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Inter-granular liquid phase aiding grain boundary sliding in
superplastic deformation of fine-grained ZK60 Mg alloy
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Abstract: For 7475 Al alloy, there were micrographs showing filaments or whiskers formation during the separation stage of
superplastic elongation. This indicates the presence of liquid phase which accommodates grain boundary sliding to reach
superplasticity. On the other hand, there is no such phenomenon reported regarding Mg alloy in literatures. Scanning electron
microscopic (SEM) fractography exceptionally exhibits a mark of grain boundary sliding and its accommodating mechanism of
inter-granular liquid phase. Under the testing conditions of 350 °C and 1x10*s™!, the initially fine-grained structure (3.7 um) yields
642% superplastic elongation and exhibits fluffy appearance on the fractured surface. For other specimens showing less

superplasticity, their fractured surfaces exhibit partial fluftfy appearance.
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1 Introduction

The microscopic mechanism responsible for

superplastic deformation is still not thoroughly
understood. However, there is almost no doubt that grain
boundary sliding (GBS) is involved such that fine and
equiaxed grain structure is a requisite. It also needs to be
aided by an accommodation mechanism in order to
achieve strain compatibility and relieve any stress
concentration resulting from GBS. A relatively recent
model is “liquid phase aided GBS”, as first proposed by
NIEH and WADSWORTH[1] on aluminum matrix
composite. Thereafter, the role of liquid phase associated
with Al alloys or Al-based composites has been
discussed[2—14]. CAO et al[15] presented fractography
of superplastically elongated AA7475, claiming whisker
formation. However, some of SEM micro-graphs
appeared more fluffy-like patterns. TAKAYAMA et al[16]
continued the investigation and showed filament
morphology on fracture surfaces of the broken specimens
tested with AA7475. MUKALI et al[17] thought there is
no need for the presence of a liquid phase for Mg alloys
and composites. In this work, the above mentioned

mechanism, GBS accommodated by a liquid phase, is

studied by investigating a fine-grained Mg alloy, ZK60.
This work is based on the tensile behavior characteristic
of some superplastic specimens, especially the fracture
modes.

2 Experimental

The ZK60 magnesium alloy used has a chemical
composition of Mg-5.29%Z7Zn-0.59%Zr (mass fraction).
The alloy was prepared by chill casting it into an 200
mm (8”) ingot. Using this casting method avoids
potential macro-segregation. It was then extruded at 380
°C to obtain a sheet of 1 000 mmx90 mmx6 mm, which
corresponds to a reduction ratio of 60:1. This extrusion
was an intermediate process to facilitate the subsequent
rolling work. This as-extruded sheet was first annealed at
265 °C for 3 h, and then rolled at 350 °C with 80%
thickness reduction. The final recrystallization treatment
to result in fine grain size of 3.7 um, as displayed in
Fig.1, was achieved by annealing at 265 °C for 16 h.
Specimens of this grain structure were superplastically
elongated at specific temperature and strain rate
combination. Their post-test metallography and fracture
mode were examined with optical and scanning electron
microscopes.
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Fig.1 SEM image of specimen with fine grain structure of 3.7
pm obtained by rolling at 350 °C with 80% reduction and
subsequent annealing at 265 °C for 16 h

3 Results and discussion

3.1 Effects of testing temperature and strain rate on

superplastic elongation

The first specimen was tested at 350 °C under 10~
s strain rate, and its elongation reaches 642.4% (Fig.2).
The second and third ones were tested at 300 “C under
10° s and 10?5, respectively. Their corresponding
elongations are 429% and 240% (Fig.3). Obviously,
temperature and strain rate are decisive regarding
superplastic behavior. Their suitable combination
dictates the degree of operation of grain boundary sliding
(GBS) mechanism. If inter-granular liquid phase plays an
accommodating role, its viscosity at 350 °C should be
much just right than that at 300 °C.

Unit: mm
() R2 d4

& =

20

I
20

Fig.2 Sketch map (a) and specimen after being tested under 350
°C and 10™*s™! showing elongation of 642.4% (b)

3.2 SEM showing inter-granular fracture mode and
mark of liquid phase
The elongated and broken specimen No.1 exhibits a
distinct inter-granular fracture mode (Fig.4), with grain
size of about 10 um. This growth of grain from the initial
3.7 um is resulted from long period of tensile testing, as
it lasts for about 18 h (corresponding to 10 s of strain

rate) at 350 °C. This SEM stereographic description is
consistent with the planar observation through optical
metallography (Fig.5). Higher magnification SEM image
of the fracture surface (Fig.6) shows the surface
morphology of individual grain, exhibiting fluffy
appearance that is neither cleavage like nor ordinary
inter-granular. A reasonable inference is that highly
viscous liquid phase exists between grains, which glues
grains and facilitates grain boundary sliding during
deformation. When grains are separated, the adhesive

Initial gage length
Elongation to failure

Fig.3 Second and third specimens tested at 300 °C under 105!
and 107%s ™' respectively, showing corresponding elongations of
429% (a) and 240% (b)

Fig.4 Specimen No.1 exhibiting distinct inter-granular fracture
mode with grain size of about 10 um

Fig.5 Optical micro-graph of post-tested specimen No.l
showing significant grain growth at 350 °C and 105"
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liquid leaves fluff-like mark. When partial liquid phase temperature dependent viscosity. For specimen 1, its
works because of lower testing temperature (300 “C and final breaking should be related to growth and
350 °C) as for specimens 2 and 3 (Fig.7), superplastic coalescence of cavities, as shown in Fig.9.

elongation capabilities also decrease.

Fig.6 Higher SEM magnification image of fracture surface
showing fluffy grain surfaces

Fig.8 Grain growth for specimens 2 (a) and 3 (b) tested at 300
°C for shorter periods

Fig.7 Partial inter-granular fracture mode at lower testing
temperature (300 °C) and higher strain rate, as demonstrated in
post-tested specimens 2 (a) and 3 (b)

3.3 Observation of grain growth and cavitation

As stated above, running tensile test at 350 °C for a
long period leads to significant grain growth. It is Fig.9 Cavitation appearance of specimen No.1 (a) and near
compared with the condition of 300 °C and shorter fracture site (b)
periods as applied to specimens 2 and 3. It is seen that
grain growth is minimal as compared with the initial 4 Conclusions
grain size (Fig.8 vs Fig.1). However, elongation of
specimens 2 or 3 is much lower than that of specimen 1. 1) A relatively common Mg alloy, ZK60, can be
The difference should be attributed to how well liquid processed by rolling plus annealing to be fine-grain
phase aids GBS process, which is a function of structured, thus possesses superplasticity.
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2) A suitable testing temperature may be essential
for a proper viscosity of inter-granular liquid phase to
facilitate grain boundary sliding. However, this
temperature may also negatively cause grain growth
inhibiting GBS when being exposed sufficiently long.

3) If low strain rate prolongs during superplastic
elongation, grain growth may occur so that the amount of
superplasticity will be reduced.
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