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Abstract

The initial microstructure plays an important role in determining the spatial and temporal
evolution of the microstructure during friction stir welding (FSW). The overall kinetics of
microstructural evolution is location sensitive and the effect of the process strain, strain rate and
thermal cycle creates complexities. In the present study, magnesium based WE43 alloy has
been welded employing two different welding conditions. Joint efficiency has been
subsequently evaluated. The results have been correlated with detailed microstructural 
information obtained from SEM and OIM-EBSD. The influence of microstructural evolution on 
strength has been analyzed. This framework provides an approach to maximize joint efficiency.

Introduction

The onset of many desirable features like fuel efficiency and high specific strength are driving 
Mg alloys towards potential structural applications in the future. Strengthening is often a key 
property for material selection in a majority of applications. As a result, the specific strength 
advantage of the Mg alloys over their counterparts has triggered intensive effort for their use in 
engineering applications. WE43 is currently touted to be one of the most promising Mg alloys 
due to its good elevated temperature properties, creep performance, flammability resistance and
relatively higher strength [1,2]. However, welding of Mg alloys is a major challenge and limits 
the ability to fabricate large and complex components [3]. Therefore, joint efficiency can have 
significant impact on expanding its applicability towards various sectors in the near future.
Extensive study on Al alloys and a lucid understanding of microstructural evolution during the
friction stir process has been formulated and is available in the literature [4,5]. Starting from Al 
alloys, a variety of Mg alloys have also been studied.

Feng et al. [6] studied the effect of friction stir processing(FSP) on an AZ91 alloy and reported 
the dissolution and breakup of coarse eutectic Mg17Al12 phase. Park et al. [7] demonstrated the 
importance of texture and related it to the mechanical properties of an AZ61 alloy subjected to 
FSP. Ma et al. [8] suggested that FSP plays the role of solution treatment in AZ91 and saves 
time. Cao et al. [9] reported values of 69-78% for joint efficiencies in an AZ31-H24 alloy with 
failure occurring predominantly between stir zone(SZ) and thermo mechanically affected 
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zone(TMAZ). Several studies has been completed on the precipitation strengthened Mg alloys 
and indicate a strong dependency of strength on the evolution of strengthening precipitates 
[10,11,12,13] However, there is a strong demarcation with respect to the global value of 
strength, contributing factors and evolution path as a function of alloy chemistry during FSW.
The thermal stability of the precipitates strongly determines the process conditions to be 
employed for achieving a desired microstructure. In comparison to the dissolution of precipitates 
in the AZ series, strengthening in Mg-Al-Ca and rare earth containing alloys like GWZ and
WE43 is determined by the ability to control the intermetallic phases [6,11,12,13].
Freeney et al. [12] showed enhancement of the mechanical properties by breakage and 
dissolution of the second phases in a cast EV31 alloy. Xiao et al. [11] showed a large increase in 
the strength of a cast GW103 alloy after post FSP ageing. This was achieved by dissolving the 
Mg5Gd intermetallics during processing. However, Zhang et al. [13] showed that the breakage 
and homogeneous distribution of Al2Ca increased the strength and recommended faster welding 
speeds and lower heat input. Considering a variety of intermetallics (Mg2Y, Mg24Y5, Mg41Nd5)
that form in a WE43 alloy during casting and remain during subsequent shaping operations, it is
interesting to study their response as a function of welding parameters [14,15,16]. Investigations 
indicate that different starting tempers can have significant impact during processing and result 
in different final values of strength. Freeney et al. [17] studied the effect of FSP on a cast WE43 
alloy and obtained a nugget strength equivalent to 120% of the base material. Though a large 
extent of literature exists on the friction stir welding of Mg alloys, the industrially important 
WE43 alloy has not been evaluated much. To the best of our knowledge, no report exists on the 
microstructure-joint efficiency relationship in a wrought WE43 alloy.

The present study aims at correlating the effect of process parameters on the microstructure and 
mechanical property of a T5 temper WE43 alloy.

Experimental Details

For this study, 3.5 mm thick sheets of WE43 alloy in the rolled condition was provided by 
Magnesium Elektron. The nominal composition of the alloy was 4% Y-3% Nd-0.5% Zr–bal Mg
(all in wt%). The alloy was subjected to ageing at 210 0Cfor 48h to maximize the base strength. 
The samples were longitudinally friction stir welded by employing a conical threaded pin made 
of tool steel with a concave shaped featureless shoulder. The pin height, pin diameter at the tip 
and root of the pin were 1.4 mm, 3.4 mm and 5.6 mm, respectively. A single pass FSW was 
performed at tool rotation rates of 600 and 800 rpm and a constant traverse speed of 102 
mm/min.

The specimens for microstructural examination were cross sectioned perpendicular to the FSW
direction. A standard sequential metallurgical procedure such as cutting, mounting and polishing 
with alcohol based diamond polishing compound was employed. Structural features were 
subsequently revealed by etching for duration of 10s in a mixture of acetic glycol (20 mL), (1 
mL) HNO3, (60 mL) ethylene glycol, and (20 mL) water, and washing with ethanol. 
Microstructural analysis and characterization was extensively carried out by employing a
scanning electron microscope (FEI Nova NanoSEM 230). Samples for EBSD analysis were 
prepared using diamond based compounds to a final polishing step of 0.02 ��. These samples 
were subsequently electro-polished (40% H3PO4 and 60% ethanol at 20°C) using a voltage of 2–
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3V for 10–15s and washed using ethanol. A FEI Nova NanoSEM 230 (20 kV, 3.1 mA, tilting 
70o, 0.3 μm step size) was used to record the EBSD patterns for stir zone.

The Vickers microhardness measurements were done at a load of 1.961 N with a 10 s dwell time.
These measurements were performed through the center of the transverse cross section in the SZ 
and extending into the base matrix on either sides for a distance of 15 mm. Quantitative analysis 
was done using the ImageJ software package. The grain size determination was done using the 
linear intercept method.

Results and Discussion

Initial microstructure: As rolled + T5

The as-rolled microstructure was subjected to ageing based on the optimal conditions reported in 
literature. ���	� ��
�� ���
������ �
	� ����� ���
����� �
� ��������
��� 	������������� ;<� 
��� ;�� ��
	�	�
[18,19,20]. Extensive analysis of the microstructure depicted three interesting features: shear 
bands, intermetallic clusters of RE and precipitation gradients. Fig (1a) shows patches of 
inhomogeneity in the rolled structure suggesting preferential shear localization during rolling.  
Jin et al. [21] studied the deformation behavior of a coarse grained AZ31 alloy and observed 
such inhomogeneous structures. The observation was reasoned based on dissimilar 
recrystallization magnitude of different grains owing to their orientation with respect to the 
compressive stress. Serajzadeh et al. [22] employed modeling and related the microstructural 
inhomogeneity to the inherent and inevitable strain gradients. The study also suggested that the 
extent of inhomogeneity would be directly proportional to the reduction per pass. In the present 
case, a greater reduction per pass at lower temperature substantiates the microstructural features.
Another plausible reasoning could be the persistence of the solute that segregated to the 
interdendritic spaces during solidification. This mechanism of chemical partitioning can lead to a 
local supersaturation and subsequent precipitation of non-strengthening precipitates. Thus, the 
prior microstructure plays a crucial role in the subsequent evolution of microstructure and 
mechanical variables during isothermal ageing. The average grain size was 35±15 μm.

Fig. 1. (a) SE micrograph depicting shear localization and precipitation gradients (b) BSE 
micrograph showing cuboidal Mg2YZr0.3 and plate shaped Mg41Nd5Zr intermetallics 

Fig. 1(b) shows the presence of large cuboidal intermetallic of Mg2Y and plate like Mg41Nd5.
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These intermetallics have been reported to form during the  solidification stage and persisted 
during subsequent rolling operations [14-15]. Such cuboidal precipitates have been reported by 
numerous researchers in Gd containing alloys [11]. High thermal stability of these precipitates 
has been reported and their melting point has been quoted to be around 620 0C.The presence of
such coarse particles(~4-5 μm) would be inefficient in serving as an obstacle to dislocation 
motion. Therefore, it would be interesting to note the behavior of these particles subjected to 
FSW.

FSW

This study aims at reasoning the evolution of microstructure as a function of welding parameters 
and resultant thermal cycle. The major contributing factors to strengthening in a WE43 alloy are 
grain size and precipitate descriptors. Therefore, it is necessary to understand the competing 
aspects of strain, strain rate and temperature. The deformation strain, peak temperature and the 
grain size are correlated employing the Zener-Holloman parameter, Z (s-1). Table I summarizes 
the mathematical equations employed to establish the Zener-Holloman parameter from the 
literature.

Table I. Equations for process parameters based calculations [23-26].

   

  (4) 
 

 

where is the strain rate, the gas constant, the temperature, Q the activation energy, the
maximum deformed length, the tool advance per revolution, the tool pin radius, the
perpendicular distance to welding direction from retreating side to advancing side of the tool, v
the welding speed (mm s-1) and d is the grain size.

The peak temperature is determined by employing the Arbegast empirical relationship: [27]

(7)

Where, Tm is the ��������������
�����2=>!�?��
��@AB!4��C the tool rotation rate2���(4�
���D�the 
tool traverse speed(mm s:"). In the present study the values of K and E were averaged over the 
reported values by Chang et al. [28] and Commin et al. [29] for AZ 31 and Mg alloys. The 
activation energy was assumed to be the lattice diffusion of Mg and taken to be 135 Jmol-1. Table 
II summarizes the process parameter based calculations employing equations from Table I.
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Table II. Summary of process parameter based calculations.

Rotational 
speed

(RPM)

Welding speed
(mm/min)

Strain Strain rate 
(s-1

Peak 
temperature (K))

Zener-Holloman 
parameter, Z (s-1)

600 102 8.0 80 621 2×1013

800 102 8.6 115 660 6×1012

(c)
Fig. 2. EBSD micrographs of (a) 600/102, (b) 800/102 and (c) IPF color code

Examination of OIM micrographs reveal fine grained structures indicating extensive dynamic 
recrystallization. This is indicative of extremely high deformation rates calculated in Table II.
Figures 2(a) and (b) show the grain size in specimens welded at 600/102 and 800/102 to be 
around 1.7 and 2.7, μm respectively. This observation can be rationalized based on the Z
parameter and peak temperature. A welding parameter of 600/102 results in a lower peak 
temperature and a higher Z parameter. In comparison to the 800/102 sample, the increase in the 
Z magnitude for a 600/102 sample by an order results in a finer grain size. Freeney et al. [13]
reported the grain size to be 6.1 μm for a cast EV31A processed at 400/102. Investigations for a
T5 WE43 shows a grain size of 1.5-2.5 μm subjected to a higher heat input as compared to 
EV31A. A higher grain refining sensitivity in a WE43 alloy could be reasoned based on a greater 
extent of second phases and Zr content that would impact pinning and higher extent of solute 
elements. In comparison to the cast WE43 alloy processed at 400/102, T5 temper exhibited a
finer grain size substantiating the importance of initial microstructure. Though, DRX is 
unanimously accepted, there is a conflict over the mechanistic mode triggering recrystallization.
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Fig. 3. SEM micrographs of different conditions ; (a) AR+T5 (210 0C/48h), (b) 600/4 SZ, (c) 
600/102 TMAZ, (d) 800/102 SZ, (e) 800/102 TMAZ

Figures 3 (a-e) indicate the various zones and the characteristic features embedded in the 
microstructure obtained from SEM examination. The area fraction of the precipitates was
evaluated using imageJ and decreased from 24.1% in the T5 state to 16.1 and 17.4% in 600/102 
and 800/102, respectively. Friction stir welding has led to partial homogenization as compared to 
the T5 condition (Figs. 3b and d). For a sample processed at a higher rotational rate (Fig. 3d), it 
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showed preferential precipitate coarsening at the grain boundaries as compared to 600/102. Since 
coarsening is dependent on the thermal profile and mechanical cycle, the evolution becomes a 
complex function of the competing factors. For an 800/102 sample, the peak temperature is 
above the dissolution temperature of strengthening precipitates and would soften the matrix to a 
greater extent. Non-equilibrium reprecipitation would then favor the formation of non-
strengthening ; precipitates at grain boundaries. Figs. 3(c) and (e) depict formation of necklace 
structures and fragmentation of prior grains leading to finer grains by recrystallization and break 
up. This is due to high bulk diffusivity of Mg at a particular temperature in comparison to Al 
alloys.

Mechanical properties and effect of Post weld heat treatment (PWHT)

Differences exhibited by 600/102 (Fig. 3b) and 800/102 (Fig. 3d) in terms of precipitate 
characteristics and grain size markedly affected the strength levels, by 6-7 HV in the HAZ, and 
by 5 HV in the nugget as shown in Fig. 4 (a). A W shaped curve was observed and can be 
reasoned based on the effect of shoulder. The shoulder diameter (d)/Sheet thickness (t) ratio was 
approximately three resulting in greater accumulation of heat. This is analogous to a heat 
pumping source possessing a greater temperature field over a smaller distance. Thus the HAZ 
would experience higher temperatures with a knockdown in properties. PWHT increased the SZ, 
TMAZ and HAZ strength and marginally lowered the strength of the base metal. Therefore, the 
joint efficiency values considerably increased after aging.

Fig. 4. Microhardness data for as processed and PWHT samples.

4. Conclusions

The effect of processing conditions on the joint efficiency of a T5 temper WE43 alloy was 
investigated. Based on the study, the following conclusions are made:
1) The FSW of WE43 resulted in grain refinement, breakage and dissolution of second phase 

particles leading to homogenization. The grain size reduced from 35 ± 15 μm in the T5 state 
to 1.7 ± 0.2 μm and 2.7 ± 0.26 μm in a 600/102 and 800/102 samples.

2) The shoulder diameter to sheet thickness ratio was 3 resulting in a concentrated temperature 
field. This lead to a wide HAZ extending from the periphery of the TMAZ to the base metal.

3) The HAZ served as the weakest link with a joint efficiency of 73.5% and 67% for a 600/102 
and 800/102 samples. These values increased to 85 and 79.5% after PWHT respectively. A 
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better understanding of microstructure evolution coupled with aging optimization needs to be 
done.
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