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Abstract

Six millimetre thick Mg—Zn—Y—Zr plate was friction stir welded (FSW). Under a tool rotation rate of 800 rpm and a traverse speed of 100 mm/min,
the defect-free weld was obtained. After FSW, coarse strip-like microstructure in forged Mg—Zn—Y—Zr alloy changed into fine equiaxed recrystallized
grains in the nugget zone. Furthermore, bulky I-phase particles were broken up and dispersed with some of them being transformed to W-phase,
and most of MgZn precipitates were dissolved. Micro-hardness measurement indicated that the hardness of the nugget zone was higher than that of
the parent material and the lowest value of hardness was found in the heat-affected zone (HAZ). Transverse tensile tests showed that the strengths
and elongation of the weld was only slightly lower than those of parent material with ultimate tensile strength of the weld reaching 95% of the

parent material.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Requirement for increasing fuel efficiency and transportation
speed of space probes and cars promoted high-speed devel-
opment of even light alloys, thus magnesium alloy with high
specific strength has been successfully applied to the struc-
ture parts [1]. However, the close-packed hexagonal structure
of magnesium alloy resulted in limited strength and ductility at
room temperature. To improve mechanical properties of magne-
sium alloy, extensive researches have been focused on alloying
and plastic processing.

Addition of Y element can provide the strengthening effect to
magnesium alloys by the Orowan mechanism, especially at ele-
vated temperatures [2]. Forged Mg—Zn—Y—Zr alloys have been
produced by thermomechanical processes. In Mg—Zn-Y alloys,
it was suggested that there were three kinds of ternary equi-
librium phases, i.e. I-phase (Mg3ZngY), W-phase (Mg3zZn3Y>)
and Z-phase (Mg2ZnY) [3-5]. However, the Z-phase was iden-
tified only in the Mg—1.2Zn-7.2Y-0.48Zr alloy with high Y
content and low Zn/Y ratio [6]. For Mg—Zn—Y—Zr alloys, zirco-
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nium does not take part in the formation of secondary phases [7].
Therefore, in the forged Mg—Zn—Y—Zr alloys with low yttrium
content, the main phases were [-phase and W-phase [8-13], and
some Mg—Zn aging strengthening phases were also detected
[9].

With fast development and wide applications, the welding
of magnesium alloys becomes a main concern. The drawbacks
associated with the fusion welding include: (a) complex thermal
stresses and severe deformation, (b) the presence of porosity and
crack in the fusion zone, (c¢) the excess eutectic formation. Fric-
tion stir welding (FSW) is a relatively new solid-state joining
technique, invented by The Welding Institute of the UK in 1991
[14]. A non-consumable rotating tool with a specially designed
pin and shoulder is inserted into the abutting edges of sheets or
plates to be joined and traversed along the line of joint to form
the weld. Since the invention of FSW, most efforts focused on
high-strength aluminum alloys [15]. The close-packed hexago-
nal structure of magnesium alloy results in the lack of slip plane
during plastic processing, therefore, it is more difficult to obtain
sound FSW joint of magnesium alloys than that of the aluminum
alloys.

In the past few years, a number of studies have been
conducted to evaluate the feasibility of FSW of magnesium
alloys. From the investigations on AZ (Mg—Al-Zn) and AM
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(Mg—Al-Mn) series magnesium alloys it was seen that sound
FSW joints with good properties and uniform microstructure
can be achieved under optimized FSW parameters [16-25].
While Nakata et al. [22] and Lee et al. [23] reported that sound
joints were produced only at higher tool rotation rates and
lower traverse speeds in thixomolded AZ91D and hot-rolled
AZ31B-H24, the investigations by Lee et al. [24] and Park et
al. [25] indicated that defect-free FSW welds of AZ91D could
be achieved at relatively high tool rotation rates of 800—1600 rpm
for a wide range of tool traverse speeds. To the best of our knowl-
edge, no attempt has been made so far to evaluate the weldability
of Mg—Zn—-Y—Zr alloy via FSW. In this study, we reported the
first result on FSW of Mg-Zn-Y—Zr alloy.

2. Experimental procedure

Mg-Zn-Y-Zr alloy forging with a composition of
6.0Zn-0.6Y—-0.6Zr (in wt.%) was used for this study. The plates
of 6 mm in thickness, 300 mm in length and 70 mm in width
were machined from the forging and welded at a tool rota-
tion rate of 800 rpm and a traverse speed of 100 mm/min by
using a gantry FSW machine (China FSW Center). A tool with
a shoulder of 22 mm in diameter and a coniform threaded pin
of 6 mm in diameter and 5.7 mm in length was used. The tilt
angle for all welds was maintained at 2.5°. Before welding,
the plates were cleared by the wire brush to remove surface
oxide layer. The FSW samples were cross-sectioned perpen-
dicular to the welding direction, polished and then etched with
solution of 90 ml ethanol, 10 ml distilled water, 5 ml acetic acid
and 5 g picric acid. Microstructural features were characterized
by optical microscopy (OM) and scanning electron microscopy
(SEM). Grain sizes were measured by the mean linear intercept
method. Distribution of element and composition of phase in the
nugget zone and the parent material (PM) were analyzed by the
Oxford type energy dispersive spectroscopy (EDS) and Philips
type X-ray diffractometer (XRD), respectively. The Vickers-
hardness of the joint was measured with a 500 g load for 13 s by
LECO-LM247AT type Vickers-hardness machine. The tensile
specimens with a gauge length of 40 mm and a gauge width of
10 mm were machined perpendicular to the FSW direction. The
tensile test was carried out using the Zwick-Roell type testing
machine at a strain rate of 4.2 x 10™%s71,

3. Results and discussion

Fig. 1 shows the typical cross-sectional macrographs of FSW
Mg—Zn-Y-Zr joint. No welding defect was detected in the

Fig. 1. Cross-sectional macrograph of FSW Mg—Zn—Y—Zr joint (the advancing
side is on the right).

joint, indicating that the sound FSW Mg—Zn—-Y—Zr joint can
be achieved under investigated welding parameter (rotation rate
of 800 rpm and traverse speed of 100 mm/min). As in FSW alu-
minum alloys, three microstructural zones were identified, i.e.
nugget zone, thermomechanically affected zone (TMAZ) and
heat-affected zone (HAZ). The nugget zone exhibited a basin-
like shape, which is similar to that observed in FSW AZ31
[26]. Fig. 2 shows the microstructures of the parent material,
TMAZ and nugget zone. The parent material exhibited a typical
as-forged structure, characterized by coarse strip-like struc-
tures and large secondary phase particles with the fine dynamic
recrystallized grains being distributed between coarse strip-like
structures (Fig. 2(a)). In the TMAZ, the dynamic recrystalliza-
tion did not occur due to insufficient deformation strain and
thermal exposure, and the elongated grains with coarse sec-
ondary phase particles being distributed along flow line were
observed (Fig. 2(b)). Intense plastic deformation and frictional
heating during FSW resulted in the generation of fine recrystal-
lized grains of 6.8 wm within the nugget zone (Fig. 2(c)). The
grain size of the nugget zone was significantly smaller than that
of the parent material. Similarly, Esparza et al. [18] and Park
et al. [27] reported the generation of the recrystallized grains
of 10-15 wm in the nugget zone of FSW AZ61 and AM60
alloys [17,27]. Beyond the TMAZ there is a HAZ, which experi-
enced a thermal cycle without any plastic deformation. The grain
size in HAZ was coarser than that in the nugget zone with the
precipitates being coarsened and/or dissolved into the matrix.
Therefore, the HAZ was usually the weakest zone of FSW joint.

Fig. 3 shows the X-ray diffraction patterns of the parent mate-
rial and nugget zone. For both parent material and nugget zone,
the diffraction peaks of a-Mg, I-phase, W-phase, MgZn and
MgZn, were detected. No Z-phase was detected due to lower
Y content and higher Zn/Y ratio [6]. In a previous study [8],
Zhang et al. reported the existence of a-Mg and I-phase in
Mg-5.5Zn-0.7Y-0.4Zr (in wt.%) alloy with some weak diffrac-
tion peaks not being identified. This study indicated that these
weak diffraction peaks correspond to MgZn and MgZn, phases.
Fig. 4 shows SEM images of various microstructural zones. The
secondary phase particles were quite coarse and the distribution
was very heterogeneous in the parent material (Fig. 4(a)). In
the TMAZ, the coarse secondary phase particles tended to be
distributed along the flow lines and the size of the particles did
not change (Fig. 4(b)). In the nugget zone, significantly refined
secondary phase particles were homogeneously distributed in
the magnesium matrix (Fig. 4(c)). This is attributed to signifi-
cant breaking and dispersion effect of the threaded pin during
FSW. The EDS analyses indicated that the secondary phase par-
ticles in both parent material and nugget zone correspond to the
Mg—-Zn-Y ternary phase (Fig. 5).

In solidification process of Mg—Zn—Y—Zr alloy, the eutectic
temperatures of I-phase and W-phase were ~450 and 510 °C,
respectively [8]. In this case, the solidification sequence of
Mg—Zn—-Y—Zr alloy was in turn W-phase, I-phase, and then
Mg—Zn phase was formed. The formation of the I-phase and
W-phase consumed most of the Zn element in the alloy, there-
fore ternary eutectic phases (I-phase and W-phase) in cast
Mg—Zn-Y—Zr alloy were the main secondary phases. Because
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Fig. 2. Microstructure of Mg—Zn—Y-Zr alloy: (a) PM, (b) TMAZ, and (c) nugget zone.

the forging was conducted at a lower temperature of 390 °C, the
eutectic phases (I-phase and W-phase) did not change after the
forging. Fig. 6 showed the DSC results of the parent material and
nugget zone. The two endothermic peaks appeared at ~340 and
458 °C in the parent material. Based on Ref. [8] and the present
XRD analysis, the endothermic peak at 458 °C corresponds to
the dissolution of I-phase. Besides, the precipitation temper-
ature of the MgZn phase was about 340 °C [28], thus another
endothermic peak was due to the dissolution of the MgZn phase.
The W-phase and MgZn, phases, detected by the XRD pattern,
were not observed in the DSC curve (Fig. 6), probably due to
lower contents.
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Fig. 3. XRD patterns of Mg—Zn—Y—Zr alloy: (a) PM and (b) nugget zone.

Recently, Zhang et al. studied the effect of Y content on
the formation of the ternary eutectic phases in Mg—5.4Zn—
(0.7-1.7)Y-0.4Zr (in wt.%) alloys [8]. With the Y content of
<1.35 wt.%, the alloy consisted of a-Mg and I-phase, whereas
for a higher Y content of 1.7 wt.%, the W-phase appeared. On
the other hand, Lee et al. reported that the Zn/Y ratio exerted a
significant effect on the types of ternary eutectic phases in as-
cast Mg—Zn-Y alloys [29]. The phases identified in the as-cast
microstructure were a-Mg + Mg7Zn3 with the Zn/Y ratio (wt.)
of ~10, a-Mg + I-phase with the Zn/Y ratio of 5-7 (Y content:
0.5-1.6 wt.%), a-Mg + I-phase + W-phase with the Zn/Y ratio of
2-2.5 (Y content: 1.2-2.5 wt.%), and a-Mg + W-phase with the
Zn/Y ratio of 1.5-2.0. For the Mg—6.0Zn-0.6Y-0.6Zr alloy in
this study, the Zn/Y ratio is as high as 10 with a lower Y content
of 0.6 wt.%. However, no Mg7Zn3 phase was identified, which is
different from the observation in Ref. [29]. Further, in addition
to the I-phase as the main phase in this forged Mg-Zn-Y-Zr
alloy (Figs. 3(a) and 6), a small amount of the W-phase was also
detected as shown by XRD pattern (Fig. 3(a)). This observation
is not consistent with that in Ref. [8]. Clearly, the formation
of the ternary eutectic phases in the Mg-Zn—Y-Zr alloys is
quite complicated and dependent on both Y content and Zn/Y
ratio [6,8,29]. More work is needed to elucidate the influencing
factors.

For the nugget zone, two endothermic peaks were observed
at ~460 and 500 °C and the endothermic peak corresponding
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Fig. 4. SEM images of Mg—Zn—Y—Zr alloy: (a) PM, (b) TMAZ, and (c) nugget zone.
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Fig. 5. EDS analysis of Mg—Zn—Y—Zr alloy: (a) PM and (b) nugget zone.

to the dissolution of the MgZn phase disappeared (Fig. 6). This
indicates that most of the MgZn phase was dissolved into the
magnesium matrix during the FSW cycle. Compared to the par-
ent material, the intensity of the endothermic peak at ~460 °C
in the nugget zone, corresponding to the dissolution of the I-
phase, was significantly reduced, indicating that the amount of
the I-phase was considerably decreased. On the other hand, the
appearance of the endothermic peak at ~500 °C corresponding
to the eutectic temperature of the W-phase indicated significant
increase of the W-phase in the nugget zone. This implies that
part of the I-phase was transformed to the W-phase during the
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Fig. 6. Differential scanning calorimetry (DSC) curves of Mg—Zn—Y—Zr alloy.
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Fig. 7. Hardness profile of FSW Mg—Zn-Y—Zr joint.

FSW process. The exact mechanism for the transformation of
the I-phase to the W-phase is not clear. One possible mechanism
is that under high temperature and severe plastic deformation
of the FSW, part of the I-phase was dissolved into the a-Mg
and released Zn and Y promoted the growth of the W-phase or
formed new W-phase in the region with a higher concentration
of Y (lower Zn/Y ratio).

Based on the DSC curves and microstructural examinations,
itis concluded that FSW resulted in significant grain refinement
and breakup of the bulky I-phase and their dispersive distribu-
tion, at the same time, part of the I-phase was transformed to
the W-phase and most of the MgZn phase was dissolved into the
magnesium matrix. In a previous study, it was reported that fric-
tion stir processing (FSP) resulted in the generation of the fine
recrystallized grains and significant breakup and dissolution of
the coarse network-like eutectic 3-Mg;7Al;2 phase in AZ91D
casting [30]. The present result is consistent with that obtained
in Ref. [30].

Fig. 7 shows the hardness profile along the centerline on
the cross-section of the weld. The hardness values within the
nugget zone were higher than that of the parent material. This is
attributed to the generation of the fine recrystallized grains and
dispersed ternary eutectic phases (I-phase and W-phase) in the
nugget zone (Figs. 2(c) and 4(c)). Similarly, in FSP heat-proof
Mg-Al-Ca alloy, it was reported that hardness values in the
nugget zone were higher than that in the parent material due to
the refined grains and porphyrization of bulky secondary phase
[31]. Furthermore, the lowest hardness values were observed in
the HAZ. This is attributed to the coarsening and/or dissolution
of the MgZn precipitates during FSW thermal cycle. However,
the decrease in the hardness of the HAZ over that of the parent
material for this Mg—Zn—Y—Zr alloy is not so large as that for
heat-treatable aluminum alloys [15,32] because soluble MnZn
phase is not the main secondary phase in the alloy.

The transverse tensile properties for the FSW joint are shown
in Fig. 8. Compared to the parent material, the FSW joint exhib-
ited somewhat decreased ultimate tensile and yield strengths
and elongation-to-failure. The fracture occurred in the HAZ on
the retreating side, which is consistent with the lowest hardness
distribution in the HAZ. In this case, the transverse tensile and
yield strengths of the weld are those of the HAZ, i.e. the weak-
est zone in the whole weld. Therefore, although the nugget zone
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Fig. 8. Transverse tensile properties of PM and FSW joint.

exhibited the highest hardness in the weld, slightly reduced ten-
sile and yield strengths were observed when the weld was tested
along the transverse direction. A similar observation has been
made in FSW heat-treatable aluminum alloys [15,32]. Further-
more, the gage length (40 mm) of the tensile specimen cover
the nugget zone, TMAZ, HAZ, and parent material zone, there-
fore, the observed elongation was contributed by all four zones.
However, due to quite non-uniform hardness distribution over
the whole gage length (Fig. 7), the deformation occurred mainly
in the HAZ as well as the parent material zone, there was only
limited deformation in the nugget zone due to higher hardness,
therefore, reduced elongation was observed for the transverse
tension of the weld compared to the parent material. In a previous
study on FSW 7075A1-T651, Mahoney et al. [33] evaluated the
deformation heterogeneity over various microstructural zones in
transverse tensile specimens quantitatively. It was indicated that
the deformation occurred mainly in the HAZ due to significantly
reduced hardness.

Recently, Esparza et al. [18] and Gharacheh et al. [26]
reported that the ultimate tensile strength of FSW AZ31
and AMG60 joints was 81 and 93% of the parent materi-
als, respectively. In this study, the ultimate tensile strength
of the Mg-Zn—-Y—Zr weld reached 95% of the parent mate-
rial. The joining efficiency (UTSgsw/UTSpMm) achieved for
Mg—Zn-Y-Zr exceeded that for AZ31 and AM60 alloys. This
indicates that FSW is a very effective technique for welding
Mg—Zn—Y—Zr alloy.

4. Conclusions

(1) Under a rotation rate of 800rpm and a traverse speed of
100 mm/min, 6 mm thick forged Mg—Zn—-Y—Zr alloy plate
was successfully friction stir welded and defect-free weld
with basin-like nugget zone was obtained.

(2) During FSW, fine and equiaxed recrystallized grains of
6.8 wm were generated, bulky I-phases were broken up and
dispersed with some of them being transformed to W-phase
and most of MgZn phase was dissolved into the magnesium
matrix.

(3) The strengths and elongation of the FSW joint was only
slightly lower than those of the parent material. The joining
efficiency was as high as 95%.
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