced at a velocity of 5°C/min to the desired
temperature of —196°C. The temperature at the box was main-
tained at —196°C for a period of 48 h whiles that sample was in
the box, allowing the sample cryogenic exposure for 48 h, thus
rendering it cryogenic treated, after which the temperature in

the box was gradually regulated back to room temperature at
a velocity of 5°C/min.

2.2. Wear test and hardness measurement

The samples under investigation were placed in a model
CSM Tribometer, and the pin-on-disc method was applied. The
tribometer was set at a rotational motion with a constant velocity
of 3 m/s. A wear distance of 10 m was applied for all the samples
that underwent the test. Loads of 1 N, 3 N, and 5 N were exerted
on the steel ball (hardened-DIN 5401) at different stages of the
investigation. The test was conducted in a dry condition (in the
open air) and wet condition (in a solution of 0.9 wt.% NaCl).
After the samples were done covering the 10 m distance set, they
were removed and put under an optic microscope to take images
of'the surface of the samples and then taken under a profilometer
to measure the wear area of the samples. The calculation of wear
area and dx (wear track width) was presented in a previous study
[28]. The experiments were repeated at least three times. The
calculation of specific wear rate (W,,) was presented in Eq. (1),
where AV, F, and L were the total volume wear, the average load,
and the total sliding distance, respectively.
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The hardness of the samples was also investigated using
a micro-hardness tester by applying a load of 5 kg/f for 10 s.
An average of 10 measurements were taken an account.

2.2. Sample characterization

The surface with 10x10 mm ground with 800 and 1200 SiC
grinding papers and cleaned with alcohol. The untreated and
treated samples were polished with a 1 um diamond solution
napless for a mirror-like appearance. They were etched with
2% Nital for 5 s and placed under an optic microscope to take
their images at the magnifications of x1000. Furthermore,
a deeper analysis was performed to see the modification after
cryogenic heat treatment using scanning electron microscopy
(SEM). A semi-quantitative analysis was performed to find the
elements scattered in the microstructure using energy dispersive
spectroscopy (EDS). The effect of heat treatment on AM60 alloy
has been revealed as a result of kinetic calculations by determin-
ing the transformation temperatures using Pryis Diamand Perkin
Elmer TG/ DTA data. The heating process was carried out from
room temperature to 700°C at a rate of 20°C/min. Argon gas
passage was provided with a 100 ml/min flow rate to prevent
oxidation of the samples. In addition, an X-ray diffractometer
(XRD) —Panalytical EMPYREAN was carried out to determine
the new phase formation after cryogenic treatment. The XRD
pattern was taken in the range of 0°-90° at a speed of 5°/s.



3. Results and discussion
3.1. Microstructure and phase evaluation

The microstructure of the untreated and cryogenic treated
(CT) AM60 magnesium alloys is given in Fig. 1. At first glance,
we can state that the cryogenic heat treatment significantly af-
fected the microstructure. It is well known that untreated AM60
had a dendritic structure with eutectic and f phases distributed
in its microstructure [29,30]. The findings in Fig. 1a) fitting with
the literature. After heat treatment, the eutectic phase around the
[ phase disappeared, and twin deformation was observed on the
treated microstructure (Fig. 1b)). Twinning can also be observed
on AM30 magnesium alloy containing lower aluminum content
[31]. Twinning, which is seen to be a factor in hindering wear in
these samples, can also be observed in the treated samples (Fig.
1b)), whiles no twinning would be seen with the untreated samples.

A similar observation was seen by SEM images presented
in Fig. 2. It was spotted that the eutectic phase was adjacent to
the S phase for untreated samples, while the eutectic phase was
disassociated from the f phase for treated samples. Research-
ers have observed that slight twins can help improve the wear
resistance of a material; it has been shown that increased twin-
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ning can decrease wear resistance in the studied material [32].
A study done on magnesium alloys indicated that the twinning
in the materials caused the hardening of the materials, thus
positively influencing the material’s wear resistance [33]. EDS
analysis was performed to understand the element distribution
in the microstructure of untreated and treated AM60 (Fig. 2 and
TABLE 1). In Fig. 2a), points 1, 2, and 3 for untreated AM60
match to Mg (a), Mg;;Al;, (B), and eutectic (a + f) phases,
respectively. While points 1, 2, and 3 for treated AM60 pairing
to a twin, f, and a phase, respectively (Fig. 2b)).

TABLE 1
EDS analysis of the SEM images is presented in Fig. 2

Sample Point Mg Al Mn Zn
1 95.09 4.60 0.12 0.19

Untreated 2 73.59 26.10 0.08 0.23
3 91.51 8.34 0.08 0.07

1 95.12 4.65 0.11 0.12

Treated 2 79.62 20.13 0.10 0.15
3 91.88 7.98 0.09 0.05

The formation of a new phase after cryogenic treatment was
elucidated in Fig. 3. As observed, the XRD pattern of untreated

x2500 10 pm
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Fig. 2. SEM-EDS images of untreated and treated AM60 (x2500); a) untreated b) treated
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Fig. 3. XRD pattern of untreated and treated AM60 alloy

AMG60 had a-Mg and -Mg;;Al;, intermetallic phases, which
was no surprise. The main peak of a-Mg was located at 37°, 34°,
32°,48°,57°, and 68° while the §f phase was situated at 36°, 40°,
and 44°. These phases were also detected by different authors
[30,34]. Regarding the treated AM60 XRD pattern, it is evident
that after cryogenic treatment, the microstructure altered; the
treatment increased the intensity of the S phase located at 36°,
40°, and 44°. Besides, new f phases were observed at 33°, 62°,
and 65°. At the same time, a higher peak labeled to the a phase
was found at 71°, and some o peaks decreased. It can be stated
here that the heat treatment had a significant positive influence
on the modification of the microstructure; the f phase was more
prominent than the o phase due to the precipitation of the f phase
in the o phase.

According to the Mg-Al equilibrium diagram [35], the melt-
ing begins in the region where the solubility limit is exceeded
in the eutectic (Mg;,Al;,) structure with a melting temperature
of around 437°C. In the present study, approximately the same
peak temperature and enthalpy values were obtained in the
425-445°C peaks for both cases in DTA analyses. The dissolution
of the Mg;;Al,, eutectic and Al in the Mg matrix is in question
(Fig. 4a)).

The heat-treated sample has a higher enthalpy value for this
reaction than the endothermic peak when Mg primary crystals
begin to melt. It is thought that the anomaly seen in the DTA
curves of the treated sample before the second peak, which is
different from the literature, is caused by the shrinkage pores
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(distortions) in this sample. Again, melting started before (593°C)
in the heat-treated sample and caused a higher enthalpy value.
Otherwise, the peak obtained by melting for the untreated sample
is compatible with the literature (608°C) (Fig. 4b)) [36].

3.2. Wear behavior analysis

The measured hardness of the untreated sample was
57 HV; after cryogenic heat treatment, an increase of ~17.5%
was observed. This hardness enhancement was probably due to
the precipitation of the f phase, the distribution of the eutectic
phase in the Mg, and twinning formation. OrSulova and Palcek
showed that precipitation on AZ91 alloys increased their hard-
ness from 54 to 71 HBW 2.5/62.5 [37]. The data collected from
the investigation showing the wear area of the untreated and
treated sample under loads of 1 N, 3N, and 5N in a dry condi-
tion was presented in Fig. 5. Comparing the wear areas of the
two rival samples under the 1 N load, the untreated sample has
a wear area of 2230 pm? and dx = 330 um while the treated
sample showed a wear area of 1700 pum? and dx = 300 pm. The
untreated sample showed ~31.2% more worn area than the treated
sample. At the 3 N load, the untreated sample recorded a wear
area of 5960 um? and dx = 540 um while the treated sample
had a wear area of 4560 pm?® and dx = 450 um, the untreated
sample having 1400 um? more wear area than the treated sample.
When the load on the samples was adjusted to 5 N, the untreated
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Fig. 4. TG/DTA analysis of the untreated and treated AM60 magnesium alloys; a) 415°C-450°C b) 500°C-610°C
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Fig. 5. Wear area and a track width of untreated and treated in the dry condition

sample displayed a wear area of 8190 pm? and dx = 520 pm.
In contrast, the treated sample exhibited a wear area of 7850 pm?
and dx = 550 um, a difference in wear area of 340 um? that the
untreated sample has more than the treated sample. We have seen
that the treated sample had a lower wear area over the untreated
sample in a dry condition, meaning better wear resistance per-
formance for all load categories.

The wear area of the untreated and treated sample under
loads of 1 N, 3 N, and 5 N in a wet condition was presented
in Fig. 6. When the 1 N load was exected on the steel ball that
took a rotational motion on the samples, a wear area of 2598
um? and dx = 420 um was registered for the untreated sample.
While the treated sample registered a wear area of 3956 pum?
and dx = 470 um, a difference in the area of 1358 pm? that the
treated sample has more than the untreated sample (Fig. 6).
When the 3 N load was exerted on both samples, wear area
values of 6200 pm? dx = 560 um and 6278 pm? dx = 550 pm
were obtained for the untreated and treated samples, respectively,
a wear area difference of 78 pm? that the treated sample has over
the untreated sample. With the load adjusted to the 5 N load, the
sample provided wear area values of 5694 um? dx = 570 um and

Area=2598 pmz
dx= 420 um

Area=5694 pmz
dx= 570 pm

Area=6200 pm2
dx= 560 um

IN 3N

—— AMAO-TTntreated  =—

6513 um? dx = 670 um for the untreated and treated samples,
respectively, a difference of 819 um? that the treated sample has
over the untreated sample. It can be observed that the values of
the wear area of the sample when loads from 1 N, 3 N, and 5 N
were placed on the samples under test in the wet condition. The
untreated sample shows a better wear resistance performance
based on the wear area of the sample. It can be stated here that
the treated sample shows a greater degree of wear resistance in
the dry condition compared to the wet condition.

The data comparison between the untreated and treated
sample in the 1 N load category revealed that the wear rates com-
parison between the untreated and the treated sample in the ex-
periment have a difference of approximately 0.8x10> mm?/Nm.
The untreated sample was seen to have the higher wear rate
of the two samples being compared (Fig. 7). As the load was
shifted to the 3 N category, the untreated sample was again seen
to have a higher wear rate by approximately 0.7x107> mm?/Nm
when compared to the treated sample in the experiment. When
the load of 5 N was exerted on the samples, the difference was
approximately 0.15x1073 mm?®/Nm, still in favor of the treated
sample in the context of better wear resistance performance. But
Area=3956 um*

Area=6278 pm* Area=6513 um?

dx=470 pm dx= 550 um dx= 670 um
IN /
3N 5N

<+————— AMO60-Treated ———>

Fig. 6. Wear area and a track width of untreated and treated in the wet condition
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with a much smaller difference compared to the previous weight
categories. Previously, it was reported that the wear rate at low
loads was higher for AM60 in dry conditions, and it decreased
with the increase of the loads [38]. Overall, it can be stated here
that the treated sample had a much bigger edge over the untreated
sample when the load exerted on the samples was the smallest.
That difference shrinks as the load increases to the middle load
used in this experiment and finally gets even smaller with the
higher load. It is seen that the effectiveness of the cryogenic
treatment of the samples was more conspicuous in the lower
loads of the experiment.

7.0x107 M60-Untreated-dry

AMG0-Treated-dry
Il AM60-Untreated-wet
AMO60-Treatet-wet

6.0x1073 4

5.0x107%

4.0x107 4
3.0x107% 4

2.0x107%

Specific wear rate (mm>/Nm)

1.0x107% 1

0.0

3
Load (N)

Fig. 7. The specific wear rate of untreated and treated AM60 in dry
and wet conditions

Regarding the COF behavior at dry conditions, the un-
treated sample is seen to have an almost steady value from the
beginning of the test towards the 10 m distance that the test was
conducted and showed values around 0.34 p. In contrast, the
treated sample started the test around a COF value of 0.33 p,
but those values quickly rose to 0.58 p within the first 0.5 m of
the test and remained somewhat constant in that value for the
rest of the 10 m of the test (Fig. 8).

When a 3 N load was put on the samples, it was seen that
the untreated sample finished with an average of 0.32 p. How-
ever, the treated sample started at a slightly lower COF value,

1.04
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around 0.26 p. Still, the value quickly increased to around 0.46 .,
where the value would remain somewhat constant until around
the 8 m in the test, where they dropped to 0.41 p for the rest of
the 10 m distance; the average was 0.42 p. The 5 N load category
showed average values of 0.27 p and 0.54 p for untreated and
treated samples, respectively. The overall results showed that
the untreated sample under the 5 N load had the lowest COF
value for the whole test, and the treated sample under the 5 N
load had the highest COF value for the whole test. Comparing
the results with the literature, it registered a COF of 0.38 after
a 10 N load with a sliding speed of 1 m/s [38]. In addition, the
COF decreased with the increment of loads, reaching the lowest
0f'0.25 with 250 N. The wear track of the untreated and cryogenic
treated samples that were tested in a dry condition was presented
in Fig. 9. At first glance, it can be seen that wear grooves were
evident, and some voids having a size of 10-30 um were observed
at the worn area for both samples.

The wear width for the treated and untreated samples when
aload of 1 N was exerted on the ball was 324.4 pm and 302.3 um,
respectively, with the treated sample having 22.1 pm less wear
track width. When the load of 3 N was used in the experiment,
track widths of 363.6 um and 328.8 um were recorded for the
untreated and treated samples, respectively, with the treated sam-
ple showing a 34.8 um less wear track width than the untreated
sample. And finally, when the samples were subjected to the
5 N load, the values of 494.9 um and 447.5 pm were registered
as the wear track width for the untreated and treated samples,
respectively. The treated sample shows a 50.4 pm less wear track
width than the rival sample. It should be noted that increasing
the load induces broader and deeper grooves for both samples.
The findings also show that for all the load categories from 1 N,
3 N, and 5 N, the treated sample has consistently shown better
values regarding the width of their wear track in the context of
good wear resistance. The primary wear behavior of AM60 mag-
nesium alloy in a dry medium was plastic deformation, adhesion,
oxidation, abrasion, and delamination [38,39]. Taltavull et al. [38]
also spotted that the oxidation wear mechanism was controlled at
lower loads and velocities. The wear mechanism of the studied
samples can be deduced from Fig. 9; abrasive grooves and oxide
formation was the primary wear mechanism for both samples.
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Fig. 8. Coefficient of friction behavior of untreated and treated AM60; a) dry and b) wet condition



AMG60-Treated-1N
Fig. 9. Untreated and treated AM60 wear tracks in dry condition

Regarding the performance of samples in 0.9 wt.% NaCl
solution; the experimental values showed that the untreated
sample had a wear rate of approximately 2.1x10~> mm?/Nm
less than the wear rate values exhibited by the treated sample
in the wet condition (Fig. 7). As the load was increased to 3 N,
the two samples were seen to have almost the same wear rate
values, with the untreated sample showing a slight edge of ap-
proximately 0.5x 107> mm*/Nm over the treated sample in terms
of less wear rate. When the load was higher (5N), the results
showed that the untreated sample at this time had approximately
2.0x10~* mm?/Nm less than the value produced by the treated
sample in the wet condition. These values show that at the low-
est load applied, the wear rate for both samples was superior
compared to dry condition findings. This high specific wear rate
can be explained by the corrosive fluid which attacks the metal
surface and form oxide debris.

On the other hand, the specific wear rate decreased when
applying a 3 N load; the value came nearer to the untreated
sample in dry conditions. Thus, the wear rate was the lowest at
the highest load compared to dry conditions for both samples.
Here, it should be noted that the corrosive environment acted
as a lubricant after the 3 N load. On the other hand, the COF
behavior of untreated and treated AM60 alloy was tested in a wet
condition (Fig. 8). At the 1 N load, the untreated sample was
seen to have started the experiment with the second-highest COF
values. But the value dropped around 0.5 m of the 10 m; to be
within the samples that exhibit the lower value, then 4 m in the
test, it even dropped further to separate itself from the sample
with the lowest COF value, an average of 0.25 u. The study of

AMG60-Treated-3N

AMG60-Treated-5N

Guo et al. on AM60 found 0.21 p in lubrication condition after
10 N of the load was applied using a steel ball [16].

Demirci et al. reported 0.4 p for the rival magnesium
alloy AZ91 after applying a 2 N load in 3.5 wt.% NaCl [40].
However, the treated sample recorded a COF value of around
0.28 p, which stands out as the high COF recorded amongst all
the samples within the test to start the test. The value dropped
around 4 minutes in the test to the level of the other samples
but eventually went up again to end the test as the sample with
the highest COF value recorded. All the other samples in the
test recorded average COF values of 0.27 p that were not far
apart except for the sample with the 1 N load. The COF values
in this wet condition could be much lower than those with the
samples in the dry condition. This significant difference could be
attributed to the lubricating effects of the test’s condition. This
difference could be the exact reason for the less wear experienced
by the sample in the wet condition compared to the dry ones.
The behavior shown by the sample at the 1 N load (treated and
untreated) at the wet condition is the same behavior shown by
samples bearing the 5 N load in the dry condition. The analysis
of wear tracks after wet sliding in Fig. 10 suggests more oxide
debris on the wear groove with fewer sliding traces for both
samples. The adhesion and abrasion wear mechanism was seen,
and the adhesion wear mechanism was more prominent. On the
other hand, magnesium alloy is well documented to be suscepti-
ble to local corrosion, especially pitting corrosion in a chloride
environment [41-43].

To this, localized corrosion was observed inside and
outside of the worn surface of untreated and treated AM60
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Fig. 10. Untreated and treated AM60 wear tracks in wet condition

magnesium alloy (Fig. 10). In the wet condition, the 1 N load
was exerted on the steel ball as the experiment was carried on.
The wear track width for the untreated and treated samples in
this wet condition was 385.9 um and 464.7 um, respectively,
with the untreated sample showing a 78.8 um narrower wear
track width (Fig. 10). When the samples were exposed to the
3 N load, the untreated and treated samples showed wear track
width values of 549.1 pm and 539.9 um, respectively, with the
treated sample producing a 9.2 um narrower wear track width
than the untreated sample. As the load was increased to 5 N,
their wear track width values were 608 pm and 561 um for the
untreated and treated samples, respectively, with the treated
sample showing a 47 um narrower wear track width. From the
values that the samples being compared showed, the untreated
sample produced better wear resistance for the lowest load
category. However, as the load increased, the treated sample
gradually showed better wear resistance performance. Similarly
to dry condition, increasing the applied load makes the grooves
broader and more profound in wet conditions. The wear on these
samples tested in the wet condition is also more prolific than
those conducted in the dry condition; this is primarily due to the
chemical interaction between the sample and the wet condition,
leading to corrosion wear.

4. Conclusions
The cryogenic treatment drastically modified the mi-

crostructure of AM60; dissolution of the § phase was more
pronounced, eutectic was dispersed in the matrix, and twinning

AM60-Treated-3N

formation was observed in the microstructure. The wear resist-
ance of cryogenically treated AM60 was addicted to the wear
condition. The COF of the treated sample was higher in the dry
condition than in the untreated sample. Unlike, the COF in the
wet condition was lower compared dry condition for all samples.
The wear rate of the cryogenically treated sample was improved
in the dry condition compared to untreated AM60 due to pos-
sibly twinning formation and hardness enhancement. In adverse,
the treated sample showed a worse wear resistance in the wet
condition because of the less resistance of the microstructure
against corrosive solution with oxide debris. The primary wear
mechanism was abrasive for the dry condition, while oxidative
wear was seen in the wet condition.
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