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Abstract
In the present work, the change in microstructure and mechanical properties of squeeze cast (SC) AZ91 Mg alloy has been 
studied by comparing it with conventional gravity die-cast (GC) AZ91 alloy. The present study also focuses on the effect of 
microstructure change in GC and SC AZ91 samples on the fretting wear behavior. The fretting wear studies are conducted 
on GC and SC AZ91 samples against the EN31 steel pin by variation in applied loads (5, 10, 15 N) and oscillating frequen-
cies (5, 10, 15 Hz). SC AZ91 alloy exhibits improved tensile properties than that of GC AZ91 due to refined microstructure. 
The study demonstrates that the average coefficient of friction decreases with an increase in normal load and increases with 
an increase in frequency for both GC and SC AZ91. The wear volume loss is found to increase with an increase in applied 
load and frequency. It is proposed that the wear in GC and SC AZ91 alloy is caused by a combination of adhesion, oxida-
tion, delamination, and abrasion under different fretting conditions. For every condition studied in the present work, the SC 
AZ91 exhibits better fretting wear resistance compared to GC AZ91.
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Introduction

Magnesium-based alloys are employed in the automotive, 
aviation, and military industries due to its low density, high 
specific strength, superior castability and machinability, and 
strong damping properties [1, 2]. However, because of the 
limited slip systems caused by the HCP crystal structure, 
processing Mg alloys becomes challenging [3, 4]. AZ91, 
an Al–Zn based Mg alloy with outstanding casting qualities 
and good corrosion resistance at a reasonable cost, is one 
of the most extensively used Mg alloys in the automotive 
industry [5, 6]. The microstructure of AZ91 consists of two 
phases, α-Mg (α-phase) and β-Mg17Al12 (β-phase). When 
AZ91 is processed by gravity die casting, the grain bound-
aries (GBs) are largely occupied by the β-phase. Hence 
β-phase, being a brittle phase, negatively affects the alloy's 
mechanical properties by serving as an intercrystalline 
cracking site [7, 8]. β-phase, with its low thermal stability, 

is susceptible to softening as a result of frictional heating at 
the surface, increasing the wear rate [9]. The refinement of 
microstructure through alloying is a commonly employed 
method to enhance the mechanical properties of the AZ91 
alloy [10, 11]. In addition to alloying, hot forming processes 
forging, rolling extrusion, etc., are being used for further 
enhancement of mechanical properties of the AZ91 alloy 
[12, 13]. Apart from this, the different alloy making route 
could enhance the mechanical properties of the AZ91. The 
squeeze casting method can overcome the negative effects 
of β-phase in AZ91 to some extent. The squeeze casting 
technique produces a fine and consistent β-phase network, 
which may improve the mechanical and wear properties of 
the AZ91 alloy [8]. Previous research on squeeze cast Mg 
alloys revealed both continuous and discontinuous β-phase 
precipitates [14–16].

The majority of components used in industrial applica-
tions are vulnerable to wear, hence studying tribological 
properties of material has become a significant topic of 
study. Components such as gears, bearings, clutches, spines, 
and so on are subjected to small amplitude quasi-static point 
contact loading conditions and, as a result, fretting-induced 
damages [17].

 * Hemant Borkar 
 h.borkar@iiti.ac.in

1 Department of Metallurgy Engineering and Materials 
Science, Indian Institute of Technology Indore, Khandwa 
Road, Simrol, Indore, Madhya Pradesh 453552, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s13632-023-00974-y&domain=pdf


703Metallography, Microstructure, and Analysis (2023) 12:702–713 

1 3

Steel rivets and bolts are commonly used to fasten struc-
tural pieces manufactured of AZ91 in cars and aircrafts. 
These components are subjected to low-amplitude oscilla-
tory motion, resulting in fretting wear conditions [18]. The 
cast AZ91 alloy is mainly used in automobiles to prepare 
power train components. Additionally, AZ91 is utilized to 
manufactured automobile parts like cross-car beams, brack-
ets, battery covers, sheet frames, electronic control unit 
(ECU) casings, etc. that may experience severe wear over 
time as a result of automobile vibrations. In addition, the 
components must be connected to form a useful component 
for aerospace and automotive applications. For such pur-
poses, arc welding of Mg-based alloys may not be a viable 
alternative due to their flammable nature. As a result, one of 
the practical alternatives is to rivet or bolt joints. However, 
because of the clearance between the surfaces, mechanical 
attaching does cause relative motion on a micrometer-length 
scale. Damage caused by relative motion on a micrometer 
length scale, or fretting, cannot be disregarded and poses 
a major safety risk. Fretting wear is surface damage that 
develops between two surfaces of contact under the action of 
applied normal load and experiences an oscillatory tangen-
tial displacement or cyclic motion of small amplitude (in the 
range from nanometer to 200 μm). Assessment of fretting-
induced wear is crucial for determining the safe service life 
of components subjected to engineering applications since 
fretting may enhance vibration/damping or cause the com-
ponent under service to fail catastrophically [19–23].

Abrasive, adhesive, and oxidative wear mechanisms 
are generally responsible for fretting wear. There are sev-
eral fretting wear regimes, including as gross slip, partial 
slip, and stick–slip regimes, which represent the morphol-
ogy of wear scar [18, 24]. Some industrial components that 
are subjected to fretting wear include valve-to-valve seat 
interfaces, bearings, rivet joints, and gas turbine combustor 
components.

Very few studies are available in the literature on fretting 
wear behavior of Mg alloys. Khabale et al. [20] investigated 
fretting wear of AZ91 and AE42 alloys against steel ball as 
the counter surface. According to their findings, the amount 
of wear and the wear processes varied depending on the con-
tact conditions, the type of regime, and the applied normal 
load used at a specific fretting wear frequency. However, 
they found that the average coefficient of friction increased 
moderately with increasing fretting amplitude and reduced 
with increasing load applied and frequency. They also found 
that AZ91 alloy has better wear resistance than AE42 alloy. 
They revealed that surface conditions had a significant influ-
ence in the wear of both alloys at higher frequencies, and 
that the oxidation layer reduced the coefficient of friction. 
The main wear processes that take place during fretting wear 
of AZ91/steel and AE42/steel tribopair include adhesion, 
oxidation, abrasion, plastic deformation, and delamination. 

Huang Weijiu et al. [21] investigated the fretting wear behav-
ior of AZ91D and AM60B alloys. Abrasion, adhesion, and 
surface fatigue wear were discovered to be common fretting 
wear processes for both alloys. Additionally, compared to 
AM60B alloy, AZ91D had a lower coefficient of friction 
and reduced wear volume loss. Koushik Sikdar et al. [24] 
investigated the fretting wear of the Mg-Li-Al-based alloys 
LATZ9531 and LAT971. The fretting wear parameters that 
were varied are the number of fretting cycles (10–104), 
normal load (1–10 N), oscillation frequency (1–9 Hz), and 
displacement amplitude (80–200 μm). They discovered that 
when the fretting frequency increased, a third body, an oxide 
layer, became a part of the wear and helped to lower the 
coefficient of friction. Additionally, they came to the conclu-
sion that, surface asperities quickly reach a stable state as the 
normal load increased by equilibrating with the loading ball, 
thereby lowering the mean coefficient of friction.

Fretting is one of the most damaging issues for mod-
ern industry and can cause serious localized wear of the 
emerging AZ91 Mg alloy components. However, the fret-
ting wear study of Mg alloy is very limited, especially for 
AZ91. The change in microstructure by changing the cast-
ing process could affect the mechanical and wear behavior 
of the AZ91 alloy. The effect of microstructure change on 
fretting wear behavior of AZ91 alloy following the squeeze 
casting method has not yet been studied. Accordingly, the 
current work first focuses on the effect of the squeeze casting 
method on the microstructure and mechanical properties of 
AZ91 alloy. Furthermore, an attempt has been made to study 
the effect of the squeeze casting process on the fretting wear 
behavior of AZ91 alloy. The fretting wear tests and analy-
sis of wear mechanisms have been carried out on varying 
oscillating frequencies and varying loading conditions. The 
obtained results of squeeze cast sample have been compared 
with those of conventional gravity die-cast AZ91 sample.

Experimental Procedure

Casting of Alloy Sample

The alloys used in this work were cast by the re-melting of 
commercial AZ91 Mg alloy. Both gravity die-cast (GC) and 
squeeze cast (SC) AZ91 alloy were prepared using Swam-
Equip's bottom pouring type stir casting equipment. To pre-
vent oxidation, the melting was carried out in a graphite 
crucible at 700 °C in an Ar (99.5 vol.%) +  SF6 (0.5 vol.%) 
environment. After the complete melting of the AZ91 blocks 
in the crucible, the melt was poured into the cylindrical mold 
through the bottom pouring arrangement to prepare the grav-
ity die-cast sample. To prepare the squeeze cast sample, the 
poured melt in the mold was squeezed at 100 MPa pressure 
for 60 s immediately after pouring [5, 14, 25]. The surface 
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of the mold was coated with a thin graphite oil layer and 
preheated up to 200 °C by utilizing an external heater before 
pouring the melt. The chemical compositions of the obtained 
GC and SC AZ91 rod sample are given in Table 1.

Microstructure and Phase Analysis

The obtained GC and SC AZ91 rods were cut by using wire-
cut electrical discharge machining. For microstructure analy-
sis, 10 × 10 mm samples of GC and SC AZ91 billets were 
polished by using 100 to 2000 grades of emery paper before 
the cloth polishing with 9 to 1 micron diamond suspension. 
After fine polishing, the samples were etched by using an 
acetic picral solution (100 mL Ethanol, 6 g Picric acid, 5 mL 
Acetic acid, 20 mL DI Water) for 1–2 s. The microstructure 
images of the etched sample were obtained from ZEISS 
Axio Vert. A1 inverted optical microscope (OM) and JEOL 
JSM-7610 F plus field emission scanning electron micros-
copy (FE-SEM). The grain size was measured using the 
electron backscattered diffraction (EBSD) technique. To 
analyze the phases, present in the GC and SC castings, the 
x-ray diffraction (XRD) pattern was obtained by using PAN 
analytical X’Pert High Score x-ray diffractometer employing 
CuKα (λ = 1.541 Å) radiation. Using ImageJ software, the 
secondary dendrite arm spacing (SDAS) in the produced GC 
and SC AZ91 alloys were measured from FE-SEM images 
of five different locations of the test samples (GC and SC 
AZ91).

Microhardness and Tensile Testing

The microhardness of both samples (GC and SC AZ91) was 
determined by using a Mitutoyo Co. HM 112 Micro Vick-
ers hardness tester at 300 g load and 20 s dwell time. The 
polished and etched sample was indented five times, and the 
average hardness value was calculated.

The tensile testing was performed using a Instron 5967 
Universal tensile testing machine (UTM). The subsize ten-
sile specimens were used for tensile testing following the 
ASTM E8 standard. The sample dimensions for tensile 
testing are shown in Fig. 1. The three specimen were taken 
from each fabricated alloy for testing and the average values 
of tensile properties were measured. The tensile tests were 
performed at a 0.001  s−1 strain rate and 28 °C temperature 
(room temperature).

Fretting Wear Test and Characterization

A Ducom fretting wear tester was used to perform fretting tests 
on the GC and SC AZ91 samples under various conditions, 
i.e., with varying load (5, 10, 15 N) and varying oscillating fre-
quency (5, 10, 15 Hz) at room temperature. All measurements 
were conducted with a 200 μm vibration amplitude and 15 min 
time. The tests were carried out using a hardened steel grade 
EN31 pin with a diameter of 6 mm and a tip diameter of 2 mm 
with a rounded tip for point contact and a hardness of 698 HV. 
Figure 2a, b shows the fretting wear apparatus with a 3-D depic-
tion of pin-to-sample contact and associated dimensional meas-
urements. Three repetitions of each test were performed, and 
average results were calculated. Using the suitable equation 
developed by Hallings [23, 26], the wear scar volume loss (ʋ) at 
room temperature for all combinations of various loads and fre-
quencies was determined from the observed wear scar diameter.

where h is the maximum wear scar depth and R is the tip 
radius of the pin. The maximum depth of the wear scar, h, 
was calculated from the measured mean wear scar diameter, 
d, using the relations:

The wear scar depth and measurement of wear scar diam-
eter on plate in parallel (d∥) and perpendicular (d⊥) direction to 
fretting movement are illustrated in Fig. 2c. The wear scar vol-
ume was calculated using an average of at least three measured 
wear scar diameter values from FESEM images of wear scar. 
The micro-mechanisms of fretting wear damage were studied 
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Table 1  Chemical composition 
(in wt.%) of gravity die-cast 
(GC) and squeeze cast (SC) 
AZ91 Mg alloy

Alloy Chemical composition, wt.%

Al Zn Mn Si Fe Cu Ni Sn Mg

GC AZ91 9.01 1.57 0.17 0.022 0.009 0.006 0.003 0.003 Bal.
SC AZ91 9.15 1.49 0.16 0.021 0.008 0.006 0.004 0.002 Bal.

Fig. 1  Tensile test specimen (all dimensions are in mm)
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using a FE-SEM microscope. The elemental mapping of wear 
scars were carried out by using energy dispersive spectroscopy 
(EDS) facility available in FE-SEM.

Results and Discussion

Phase Analysis and Microstructure Characterization 
of Gravity Die‑Cast (GC) and Squeeze Cast (SC) AZ91 
Alloy

Figure 3 shows the XRD graphs of GC and SC AZ91 Mg 
alloy. In both alloys (GC and SC AZ91), the XRD graph 

demonstrates the existence of the α-Mg matrix as the major 
phase and the β-Mg17Al12 (β-phase) as the secondary phase. 
The morphologies of the α-Mg and β-phase are further 
observed by the microstructure analysis in Fig. 4.

Figure 4 shows the optical, FESEM, and EBSD micro-
graphs of GC and SC AZ91 alloy. The optical and FESEM 
images show the presence of the α-Mg phase as the 
matrix and the semicontinuous interdendritic network of 
β-Mg17Al12 (β-phase) in the α-Mg matrix. In each alloy, 
the secondary β-phase is distributed differently. In Fig. 4a, 
the GC AZ91 micrograph shows unpreventable casting 
defects like porosity and segregation defects, and they 
might act as the possible crack nucleation site for mate-
rial damage [27]. In contrast, squeeze casting results in a 
fine, homogenous microstructure with nearly little porosity 
and fewer casting defects (Fig. 4d). The outcomes of this 
research work on squeeze cast samples are consistent with 
the other studies that have previously been published for 
squeeze castings of Mg–Al alloys [28–30]. The SC AZ91 
alloy (Fig. 4e) reveals the existence of refined, more joint 
and continuous interdendritic network of β-Mg17Al12 pre-
cipitates while the GC AZ91 alloy (Fig. 4b) has segregated 
blocks of β-Mg17Al12. Prior research on squeeze casting 
of magnesium alloys has also noted such microstructure 
refinement of β-phase after squeeze casting [31–34]. 
During squeeze casting, nonequilibrium solidification of 
molten metal occurs due to applied pressure. Hence, the 
higher solidification rate in the squeeze casting process is 
responsible for the refine and homogeneous distribution of 
the secondary interdendritic network of the β-phase [33]. 
The secondary dendrite arm spacing (SDAS) was meas-
ured from the optical images of GC and SC AZ91 from 5 
different locations in each alloy, and the measured values 

Fig. 2  (a) Fretting wear apparatus with (b) a 3D representation of 
pin-to-sample contact with their dimensional measurements, and (c) 
schematic representation of wear scar diameter and maximum wear 
scar depth, h 

Fig. 3  XRD analysis of GC and SC AZ91 Mg alloy
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are tabulated in Table 2. It can be noted that the SDAS 
value of the SC AZ91 is lower by 24.13% than that of GC 
AZ91. As the secondary dendritic network mostly forms at 
the surface of α-Mg grains surface, the reduction in SDAS 
value in the squeeze casting process could result in the 
reduction in the average grain size (AGS) of squeeze cast 
alloy. The EBSD maps of GC and SC AZ91 are presented 
in Fig. 4c and f, respectively, and AGS values are tabulated 
in Table 2. Due to higher solidification rates achieved in 
squeeze casting process, SC AZ91 sample was found to 
have 26.58% lower AGS than that of GC AZ91 sample.

Microhardness Measurements of GC and SC AZ91 
Alloy

The measured average Vickers’s hardness value of GC AZ91 
alloy and SC AZ91 alloy are 74 ± 10 HV and 81 ± 9 HV, 
respectively. The improvement in hardness value of the sam-
ple after squeeze casting is the result of the increase in grain 
boundary density and formation of a continuous network of 

β-Mg17Al12 which provides a higher resistance to penetration 
of indenter. The increased hardness following the squeeze 
casting is also expected to lead to an improvement in wear 
resistance [35].

Mechanical Properties of GC and SC AZ91 Alloy

The measured tensile properties of GC AZ91 and SC AZ91 
samples are plotted in Fig. 5 and tabulated in Table 3. The 
data shows that the squeeze cast samples demonstrate bet-
ter tensile properties than that of gravity die cast samples. 
Tensile yield stress (TYS), ultimate tensile stress (UTS), and 

Fig. 4  (a) Optical micrograph, (b) FESEM image, and (c) EBSD map of GC AZ91; (d) optical micrograph, (e) FESEM image, and (f) EBSD 
map of SC AZ91

Table 2  Calculated values of secondary dendrite arm spacing 
(SDAS) and average grain size(AGS) of GC and SC AZ91 alloys

Alloy SDAS, µm AGS, µm

GC AZ91 91 ± 9 79 ± 5
SC AZ91 69 ± 8 58 ± 4

Fig. 5  Tensile properties of gravity cast and squeeze cast AZ91 Mg 
alloy (TYS—tensile yield stress, UTS—ultimate tensile stress)
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percent elongation were enhanced in the SC AZ91 sample 
by 98.28, 92.6, and 175.0%, respectively, with respect to GC 
AZ91 sample.

The enhanced mechanical properties of SC alloy are 
primarily due to two factors: Hall–Petch strengthening 
and a decrease in casting defects. The reduced grain size 
and refined β-phase network in SC AZ91 alloy (Fig. 4) are 
caused by the faster solidification of the melt in the squeeze 
casting process [36]. The elimination of casting defects like 
porosity, blowholes, etc., in the SC method (Fig. 4) were 
discussed previously in this paper. The casting defects serve 
as a location for crack formation and hence degrade the 
mechanical strength in gravity die cast sample. Therefore, 
it has been established that the squeeze casting method pro-
duces superior castings compared to the gravity die-casting 
method.

Fretting Wear of GC and SC AZ91 Alloy

Effect of Oscillating Frequency on COF and Wear Volume 
Loss

The coefficient of friction is defined as the ratio of the ampli-
tude of the tangential force to the normal load applied [24]. 
Figure 6 shows the variation of the average coefficient of 
friction with respect to oscillating frequency for GC AZ91 
and SC AZ91 alloy samples. The load was varied at 5, 10, 
and 15 N while maintaining constant fretting amplitude 
(200 µm). The fretting amplitude is the distance traveled 
by the center of the counter body while oscillating from the 
initial to the final position. At all three loads, the COF values 

are observed to increase with an increase in frequency from 
5 to 15 Hz for both GC and SC AZ91 alloys. Increasing 
the velocity of relative slip increases the temperature at the 
contact region between the pin and the AZ91 sample. This 
increases oxidative wear and hence, at higher frequencies, 
the wear debris gets ejected rapidly from the AZ91 sample. 
This reduces the third body interaction between mating sur-
faces and the nascent surface of the test sample gets exposed 
to further damage. Hence, with an increase in frequency, the 
COF increases and consequently, severe wear may occur 
[24]. Considering an individual frequency, with increase in 
load, COF decreases. At higher loading conditions (10 and 
15 N), surface asperities get strain hardened by forming their 
oxides. These oxides act as third-body particles to reduce the 
friction between the pin and AZ91 mating surfaces. Hence 
with an increase in applied load, the average COF decreases. 
For all conditions present in Fig. 6, SC AZ91 alloy samples 
exhibit a lower COF compared to GC AZ91 alloy.

Figure 7 indicates the FESEM images of wear scars of 
GC and SC AZ91 samples for different oscillating frequen-
cies (5, 10, and 15 Hz) at a constant load (10 N) and con-
stant amplitude (200 µm). With an increase in frequency, 
the GC and SC AZ91 samples elicit an increase in scar 
size. Such increment in wear scar size with an increase 
in oscillating frequency for fretting wear study of pure 
Niobium is also reported by Bryggman et al. [37]. Irre-
spective of frequency, the SC AZ91 wear scar shows a 
smoother and marginally lower mean diameter than the GC 
AZ91 sample. At 5 Hz frequency, the adhesion transfer of 
material is prominent in both GC and SC AZ91 alloy (by 
Fig. 7a and b, through appearance of adhesion grooves). 
Compared to the SC AZ91, at a lower frequency (5 Hz), 
the observed microcracks are higher in the GC AZ91 sam-
ple and lead to the cracking of the tribolayer. At higher 
frequencies (10 and 15 Hz), numerous cracks are observed 
in GC samples leading to the cracking of the tribolayer 
and consequently, leading to the delamination and tribo-
oxidation. The delamination and oxidative wear are more 
dominant at higher frequencies in the GC AZ91 sample 

Table 3  Tensile properties of GC and SC AZ91 Mg alloys

Alloy Tensile properties

TYS, MPa UTS, MPa Elongation, %

GC AZ91 alloy 52.5 ± 6.1 68.2 ± 9.2 0.4 ± 0.2
SC AZ91 alloy 104.1 ± 8.0 131.4 ± 10.6 1.1 ± 0.3

Fig. 6  Effect of oscillating frequency on the coefficient of friction at (a) 5, (b) 10, and (c) 15 N load at constant 200 µm amplitude
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(Fig. 7c and e) compared to the SC AZ91 sample (Fig. 7d 
and f) which indicates severe wear of GC AZ91 samples. 
The amount of oxidative wear at higher frequencies in GC 
and SC AZ91 samples is explained further in Sect. "Effect 
of applied load on COF and wear volume loss".

The effect of oscillating frequency on wear volume loss 
at 5, 10, and 15 N load for GC and SC AZ91 samples at 
constant amplitude is shown in Fig. 8. At 5 and 10 N loads, 
the GC and SC samples show nearly similar observations. 
At 15 N load, with an increase in the frequency, the large 

difference in wear volume can be seen in Fig. 8c. Also, at 
lower loads of 5 and 10 N (Fig. 8a and b), after 10 Hz fre-
quency, the slope of the line decreases whereas, at 15 N 
loading condition (Fig. 8c), the slope increases drastically 
in 10–15 Hz range. With an increase in frequency, relative 
velocity in the slip zone of the contact region increases the 
temperature and hence oxidation takes place which results in 
an increase in oxidative wear (Fig. 7). Further, at a frequency 
of 10 Hz, the wear debris is ejected rapidly from counter 
surfaces and reduces third-body interferences. Hence, a 

Fig. 7  FESEM images of wear scars for oscillating frequencies of (a) 5 Hz, (c) 10 Hz and (e) 15 Hz for GC AZ91 alloy and (b) 5 Hz, (d) 10 Hz 
and (f) 15 Hz for SC AZ91 alloy at a constant load of 10 N and constant amplitude of 200 µm
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decrease in the slope of the wear volume curve was observed 
at a frequency from 10 to 15 Hz and at applied loads of 5 
and 10 N. Whereas at higher loading conditions of 15 N, 
the abrasive action of hard wear debris increases the slope 
of the wear volume curve with an increase in oscillating 
frequency. In comparison with GC, SC AZ91 exhibits better 
wear resistance for all conditions. These wear volume results 
(Fig. 8) are in agreement with the COF results (Fig. 6) for 
both GC and SC AZ91 samples.

Effect of Applied Load on COF and Wear Volume Loss

Figure 9 shows the variation of the average coefficient of 
friction with respect to applied load for 5, 10, and 15 Hz 
oscillating frequency by keeping constant amplitude 
(200 µm), where GC AZ91 is compared with the SC AZ91 
sample. At all three-oscillating frequencies, the average 
COF values are observed to decrease with an increase in 
load from 5 to 15 N for both GC and SC AZ91 alloys. The 
coefficient of friction is increases rapidly during the first 
few hundred cycles of fretting wear. With further increase 
in fretting wear cycles, the COF decreases and attains a 
steady state. The formation of a compact bed of oxide wear 
debris is responsible for attaining a steady-state COF in the 
later stages of the fretting wear cycle [24]. Lower loading 

condition (5 N) takes a longer time to achieve a steady state 
in the running-in period of the tests. At higher loading con-
ditions (10 and 15 N), surface asperities get strain hardened 
by forming their oxides and achieve a steady state in lesser 
time. These oxides act as third-body particles to reduce the 
friction between the pin and AZ91 mating surfaces [20, 24]. 
Hence with an increase in applied load, the average COF 
decreases. For every condition, the SC alloy shows a lower 
average coefficient of friction compared to the GC alloy.

Figure 10 shows the wear scar FESEM images for dif-
ferent loads (5, 10, and 15 Hz) at a constant oscillating fre-
quency (10 Hz) and constant amplitude (200 µm), where 
the effect of loads on wear scar sizes was investigated by 
contrasting GC and SC AZ91 alloy. With an increase in 
load, the GC and SC AZ91 samples elicit an increase in 
wear scar size. The micro-cracks and adhesive smearing 
can be observed in GC AZ91 wear scar at lower loading 
conditions (5 N) (by Fig. 10a, through appearance of trans-
ferred smeared material in adhesive groove). GC and SC 
AZ91 exhibit abrasive wear tracks at low and high loads 
(by Fig. 10a and b, through appearance of abrasive groove). 
The SC sample wear scar looks smoother compared to the 
GC AZ91 wear scar in all loading conditions. From the wear 
scar images at the higher load (10 and 15 N), it is clearly 
visible that oxidative wear is more dominant in GC sample. 

Fig. 8  Effect of oscillating frequency on the wear volume loss at (a) 5, (b) 10, and (c) 15 N load at constant 200 µm amplitude

Fig. 9  Effect of load on the coefficient of friction at (a) 5, (b) 10, and (c) 15 Hz oscillating frequency at a constant 200 µm amplitude
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Figure 11 shows the oxidation region is larger in the GC 
AZ91 sample and the SC AZ91 scar shows limited tribo-
oxidation implying that the GC AZ91 sample has more oxi-
dative wear and hence, there may be significant wear loss.

Figure 12 shows the effect of variation in loads on the 
wear volume loss for both the alloy samples at (a) 5 Hz, (b) 
10 Hz, (c) 15 Hz oscillating frequency at a constant 200 µm 
amplitude. For both GC and SC AZ91 alloys in each condi-
tion, wear volume loss increases with an increase in applied 
normal loads. The reported wear volumes of GC and SC 

AZ91 alloy did not change significantly for lower frequen-
cies (5 and 10 Hz). At 15 Hz frequency, the tribo-oxidation 
is the dominant wear mechanism in GC AZ91 exhibiting 
higher wear volume loss compared to the SC AZ91 sample. 
In all conditions shown in Fig. 12, the SC sample shows a 
lower wear volume compared to GC Sample. From Figs. 9 
and 12, it can be concluded that the coefficient of fric-
tion decreases with an increase in load but wear volume 
increases.

Fig. 10  FESEM images of wear scars for loading conditions of (a) 5 N, (c) 10 N and (e) 15 N for GC AZ91 alloy and (b) 5 N, (d) 10 N and (f) 
15 N for SC AZ91 alloy at a constant frequency of 10 Hz and constant 200 µm amplitude
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Compared to SC AZ91 alloy, in GC AZ91, the higher 
porosity and higher average grain size (i.e., lesser grain 
boundary density) translate into a lower yield strength and 
lower hardness of the GC AZ91 sample. Hence, considering 
any individual test condition for wear, due to the presence 
of fewer GBs as obstacles and a higher amount of porosity 
in the GC AZ91 sample, deeper penetration of the pin and 
larger wear scar size has been obtained in the present work. 
Higher casting defects in the GC sample lead to the forma-
tion of micro-cracks on the surface during the wear test. A 
delamination theory has been put out by Waterhouse, Taylor, 
and Suh to explain how wear spreads through subsurface 
fractures and results in the separation of substrate plate-like 
particles [38, 39]. Hence, microcracks in the GC AZ91 sam-
ple propagate and result in a delamination of the surface. 
Thus, delamination and oxidative wear are found to be domi-
nant wear mechanisms for GC AZ91 alloy. Considering the 
AZ91 Mg alloy, the main wear mechanisms between AZ91 
and EN31 tribopair were adhesion, oxidation, abrasion, and 
delamination, under different fretting conditions.

Conclusion

In the present research work, microstructure, tensile proper-
ties and fretting wear behavior were compared for GC AZ91 
and SC AZ91 alloy samples. The salient conclusions of this 
work are summarized as below:

1. Squeeze casting (SC) of AZ91 alloy produced a higher-
quality rod with a more uniform microstructure and 
refined grains, with improvements in YS, UTS, and % 
elongation of 98.28, 92.6, and 175.0%, respectively, 
compared to gravity die cast (GC) rod.

2. Increasing oscillating frequency in fretting wear tests 
resulted in higher COF and wear volume loss in both GC 
and SC AZ91 alloy due to friction heating and formation 
of oxide particles. However, with increasing frequency, 
SC AZ91 exhibited lower COF and better fretting wear 
resistance compared to GC AZ91 alloy.

3. At higher loading conditions (10 and 15 N), surface 
asperities got strain-hardened and formed oxides, reduc-

Fig. 11  Elemental mapping of (a) GC AZ91 wear scar and (b) SC AZ91 wear scar with inset showing the oxygen element map (oscillating fre-
quency = 10 Hz and applied load = 10 N)

Fig. 12  Effect of variation in loads on the wear volume loss at (a) 5, (b) 10, and (c) 15 Hz oscillating frequency at a constant 200 µm amplitude
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ing friction and achieving steady state quickly which 
resulted in lower COF. However, wear volume loss 
increased with applied load due to oxidative wear. With 
increasing applied load, for all conditions studied in the 
present work, the SC AZ91 showed better fretting wear 
resistance compared to the GC AZ91 alloy.

4. Under various fretting circumstances, the dominant 
wear mechanisms between the AZ91/steel tribopair 
were adhesion, oxidation, abrasion, and delamination. 
However, surface oxidation significantly contributed to 
the increased wear of both GC AZ91 and SC AZ91 alloy 
samples at higher frequencies (10 and 15 Hz) and higher 
loading conditions (10 and 15 N).

5. The presence of higher casting defects in the GC AZ91 
sample led to the growth of microcracks on the surface, 
which further propagated, resulting in surface delami-
nation. Consequently, delamination and oxidative wear 
were found to be more severe in the GC AZ91 sample, 
leading to a higher wear volume compared to the SC 
AZ91 sample.
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