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Abstract

Microstructural evolution of die-cast and homogenized AZ91 Mg-alloys was investigated during dry sliding wear condition. Tribological tests
were performed using a pin-on-disc (EN8 steel) configuration with a normal load of 50 N at a constant sliding speed of 2.5 ms−1 under ambient
environment. Delamination was recognized as a predominant wear mechanism in both of these materials. The die-cast AZ91 Mg-alloy exhibits
lower coefficient of friction and higher wear rate. This can be ascribed to increase in the intensity of load bearing capacity of hard β-Mg17Al12 phase,
and crack formation/de-cohesion at the interface between primary α-Mg and discontinuous β-Mg17Al12 phases. On the contrary, the homogenized
AZ91 Mg-alloy experiences higher coefficient of friction and lower wear rate. The friction-induced microstructural evolution (supersaturated α-Mg
to eutectic (α + β-Mg17Al12)) tending to minimize the wear rate by providing barrier to material removal in the near surface region of homogenized
AZ91 Mg-alloy. Therefore, experimental observation revealed that an inverse relationship exists between wear rate and coefficient of friction for
the investigated materials. The analysis of worn surfaces and subsurfaces by electron microscopy provided evidence to delamination wear and
microstructural evolution.
© 2017 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction

Magnesium alloys have a significant potential in wide spec-
trum of engineering applications such as transport vehicles,
electronics and bio-implant devices [1–3]. Despite the fact that
AZ91 Mg-alloys show excellent casting properties and superior
room temperature mechanical strengths, they are not suited for
tribological applications [4–6] owing to brittle nature of
β-Mg17Al12 intermetallic phase at the grain boundaries. Their
tribological performance can be improved either by enhancing
the level of ductility after dissolving β-Mg17Al12 phase through
T4 solution heat treatment [7,8] or by reinforcing the matrix of
AZ91 Mg-alloy with ceramic particles using metal matrix com-
posite approach [9,10]. Aatthisugan et al. [9] showed that addi-
tion of both a hard reinforcement (e.g., B4C) and soft
reinforcement (e.g., graphite) significantly improves the wear
resistance of AZ91 Mg-alloy composites. Chen et al. [11]

developed wear mechanism maps for AZ91 Mg-alloy by
varying the sliding speed (0.1 to 2.0 ms−1) and nominal load (1
to 350 N) under dry sliding condition. They indentified two
main wear regimes namely mild wear and severe wear. While
the mild wear regime had two sub wear-domains of oxidation
and delamination wear, the severe wear regime comprised
severe plastic deformation induced wear and melt induced wear.
They also reported that transition in wear regime is predomi-
nantly controlled by frictional contact temperature.

Recently, Deepak et al. [12] investigated the effect of
β-Mg17Al12 precipitates on the tribological behavior of AZ91
Mg-alloy. They reported that wear rate of age-hardened AZ91
Mg-alloy increased nearly by 10 times as compared to that of
solution heat treated counterpart. Notice that they have per-
formed all the tribological tests under mild wear regime. More-
over, they have not also considered the role of subsurface
microstructural evolution on the dry sliding wear behavior of
as-cast and heat treated AZ91 Mg-alloys.

Liang et al. [13] correlated the friction-induced microstruc-
tural evolution with wear behavior of AZ31 Mg-alloy. They
noticed that dynamic recrystallization (DRX) within subsurface
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regime produces severe wear. They also developed an empirical
model to predict the critical load for transition from mild into
severe wear regime based on the kinetics of DRX process.
Despite the fact that numerous studies are reported regarding
dry sliding wear behavior of AZ91 Mg-alloys [14–17], influ-
ence of T4 heat treatment on dry sliding wear behavior of AZ91
Mg-alloy especially under severe operating condition (a normal
load of 50 N and a sliding speed of 2.5 ms−1) has not been
reported yet to the best of our knowledge. Main objective of the
present investigation is to establish the correlation between
microstructural evolution and wear behavior of die-cast and
homogenized AZ91 Mg-alloys under a dry sliding contact
through detailed subsurface analysis.

2. Experimental methods

2.1. Heat treatment

The chemical composition of die-cast AZ91 Mg-alloy is
given in Table 1. The specimens were sectioned from the die-
cast AZ91 Mg-alloy ingot, and machined to cylindrical pins;
having a diameter of 6 mm and a length of 30 mm in order to
perform tribological tests. Half of these pin specimens were
subjected to T4 solution heat treatment to modify their as-cast
microstructural characteristics. Heat treatment of the die-cast
AZ91C Mg-alloy was performed at a temperature of 425 °C
under Argon environment for the period of 48 hours in order to
minimize the tendency of oxidation or burning related issues
with magnesium pins. These die-cast and homogenized speci-
mens were designated as dc-AZ91 and ht-AZ91, respectively.

2.2. Pin-on-disc tests

A tribometer (CETR UMT, DFH-100, USA) was utilized to
perform the dry sliding wear tests on both dc-AZ91 and
ht-AZ91 pin specimens using pin-on-disk configuration. EN8
steel was used as the counter-face disk (with a diameter of
70 mm and a thickness of 5 mm). The specimens were properly
cleaned with ethanol solution using an ultrasonicator for 10 min
before the tribological tests. The tribological tests were per-
formed at a constant sliding speed of 2.5 ms−1 and a normal
load of 50 N for a sliding distance of 1500 m under ambient
environment. The worn-out pins were weighed before and after
each test run using single-pan electronic balance (a resolution
of 0.1 mg). Wear debris were also collected after each test run
for wear debris analysis. Wear rate for the tested specimens was
quantified based on the difference in volumetric losses per unit
sliding distance before and after the sliding tests. Friction force
and normal force were continuously recorded by a load cell in
order to evaluate coefficient of friction (COF) during sliding
contact. Each of the tests was repeated three times to ensure
repeatability in the friction and wear data, such that each

reported value of COF and wear rate is an average of three
observations.

2.3. Material characterization

Microstructures of the as-cast and heat treated composite
specimens were analyzed by an optical microscope (Leica
DM2700, Germany). Microstructures, worn-out surfaces, sub-
surface regimes, and wear debris morphologies of the investi-
gated specimens were characterized by a scanning electron
microscope (JEOL JSM-6610LV, Japan). Diffraction spectra
were obtained to indentify various phases in as-cast/heat treated
composite specimens and wear debris particles using an X-Ray
Diffractometer (PANalytical X’pert-Pro (MPD), Netherlands).
Micro-hardness tester (Wilson Instrument, Model 401/402
MVD, UK) was used to evaluate Vickers micro-hardness of the
investigated specimens at a load of 100 gf for a dwell time of 15
seconds. Fracture toughness of the composite specimens was
also estimated in three point bending mode by Tinius Olsen
universal testing machine in accordance with the procedure
mentioned in Ref. [7].

3. Results and discussion

3.1. Effect of heat treatment on microstructures

Fig. 1(a)–(b) depict the difference in microstructures of
as-cast and heat treated AZ91 Mg-alloy. The dc-AZ91 specimen
consists of two phases, namely primary α-Mg/eutectic (α + β)
phase, and discontinuous precipitates of β-Mg17Al12 phase,
which are distributed at the vicinity of grain boundaries. On the
other hand, ht-AZ91 specimen comprised mainly single phase
supersaturated α-Mg along with few traces of residual β-
Mg17Al12 phase at the grain boundaries. The area fraction of β-
Mg17Al12 phase in dc-AZ91 and ht-AZ91 was estimated to be
around 24.3 ± 5% and 5.14 ± 2 %, respectively. It is well-
known fact that solution T4 heat treatment leads to the disso-
lution of discontinuous precipitates of β-Mg17Al12 phase into
the primary phase of α-Mg matrix [18]. This is the main reason
behind reduction in the area fraction of β-Mg17Al12 phase in
ht-AZ91 specimen as compared to that of ac-AZ91 specimen.

3.2. Frictional behavior

Bowdon and Tabor model [19] predicted that friction force is
composed of two physical components namely, ploughing and
adhesion. While ploughing component arises from the degree
of plastic deformation in the contacting surfaces, adhesion
component emerges from adhesive force existing between the
contacting surfaces. Fig. 2(a) and 2(b) show SEM micrographs
of worn surfaces for the dc-AZ91 and ht-Az91 specimen,
respectively. The presence of grooves on the worn surfaces
indicates that ploughing component controls the frictional

Table 1
Typical chemical composition of as-received die-cast Mg-alloy.

Mg-alloy Chemical composition (wt%)

AZ91C Al Zn Mn Si Fe Cu Ni Mg
8.3–9.7 0.3–1.0 0.15–5.0 0.1 Max 0.005 Max 0.03 0.002 Balance
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behavior rather than the adhesive component of friction. The
width of grooves formed on the worn surfaces has increased for
the ht-AZ91 specimen as compared to that of dc-AZ91 speci-
men (compare Fig. 2(a) Fig. 2 (b)). In addition, the wavy nature
of deformed layers formed on the worn surface is also a clear
signature of the increased plastic deformation for ht-AZ91
specimen as depicted in Fig. 2(d). As observed in Table 2,
friction data revealed that the ht-AZ91 exhibits a higher coef-
ficient of friction as compared to that of dc-AZ91 specimen.
When AZ91 Mg-alloy is subjected to solution heat treatment,
there occurs a significant reduction in the intensity of brittle and
hard β-Mg17Al12 phase as mentioned earlier. This led to increase
the level of ductility which aids in enhancing the ploughing
component of friction by assisting significant plastic deforma-
tion on the worn surface. For the case of dc-AZ91 specimen, the
presence of hard β-Mg17Al12 phase leads to increase the load

bearing capacity which eventually resulted in lower coefficient
of friction.

3.3. Correlation between microstructural evolution and wear
behavior

According to delamination theory of wear [20], when shear
force induced by sliding contact exceeds the interfacial shear
strength between the secondary phase and the matrix material,
de-cohesion occurs in the subsurface region leading to produce
the thin and long wear debris of the contacting surfaces. As
shown in Fig. 2(c) plate-like features along with crater patterns
on the worn surfaces provide evidence for the existence of
delamination wear mechanism. As summarized in Table 2, it
can be seen that the wear rate of ht-AZ91 is significantly
reduced by about 85% as compared to that of dc-AZ91 speci-
men. Deepak et al. [12] mentioned that age-hardened AZ91

Fig. 1. Optical micrographs of the investigated specimen (a) die-cast AZ91 Mg-alloy and (b) heat treated AZ91 Mg-alloy at 425 °C for 48 h.

Fig. 2. Worn surfaces of the investigated specimen slid at 2.5 ms−1 with normal load of 50 N. (a) and (c) die-cast AZ91 Mg-alloy: (b) and (d) heat treated Az91
Mg-alloy.
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exhibits higher wear rate as compared to that of homogenized
AZ91 due to the existence of brittle β-Mg17Al12 phase. They
justified that higher amount of β-Mg17Al12 precipitates in age-
hardened specimen reduce the real area of contact and subse-
quent increment in the localized contact pressure leading to
increase the wear rate. The level of ductility and fracture tough-
ness are believed to be enhanced in the case of ht-AZ91 speci-
men owing to the dissolution of brittle β-Mg17Al12 phase.
Therefore, ht-AZ91 specimen experiences lower wear rate
during dry sliding condition. Friedrich et al. [21] mentioned
that wear rate of composite materials inversely scales with
fracture toughness. Notice that the measured fracture toughness
of ht-AZ91 is found to be greater than that of ac-AZ91 speci-
men (Table 2).

Liang et al. [13] pointed out that friction induced subsurface
microstructure greatly influences the wear rate of AZ31
Mg-alloy. In order to establish a correlation between microstruc-
tural evolution and wear behavior, a detailed analysis of subsur-
face zones was conducted. Fig. 3(a) and Fig. 3(b) clearly depict
the presence of large amount of β-Mg17Al12 phase in the subsur-
face zone for dc-AZ91 specimen, whereas there exists only a
meager amount of β-Mg17Al12 phase in the ht-AZ91 specimen. It
is interesting to investigate the role of friction-induced micro-

structural evolution on the wear behavior of ht-AZ91 specimen.
The maximum friction temperature experienced by ht-AZ91
specimen was estimated to be about 421 °C in accordance with
numerical model proposed by Zhang et al. [22]. This friction
temperature is almost equivalent to the eutectic temperature
(420 °C) for the AZ91 Mg-alloy [23]. Therefore, the supersatu-
rated α-Mg phase can be transformed into stable eutectic (α + β)
phase during sliding contact. This in-situ eutectic reaction within
the subsurface region is given by the following equation [23]:

Supersaturated Mg Primary Mg Mg Alα α β: : :→ + 17 12 (1)

The existence of alternating layers of α-Mg and β-Mg17Al12

phases as shown in Fig. 3(d) confirms the in-situ formation of
eutectic phase during sliding contact. Under typical wear con-
dition, the ductile α-Mg phase experiences significant plastic
deformation before it is sheared away by fracture in the near
surface region of ht-AZ91 specimen leading to minimize the
wear rate for ht-AZ91 specimen. On the contrary, the presence
of brittle β-Mg17Al12 phase in the subsurface zone of dc-AZ91
specimen (Fig. 3(c)) was subjected to intense crack formation
within primary α-Mg phase, and de-cohesion especially at the
interface between primary α-Mg and β-phase. This led to
increase in the wear rate for the dc-AZ91 specimen.

SEM micrographs of the collected wear debris during dry
sliding contact are illustrated in Fig. 4(a) through 4(d). It can be
seen that wear debris of dc-AZ91 specimen were brittle in nature,
whereas debris of ht-AZ91 specimen showed wavy pattern dem-
onstrating ductile characteristics. The analysis of single wear
debris of ac-AZ91 specimen exhibited cleavage fracture pattern,
whereas ht-specimen represents river-like pattern along with evi-
dence of detached subsurface layers merging one over the other
as observed in Fig. 4(c) and Fig. 4(d).

Table 2
Summary of collected data from the present investigation.

Properties dc-AZ91
Mg-alloy

ht-AZ91
Mg-alloy

Percentage
change %

Microhardness (HV0.1) 76.57 ± 3.5 63.21 ± 4.2 −17.5%
Fracture toughness MPa.m1/2 9.30 ± 1.7 12.62 ± +35.7%
Coefficient of friction 0.10 ± 0.03 0.22 ± 0.04 +120%
Wear rate × 10−10 (m3/m) 11.5 ± 1.6 1.87 ± 0.4 −83.791%

Fig. 3. Subsurface zone of the investigated specimen slid at 2.5 ms−1 with normal load of 50 N. (a) and (c) die-cast AZ91 Mg-alloy: (b) and (d) heat treated Az91
Mg-alloy.
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Fig. 5 shows the XRD spectra of the collected wear debris
particles in dc-AZ91 and ht-AZ91 specimen. It can be seen that
dominant textures in the collected wear debris changed from
pyramidal (1 0 - 1 1) into basal (0 0 0 2) in the case of dc-AZ91
and ht-AZ91 specimens, respectively. In other words, ht-AZ91
specimen exhibits higher peak intensity of basal plane at value
of 2-theta at about 34.5 as compared to non-basal slip planes
(prismatic and pyramidal) which are centered at 2-theta values
of about 32.5 and 36.5. This change in crystallographic texture
occurs due to variation in the intensity of plastic deformation at

different crystallographic planes between ht-AZ91 and
dc-AZ91 specimen. A stronger basal intensity in ht-specimen
implies that it underwent plastic deformation along the basal
plane and produced lower wear rate during sliding contact.
Such trend in basal plane alignment appears to be contradictory
with data reported by Takaomi et al. [24]. For instance, they
indicated that formation of basal-plane alignment on the wear
surfaces negatively affects the wear-resistance properties of
AZ91 Mg-alloy. They mentioned that wear tends to progress
easily due to the shear stress by friction when slip deformation
occurs along the Mg basal plane at a low critical resolved shear
stress (CRSS). However, ht-AZ91 specimen experiences better
wear resistance even after it shows strong basal intensity. The
reason behind such contradictory observation in the present
work can be explained as follows. As seen in Fig. 3(b), subsur-
face microstructure comprised in-situ formed eutectic phases of
α-Mg and β-Mg17Al12 in the subsurface region of ht-AZ91
specimen. Although the sliding wear becomes easier for α-Mg
phase due to the alignment of basal plane as suggested by
Takaomi et al. [24], subsequent β-Mg17Al12 phase in the near
surface region provides significant barrier to material removal
owing to its superior hardness [25]. This means that the sec-
ondary phase which slows down the rate of material removal,
i.e. β-Mg17Al12 phase, controls the wear rate of ht-AZ91
Mg-alloy. On the contrary, there is no such in-situ formed
eutectic phase in the subsurface region of dc-AZ91 specimen.
Furthermore, the presence of discontinuous β-Mg17Al12 phase
precipitates at the vicinity of grain boundaries may induce
severe intergranular fracture in the subsurface region tending to
increase the wear rate of dc-AZ91 Mg-alloy.

In summary, experimental observation indicated that there
exists an inverse relationship between coefficient of friction and
wear rate for the investigated AZ91 Mg-alloys. This type of

Fig. 4. Wear debris particles of the investigated specimen slid at 2.5 ms−1 with normal load of 50 N. (a) and (c) die-cast AZ91 Mg-alloy: (b) and (d) heat treated Az91
Mg-alloy.

Fig. 5. XRD spectra of the collected wear debris particles slid at 2.5 ms−1 with
normal load of 50 N.
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inverse trend is also observed by Mathew et al. [26] during dry
sliding contact of MoS2 coatings performed on Al-alloy sub-
strates. Furthermore, T4 heat treatment is found to be advanta-
geous to AZ91 Mg-alloy with regard to enhance its wear
resistance.

4. Conclusions

1. Under chosen operating condition, dry sliding wear
behavior of die-cast and homogenized AZ91 Mg-alloys is
governed by delamination wear mechanism and there
exists inverse relationship between coefficient of friction
and wear rate.

2. Coefficient of friction of homogenized AZ91 Mg-alloy is
increased by 120% than that of as-cast AZ91 Mg-alloy.
This can be ascribed to increase in the level of ductility
owing to the dissolution of brittle β-Mg17Al12 phase. The
lower coefficient of friction in die-cast AZ91 Mg-alloy is
associated with load bearing capacity of hard β-Mg17Al12

phase.
3. Wear rate of homogenized AZ91 Mg-alloy is decreased by

6.21 times as compared to that of as-cast AZ91 Mg-alloy.
The formation of in-situ eutectic phase (α + β) leads to
minimize the wear rate by providing significant barrier to
material removal in the subsurface region. The higher wear
rate in as-cast AZ91 is due to increase in the intensity of
crack formation and de-cohesion owing to the presence of
brittle β-Mg17Al12 phase in the subsurface region.
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