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MECHANICAL PROPERTIES AND TRIBOLOGICAL BEHAVIOR OF GRAIN REFINED WE43 MAGNESIUM ALLOY

In the current work, the surface of WE43 Mg alloy has been modified by friction stir processing (FSP) in order to assess grain
refinement on mechanical and tribological properties. After FSP, along with the decreased grain size, the reduced fraction of interme-
tallics (Mg,4Y's, Mg, Nds) was observed as also confirmed by X-ray diffraction (XRD) analysis. Furthermore, the altered intensity
of the significant XRD peaks after FSP indicates the development of texture. Increased micro hardness (from 86.3 = 7.9 HV,
to 127.2 + 3.4 to) and tensile strength (from 207 to 267.2 MPa) at the cost of marginally losing the ductility as reflected in de-
creased % of elongation from 32.02 to 29.04 were observed in FSPed alloy. The scratch test was conducted by applying three dif-
ferent loads (30 N, 40 N and 50 N) to assess the tribological properties of the FSPed surface. The scratch hardness obtained from
the width of the scratch indicated a significant increase in the scratch hardness in the FSPed alloy compared with the base alloy.
The results suggest the promising role of modifying surface microstructure by FSP to improve the mechanical performance and

tribological characteristics of WE43 alloy.
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1. Introduction

Magnesium (Mg) alloys have become the choice of interest
as potential candidates in fabricating light weight structures. Be-
ing a light weight material, Mg exhibits relatively lower density
and higher specific strength compared with Al [1,2]. Addition-
ally, Mg possesses better damping properties and good castability
[3]. However, Mg’s lower formability is a limitation due to its
hep crystal structure and poor corrosion resistance. Several al-
loying elements have been added to the Mg system to produce
high performing alloys. Developing special composites [4,5],
adopting surface treatments [5], providing surface coatings [5],
and tailoring surface topography by machining [6,7] are a few
strategies reported in the literature to improve the performance
of Mg alloys. On the other hand, microstructural modification
is a proven strategy in the processing of materials to enhance
their mechanical performance.

The grain refinement along with enhanced bulk properties
can be achieved in Mg alloys by using a variety of mechanical
processing procedures, such as severe plastic deformation (SPD)
or thermomechanical treatments [8,9]. Friction stir processing
(FSP), is a solid-state technique that uses a non-consumable
tool to plastically stir the surface of the targeted substrate and

results in a superior level of grain refinement [10,11]. Since FSP
is carried out within the solid state, the complexity of handling
liquid Mg can be completely eliminated. Particularly, for highly
reactive metals such as Mg, FSP is a promising technique to
bring fine grain structure without melting the workpiece 12].
Pure Mg [13] and several Mg alloys including AZ31 [14], AZ61
[15], AZ91 [16], AZ80 [17], ZEA1 [18], ZK60 [19], AM60, and
Mg-RE (Y, Gd, Nd, Zr) [20-22] have been processed by FSP and
significant grain refinement has been achieved.

Rare earth (RE)-containing magnesium alloys have shown
improved corrosion and mechanical performance. Aircraft en-
gine components, helicopter rotor heads, racing wheels, motor-
sport components, engine casings, power transmission and gear-
box casings are a few potential applications of RE-containing
Mg alloys. The presence of neodymium (Nd) and yttrium (Y) in
Mg enhances mechanical and corrosion resistance [23-25]. The
addition of Zirconium (Zr) helps to decrease the large columnar
grains in Mg. The presence of intermetallics such as Mg, Nds
and Mg,,Y 5 due to the added Nd and Y in Mg significantly en-
hances the mechanical, corrosion and tribological performance
of Mg-RE alloys. The quantity, size and distribution of these
intermetallics can be altered by heat treatment or mechanical
processing that involves recrystallization. From the earlier
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reports, the fraction and the distribution of intermetallics in
Mg alloys can be significantly altered in Mg alloys by FSP
[16,19]. Applying 6 passes of FSP increased the alloy’s corro-
sion resistance compared to its original as-annealed condition
[26]. This improvement was attributable to the fragmentation
and redistribution of second-phase particles. The protective pas-
sive layer became more homogeneous after using FSP, and the
level of micro-galvanic coupling that causes pitting corrosion
was reduced at the same time. Biocompatible WE 43 Mg-based
alloys treated using a combination of rotary swaging (RS) and
friction stir processing (FSP) concerning different rotational
speeds. The evolution of textures and characterizations of grain
sizes and grain boundaries were studied [27]. Recently, Wu et al.
[28] processed WE43 Mg alloy by FSP at different combinations
of tool rotational and travel speeds and a grain refinement was
achieved from 27.96 um to ~4.32 um. The refined microstruc-
ture has a significant effect on enhancing the microhardness
and decreasing the intergranular corrosion in phosphate buffer
saline solution.

The information on the role of surface grain refinement
achieved by FSP on the surface scratch resistance and the
mechanical performance of WE43 Mg alloy is insufficient.
Hence, in the present work, Mg-Nd-Y-Zr alloy (WE43) has
been subjected to FSP with the aim to achieve grain refinement
and altering the intermetallics. After that, the role of modified
microstructure on mechanical and tribological properties was
examined.

2. Materials and methods

WE43 Mg alloy sheets of size 100x100x6 mm?> were
procured from Exclusive Magnesium, India with the chemical
composition of 3.5% Y, 2.5% Nd, 0.5% Zr and the remaining
being Mg. An FSP tool having a shoulder of 20 mm diameter
with a threaded tapered pin of 5 mm length and a radius of 6
to 3 mm has been used to perform the FSP. Fig. 1(a) shows
the photograph of the FSP tool used to process the WE43 al-
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loy sheet. The workpiece was fixed on the table of specially
designed FSP equipment and the FSP tool was arranged in the
spindle and a 1° tilt angle was selected. Usually, the tool tilt
angle is adopted during FSP to achieve a higher level of mate-
rial flow and to apply appropriate hydrostatic pressure by the
tool shoulder to avoid excessive material flash from the stir
zone. For Mg alloys, lower tool tilt angles are suggested and
hence 1° tilt angle was selected in the present work [12,29].
It was reported that the lower tool rotational speeds decrease
the heat generation and cause poor material flow and higher
tool travel speeds allow insufficient time for stirring of mate-
rial and results in defects in the nugget zone. Hence, selecting
an appropriate combination of process parameters is crucial to
achieve a defect free stir zone. In the present work, the process
parameters to conduct the FSP experiments were selected based
on the literature and presented in TABLE 1 [30,31]. The rotat-
ing FSP tool was first placed into the workpiece such that its
shoulder was entirely in contact with the workpiece’s surface
and 30 seconds were given to allow enough heat to build up in
the stir zone as a result of the generated friction between the
surface of the workpiece and the FSP tool’s shoulder. Then
the rotating tool was allowed to travel in the traverse direction.
Fig. 1(b) depicts a schematic diagram of the procedure, and Fig.
1(c) depicts a picture of the FSPed WE43 alloy. Then the speci-
mens for characterization, mechanical properties evaluation and
surface scratch test were prepared by wire electric discharge
machining (EDM).

TABLE 1

FSP process parameters adopted to develop grain
refined WE43 Mg alloy

Parameter Value/Characteristics
Tool rotational speed 900 rpm
Tool traverse speed 50 mm/min
Tool tilt angle 1°
Workpiece preheating No preheating
Tool Material H16 steel

Fig. 1. (a) Schematic representation of FSP process and (b) photograph of FSPed alloy sheet



3. Preparation of specimens for characterizations
3.1. Microstructural analysis

The Metallographic test samples were made based on the
ASTM E3-95 method (ASTM E3-95 —2017). Specimens of the
size of (35 x 18 x10) mm were cut across the FSPed zone and also
from the base alloy. The samples were polished in accordance with
the normal metallographic method and then etched with a solution
of picric acid reagent. An inverted optical microscope (Leica,
Germany) and scanning electron microscope (TESCAN, Czech
Republic) were used to record the specimens’ microstructure. The
Stir Zone (SZ) of the FSPed alloy was extracted for XRD, (D8
Bruker, USA) analysis was carried out by using Cu Ka between
20° to 80° 26 range with a step size of 0.1 and a scan rate of 0.1°/s.

3.2. Mechanical and tribological analysis

To comprehend the impact of microstructural changes on
the structural performance of the FSPed alloy, the mechanical
characteristics of specimens were assessed. Microhardness meas-
urements were done across the FSP region and compared with the
base alloy by using an automated microhardness tester (Omitech,
India), by applying a 100 g load (ASTM E92-17 —2017). Tensile
tests were performed by using a 10kN capacity universal testing
machine (H10KL/150) to assess the samples’ ultimate tensile
strength and yield strength. The specimens were prepared as per
the ASTM WK49229 (ASTM WK49229 — 2015) standard as
shown in Fig. 2 by wire EDM across the FSPed region such that
the width of the tensile sample is perpendicular to the FSP direc-
tion. Tensile tests were carried out at a strain rate of 0.01 [1/s].
Then the fracture surfaces were examined by using SEM.

A Scratch test was conducted on both the base alloy and
FSPed alloy by applying varying loads (20 N and 50 N). Before
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Fig. 2. Dimensions of micromechanical tensile test samples and typical
photograph of the samples

the experiments, all the samples were polished up to a common
roughness level by using fine grade (2000) emery sheets. Experi-
ments were conducted in dry conditions at room temperature.
From the test data, friction coefficient values have been obtained
and compared. The average width of the produced scratch has
been measured by using ImagelJ software (Netherlands) to cal-
culate the scratch hardness by using Eq. (1).

H zﬁ )

o oa(o?)

Where H; is scratch hardness (MPa), P is applied load (N), and
D is the width of the scratch. The width of the scratch has been
measured at 10 different regions across the scratch. The mean
values have been obtained with standard deviation to compare
the scratch hardness. Fig. 3 shows the flow chart of the current
research work.

4. Results and discussion
Fig. 4(a) presents the photograph obtained at the cross-

section of the FSPed sample that indicates the stir zone free
from the tunneling defect. The material flows in the direction
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Fig. 3. Flow chart showing the work plan of the current research work
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of thickness producing a perfect metallurgical continuity across
the processed region. Fig. 4(b) shows the microstructure of the
base alloy. From the linear intercept method, the average grain
size was measured as 46 = 4.2 um. The intermetallics (Mgy4Y s,
Mg,1Nds) usually appear when Y and Nd are added to Mg and
were identified in the base alloy as indicated with arrows at the
grain boundaries (Fig. 4(b)). The FSP led to grain refinement
that can be observed in the SZ of the FSPed WE43 sample at
the cross-section (Fig. 4(b) and 4(c)). The thermomechanical
affected zone (TMAZ) and heat affected zone (HAZ), which
are next to the SZ, are shown in Fig. 4(c). The SZ (Fig. 4(d))
demonstrates an average grain size of 16.1 + 5.4 um. Several
twins were also observed in the grains of the stir zone (indicated
with arrows in Fig. 4(d)). Due to the HCP crystal structure, Mg
exhibits more twins when subjected to plastic deformation. The

presence of more twins also influences the material bulk proper-
ties as they are also considered crystal imperfections.

The Microstructure of the SZ shows relatively fine interme-
tallics compared with the base alloy. SEM observations (Fig. 5)
also confirm the decreased amount of intermetallic phases and
the grain refinement in the FSPed WE43 compared with the base
alloy. XRD analysis before and after FSP demonstrates the de-
velopment of texture (Fig. 6). FSP led to decrease in the peak
intensities corresponding to intermetallics (Mg,4Y 5, Mg, Nds).
This is caused by the heat produced during FSP which increased
the solubility limit of the alloying elements and dynamic recrys-
tallization which led to the evolution of new grains with more
solubility of alloying elements. Hence, the resulting grains are be-
lieved to be supersaturated due to the dissolution of more amount
of alloying elements. This is similar to the earlier reported works

Fig. 4. (a) Photograph of the cross section of FSPed WE43, (b) optical microscope images of WE43 Mg alloy, (¢) microstructure in the nugget

zone and (d) microstructure at the cross section of FSPed WE43



Fig. 5. SEM images of the samples: (a) base alloy and (b) FSPed WE43

in FSP of AZ31, AZ91 and ZE41 Mg alloys where, significant
decrease in the fraction of intermetallics and grain refinement are
the common observations [16,18,32]. Decreasing the intermetal-
lics and producing smaller grains help to enhance the mechanical
performance [32,33]. Furthermore, a significant change in the
XRD peak intensities after FSP also suggests the development
of texture during the material flow in the SZ of FSPed WE43.
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Fig. 6. XRD patterns of the samples

From the microstructures and XRD data of the samples,
the following important factors are observed to be influential in
altering the bulk properties of the FSPed samples.

(1) Reduced grain size which increases the fraction of grain
boundary

Decreased intermetallic quantity.

Supersaturated grains due to the more dissolution of the
alloying elements

Texture of the FSPed samples as reflected in the altered
peak intensities after FSP.

The above factors certainly affect the structure sensitive
properties. For example, grain refinement increases the strength
of the FSPed sample. On the other hand, increased grain bound-

2
3)

4)
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ary increases the electrochemical activities at the grain bounda-
ries. Decreased intermetallics reduce the galvanic corrosion
in the corroding environment. Supersaturated grains lead to
distortion of the lattice and increase the strength of the alloy.
Texture in Mg alloys influences the deformation mechanisms
under applied mechanical loading. Hence, the combined effect
of the aforementioned factors on the mechanical performance
of FSPed WE43 is significant.

Fig. 7 presents the microhardness distribution and average
values of the samples. It was observed that the SZ has higher
hardness compared to that of the base alloy. More variations were
noticed in the hardness values for the base material. This kind of
observation can be seen in the other Mg alloys including AZ31,
ZE41 and AZ91 as reported in the recent literature [14,16,18].
Considering the combined presence of intermetallics and solid
solution grains, the change in the distribution of these regions
significantly influences the mechanical behaviour as reflected
in the uniform hardness values in the present work. A gradual
increment in the hardness from the advancing side in the SZ
to higher values can also be observed for the FSPed WE43
sample. Increased hardness after FSP is ascertained to the role
of microstructure modification in the SZ. Higher hardness was
recorded in the centre of the SZ compared with the advancing
and retreating sides of the SZ. The presence of smaller grains
and also more twins in the SZ compared with TMAZ and HAZ
led to an increase in the hardness in the FSPed sample.

Fig. 8 compares the stress-strain plots of the samples be-
fore and after FSP. The results indicate improved mechanical
properties for the FSPed sample. The ultimate tensile strength
was measured as increased to 267.2 MPa compared with the
base alloy (207 MPa) after FSP. The ductility was marginally
decreased as reflected by the reduced % of elongation from 32.02
to 29.04 after FSP. The increased tensile strength is claimed to
the grain boundary strengthening mechanism in the FSPed WE43
sample. Relatively the benefit achieved due to the grain refine-
ment in enhancing the strength is prominent compared with the
marginal loss in ductility. It has been well understood in the lit-
erature that the supersaturated grains resulted from the decreased
intermetallics during FSP enhance the mechanical performance
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Fig. 7. Microhardness values of the samples: (a) hardness distribution and (b) average hardness values

of Mg alloys [29]. The development of texture after FSP also
contributes to improve the tensile strength [29,30]. Furthermore,
the stress-strain curves instability was also observed in the plastic
region in both the samples. This kind of flow stress instability is
influenced by working temperature and strain rate during the plas-
tic deformation of Mg alloys, particularly in the alloys which have
intermetallics at the grain boundaries [34,35]. In WE43 Mg alloy,
RE containing intermetallics can be observed at the grain bounda-
ries. Even though, FSP decreases the quantity of the intermetal-
lics in Mg alloys, presence of smaller intermetallics is inevitable
[16,18,29]. Hence, before fracture, regions with stress instability
was observed from the stress-strain curves of both the samples.
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Fig. 8. Engineering stress strain curves of the samples

Fig. 9 presents the morphologies of the fractured surfaces
after tensile tests under the applied uniaxial load. More cracks
(as represented with circles) resulted due to the removed inter-
metallics during the failure in the base alloy compared with the
FSPed WE43. The corresponding magnified images (Fig. 9(c)
and 9(d)) shows the cracks resulted from the fracture as indicated
with white arrows. Both the samples exhibited wave patterns of

the fractured surface. Due to the decreased intermetallics after
FSP, the corresponding cracks were observed as lower in the
FSPed WEA43.

Fig. 10 presents the photographs of the surfaces of the
samples after the scratches test was carried out at three differ-
ent loads (30, 40 and 50 N). From these images ploughing with
a smaller scratch width formation was observed in the FSPed
samples. Wear debris was clearly noticed on the base alloy sur-
face adjacent to the produced scratch. On the other hand, lower
wear debris was noticed next to the scratch on the FSPed WE43
samples at all loading conditions. As explained by Surya Kiran
et al., [24], smaller grains with decreased intermetallics help to
produce sound edges without resulting in significant material
de-lamination during the material removal process. In the pre-
sent work, lower debris on the FSPed samples can be claimed
to be the refined microstructure due to FSP. Fig. 11 shows the
coefficient of friction (COF) of the samples during the scratch
test at varying loads. Uniform COF was observed in the stir
zone of FSPed WE43 samples compared with TMAZ and HAZ
zones. Compared with the base alloy, the COF was observed as
gradually decreasing from 0.35 (SZ) to 0.3 (Base region). More
variations within the COF values can be observed for the base
alloy around an average value of 0.35.

Fig. 12 presents the comparison of the traction forces ob-
tained for the samples during the scratch test. The traction force
(N) was observed with more variations within the measured val-
ues in the base alloy (Fig. 12(a)) compared with the FSPed WE43
(Fig. 12(b)). The average traction forces were measured as 8,
12 and 16 N for base alloy at 30, 40 and 50 N load respectively.
Similarly, for FSPed alloy, the measured traction forces were
observed as 10, 14, and 18 N at 30, 40 and 50 N load respectively.
It can be understood that the significant microstructural changes
introduced in WE43 alloy by FSP have increased the scratch
resistance and hence, higher traction forces were recorded at all
the loads compared with the base alloy.

Fig. 13 shows the comparison of scratch hardness in the SZ,
TMAZ, and HAZ with the base alloy. The resistance offered by
the material when subjected to scratch made by a sharp indenter is
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Fig. 10. Images of the scratches on the samples obtained at different loads: (a) WE43 at 30 N, (b) WE43 at 40 N, (c) WE43 at 50 N, (d) FSPed
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Fig. 11. Coefficient of friction of the samples at three different loading conditions during the scratch test: (a) WE43 and (b) FSPed WE43

known as scratch hardness. The wear characteristics of a surface
can be assessed by the scratch test. The scratch hardness of the
FSPed sample was higher compared to the base at all three loads
30 N, 40 N, and 50 N. The scratch widths for FSPed material
were smaller as compared to the base alloy. The scratch with
the smaller width implies a larger scratch hardness. The scratch

hardness of the FSPed alloy showed a decreasing trend with re-
spect to increasing load at all zones SZ, TMAZ and HAZ zones.

In supersaturated alloys, precipitation of intermetallics is
a common observation which influence the material bulk per-
formance. In the current work, investigations were carried out
immediately after preparing the FSPed sample. Hence, the role of
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Fig. 13. Comparison of the scratch hardness of the test samples at dif-
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precipitated phases on the properties can be considered as negli-
gible. However, with the aging, precipitation can be accelerated
in the FSPed WE43 Mg alloy and the post-aged microstructure
influence on the material properties is expected to be significant
which is the scope for the future work. From the overall results,
it can be summarized that FSP can be used to reduce the grain
size of WE43 Mg alloy and the cumulative effect of decreased
grain size, formation of super saturated grains and development
of crystal texture enhance the mechanical performance. The ten-
sile strength can be significantly improved without sacrificing
much ductility, which helps to develop structures with higher
load bearing capacity. Furthermore, improved scratch resistance
after FSP is also favourable for developing surfaces with better
tribological behaviour.

5. Conclusions

In the present work, WE43 Mg alloy was successfully
processed by FSP with an aim to understand the role of altered
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microstructure on the mechanical and tribological properties.

From the results, the following conclusions can be made.

i. It was observed that FSP led to grain refinement from
46+4.2 umto 16.1 +5.4 um and also decreased the fraction
of intermetallics that usually appeared in the base alloy.

ii. XRD analysis also confirms the decreased intermetallic
fraction in addition to the appearance of texture after FSP.

iii. Due to the combined effect of smaller grain size, reduce
intermetallics the development of supersaturated grains; the
development of preferred texture; increased hardness (up to
45%) and higher tensile strength (~30%) and decreased %
of elongation (~8%) have been observed. At the sacrifice of
merely a smaller fraction of ductility, significant improve-
ment in the tensile strength has been achieved.

iv.  Scratch test data revealed that the FSPed alloy demonstrates
better scratch resistance as appeared in the higher scratch
hardness.

Hence, it is concluded that FSP can be adopted to improve
the WE43 Mg alloy mechanical performance and tribological
behavior by promoting grain refinement targeted for load-bearing
lightweight structural applications.
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