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Abstract

The room temperature and hot tensile properties of AZ91 magnesium alloy produced by high pressure die cast after friction stir processing (FSP)
were studied in the present paper. Such process is a modification of classical friction stir welding one in which the sheets are not joined but the
stirring action of the tool, on the bulk material, is used to refine the microstructure in order to increase the mechanical properties of the metal such
as yield strength, fatigue life and possible superplastic properties at relative low temperature and high strain rates [R.S. Mishra, Z.Y. Ma, Mater.
Sci. Eng. R 50 (2005) 1-78]. The material was FSP after solution treatment and the superplastic behaviour was analysed by means of hot tensile

tests, in longitudinal direction, in the temperature and strain rate ranges of 225-300°C and 1072 to 10~
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4571, respectively.

1. Introduction

Magnesium alloys components are very attractive for indus-
trial applications in the transportation field because of their low
density and the excellent room temperature strength and rigidity
[2—4]. However, the use of magnesium alloys has been strongly
limited because of their poor formability at near room tem-
perature as a consequence of hcp lattice. Many results have
been published on the physical and mechanical properties of
AZ91 and other magnesium alloys in particular, demonstrat-
ing the existence of superplastic behaviour [5-8]. It is clear
that it is possible to achieve superplasticity at high strain rates,
in conventional alloys, by making a strong reduction in grain
size; this can be obtained by using a process such as Equa-
Channel-Angular pressing, high pressure torsion or friction stir
processing in which the samples are subjected to a severe plastic
deformation leading to a strong grain refinement [9,10].

In the friction stir processing, a rotating tool, with a spe-
cially designed rotating probe, travels down the surfaces of metal
plates, and produces a highly plastically deformed zone through
the associated stirring action. The localized thermo-mechanical
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affected zone is produced by friction between the tool shoul-
der and the plate top surface, as well as plastic deformation of
the material in contact with the tool [11]. The probe is typically
slightly shorter than the thickness of the work piece and its diam-
eter is typically the thickness of the work piece [12]. The friction
stir processing (FSP) process is a solid-state process and there-
fore solidification structure is absent and the problem related
to the presence of brittle inter-dendritic and eutectic phases is
eliminated [13].

The frictioned zone consists of a weld nugget, thermo-
mechanically affected zone (TMAZ) and a heat affected zone
(HAZ). The process results in the obtaining of a very fine and
equiaxed grain structure in the weld nugget obtained through a
continuous dynamical recrystallization process causing a higher
mechanical strength and ductility, the strong grain refinement
produced by the process lead the microstructure to the fine
dimensions proper of the possibility to exhibit superplastic prop-
erties [14-16].

The aim of the present study is the investigation of the effect
of the FSP on the microstructure modifications of AZ91 magne-
sium alloy and the subsequent effect on the superplastic forming
behaviour of HPDC sheets. Previous studies from the authors,
in fact, demonstrated a strong increase in such properties for
the AM60B magnesium alloy commonly known as difficult
formable materials [17].
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Fig. 1. Microstructure of the as-cast material after etching (a) and in non-etched (b) condition showing isolated zones of voids.

2. Experimental procedure

The material under investigation was an AZ91 magnesium alloy with the
following composition (wt%): Al, 8.9; Zn, 0.79; Si, 0.0093; Cu, 0.0013; Ni,
0.001; Fe, 0.0017; Be, 36 ppm; Mg, bal. The material was produced by HPDC
into the form of special trials of 2.5 mm thickness. The material was solution
treated at 415 °C for 2 h in order to soften the alloy before tool processing. In this
way, in fact, it is possible to reduce the tool rotation speed with a reduction of
materials heating and subsequent stronger grain refinement during the stirring.
Then, the material was subjected to friction stir processing by employing a flat
C60 steel tool with rotating speed of 700 rpm and a travelling speed of 2.5 mm/s,
the tool was rotated in the clockwise direction while the specimens, fixed at the
backing plate, were moved. The nib was 2.5 mm in diameter and 2.4 mm long,
and a 20 mm diameter shoulder was machined perpendicular to the axis of the
tool; the tilt angle of the tool was 3° [18].

The Vickers hardness profile of the material was measured on a cross-section
and perpendicular to the processing direction using a Vickers indenter with a
200 gf load for 15s.

To determine the tensile strength of the stirred zone, tensile test speci-
mens were sectioned in the longitudinal direction along the processing line
with an electrical discharge machine (EDM). The tensile test was carried out at
room temperature using an MTS 810 testing machine with initial strain rate of
1073571

Hot tensile tests were performed in order to evaluate the superplastic prop-
erties of the material obtained by FSP process in the temperature and strain rate
ranges 225-300 °C and 1072 to 10~ s ™!, respectively, by employing specimens
obtained by EDM from the nugget zone cut parallel to the processing direction;
before tests, the surfaces of the specimens were mechanically polished in order
to eliminate all the possible surface defects effects. The tensile tests were car-
ried out using a LLOYD Instruments LR5K testing machine equipped with a
resistance furnace.

The strain rate sensitivity coefficient (m) of the material was calculated
employing the following equation:

1
m = 2logo (1
dlogé |, 7

The m value was calculated by interpolating the data obtained by hot tensile
curves at an equivalent strain of 1. The cubic interpolation was applied between
o and ¢ logarithmic values.

Surfaces were prepared by standard metallographic techniques and
etched with acetic—picral (10ml acetic acid, 4.2g picric acid, 10ml
water and 70ml ethanol) and acetic—glycol (1 ml nitric acid, 20ml acetic
acid, 60ml glycoletilene con 19ml water) etchings for microstructural
observations.

3. Results and discussion

The as-received material was characterized by the classical
cast structure in which different floating crystals can be recog-
nized (Fig. 1a). In the same specimens randomly distributed
zones characterized by large porosity have been observed
(Fig. 1b). Both the etchings used in the present study revealed
the formation of primary a grains (light) embedded in the
dark eutectic 3 phase (Mg;7Al;2); the material etched in both
ways is shown in Fig. 2. The divorced eutectic phase of the
as-received material was put in evidence by the observations
performed by employing the FEGSEM microscope (Fig. 3a
and b).

The microstructure of the material after solution treatment is
shown in Fig. 4, there are visible the recrystallized grains with
eutectic 3 (Mgj7Al;2) phase at the grain boundaries.

After FSP, no macroscopic defects were observed in the
stirred sheets. In addition, no voids were observed in different
observed sections, this is consistent with the results obtained by
previous studies [19,20], too high rotation speeds can produce,

10 pm,

Fig. 2. Primary « grains (light) embedded in the dark eutectic B phase
(Mgi7Al12).
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Fig. 3. (a and b) Divorced eutectic phase of the as-received material put in evidence by the observations performed by employing the FEGSEM microscope.

in fact, cracks, cavities and generation of liquid phases in the
material.

Light microscopy observations were widely performed on
the transverse cross-sections of the FSP specimens, the stirred
AZ91 HPDC magnesium alloy revealed the classical formation
of the elliptical “onion” structure in the centre of the specimen;
this is a structure characterized by fine and equiaxed recrystal-
lized grains (Fig. 5), the higher temperature and severe plastic
deformation results in grains recrystallized with a strong dif-
ferent structure respect to the as-cast as-received material, no
porosity was observed in the stirred zone; a statistical analysis
on 200 grains lead to a measurement of a mean grain size of
4 pm.

At a distance of 4 mm from the centre many of the prior
grains and eutectic phase of the parent material start to appear
(Fig. 6). This region corresponds to the heat affected zone as the
hardness is low compared to the base metal. The hardness drops
here because the precipitates are coarsened. In the region adja-
cent to the nugget, i.e. TMAZ no recrystallization is observed

Fig. 4. Recrystallized grains with eutectic B (Mg;7Al;2) phase at the grain
boundaries in the solution treated condition.

Fig. 5. Structure characterized by fine and equiaxed recrystallized grains in the
nugget zone of the FSP material.

(S

Fig. 6. Prior grains and eutectic phase of the parent material observed in the
TMAZ.
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Fig. 7. Structure observed in the HAZ of the FSP material.

because the temperature derived from the friction stir processing
is not high enough and the deformation is not so severe to cause
recrystallization (Fig. 7).

Such behaviour is confirmed by the microhardness profile
(Fig. 8) along the FSP roads, the microhardness reaches a value
of 91 Hv in the centre of the stirred zone and then it starts to
decrease after 2.5 mm from the centre until reaching a plateau
corresponding to the hardness values of the parent material. The
hardness of the joint reaches lower values in the HAZ and TMAZ
with respect to nugget, in the HAZ and TMAZ, in fact, the com-
peting mechanisms of work hardening and over-ageing produce
a strength decreasing respect to the stirred zone.

FSP is becoming a very important solid-state technique to
obtain superplastic sheets especially from the material belong-
ing to the nugget zone. In this zone, in fact, the grains are
subjected to a forging/extrusion process with a true strain of
about 13-15 (at very high strain rates) which produce a strong
dynamic recrystallization and a several grain rotation which
leads to a structure characterized by fine high misoriented grain
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Fig. 8. Microhardness profile in the cross-section of the FSP roads.
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Fig. 9. Tensile behaviour of the studied material in the as solutioned and FS
processed conditions.

boundaries which is the fundamental condition for superplastic
properties [1].

The tensile behaviour of the studied material in the as solu-
tion treated and FS processed conditions is plotted in Fig. 9.
The FSP produces a strong increase in mechanical properties
respect to the unstirred material with an increase in the elonga-
tion to failure accompanied with a strong increase in strength
due to the very fine recrystallized structure and to the absence
of porosity produced by the stirring process. In the HPDC as-
received material, in fact, large porosities and oxides formation
were observed on the fracture surfaces (Fig. 10). Such voids
disappear after FSP and no oxides presence was observed on
the fracture surfaces (Fig. 11). The oxides particles are, in fact,
broken in a very fine shape from the tool action and reduced to
a very smaller dimension respect to than in the case of as-cast
material [20-22].

UNILE
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Fig. 10. Fracture surfaces of the as-received tensile tested material showing
voids and oxides formation.
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Fig. 11. Fracture surfaces of the FSP tensile tested material.

The true stress versus true strain curves obtained in different
conditions of strain rates and temperature showed a net increase
in stress with strain up to a peak, at the lower strain rate inves-
tigated the peak was followed by a strong flow softening in all
the temperatures conditions. Fig. 12 summarizes the flow stress
behaviour of the material as a function of strain rate at all the
testing temperatures of the present study in a form of double
logarithmic plot, the value used in the plot is relative to a true
strain of 0.2.

A superplastic typical sigmoidal behaviour of the flow stress
with the initial strain rate for all the investigated temperatures
identifying three different regions of superplastic deformation
was recognized, an increase in flow stress as increasing strain
rate and decreasing temperature was observed for all the studied
conditions. The material is subjected, during the stirring action,
to a severe plastic deformation which produces recrystallization
and development of texture, such grains are characterized by
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Fig. 12. Flow stress behaviour of the material as a function of strain rate at all
the testing temperatures.
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Fig. 13. Variation of the total elongation to failure as a function of the different
initial strain rate.

high angles and low dislocation density as reported in previous
studies [23-25]. Such process, normally known as continuous
dynamic recrystallization, is characterized by subgrain rotation
and high misorientation without grain migration [26]. In partic-
ular, the low angle boundaries of the parent material are replaced
by high angle boundaries through a continuous rotation for the
tool action.

The variation of the total elongation to failure as a function
of the different initial strain rate is shown in Fig. 13, the tensile
ductility increase as increasing the strain rate for the higher tem-
peratures investigated (275-300 °C) in the intermediate strain
rates investigated, the fine and stable grain structure leads to
the exhibition of exceptional ductility respect to the unmodified
alloy in friction stir processed conditions.

As it can be seen in Fig. 14, the maximum of the strain rate
sensitivity (m =0.68), calculated at a true strain of 0.2, is high at
temperature ranging from 275 to 300 °C.
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Fig. 14. Variation of strain rate sensitivity as a function of the different initial
strain rate.
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Fig. 16. Transversal observations of tensile tested specimens (250 °C, 5 x 10~*s~!) revealing no-grain boundary sliding (a) and triple-junctions fracture (b).

The low temperatures, the maximum of the strain rate sen-
sitivity is relatively lower than that in the high one. It was
observed a characteristic feature of the superplastic behaviour
of the material with a high strain rate sensitivity of the flow
stress. In addition, very large elongations were observed in
the temperature and strain rate ranges, where high m values
were found (>1000%); the maximum ductility (1050%) and
the highest m values (0.68) were recorded in the intermedi-
ate superplastic region. Such behaviour was confirmed by the
SEM observations performed on the transversal sections of ten-
sile tested specimens, for the intermediate flow stresses and
higher temperatures investigated (275-300 °C) a strong defor-
mation related to grain boundary sliding was observed (Fig. 15)
inside the grains a typical twinning deformation behaviour
was revealed. On the contrary, at the same strain rates and
lower temperatures no grain boundary sliding was observed
and the material was characterized by triple-junctions fracture
(Fig. 16).

4. Conclusions

The effect of friction stir processing on the superplastic
behaviour of a AZ91 magnesium alloy was investigated in the
present study. The material was friction stir processed showing
good strength and ductility values at room temperature because
of the very fine structure obtained by the processing, revealing
an increase in room temperature ductility respect to the unstirred
material. The tensile tests performed in the temperature range
275-300°C at different strain rates showed the occurrence of
high ductility and high strain rate sensitivity levels.
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