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The ultra-fine grained materials (UFG) often show superplastic behaviour at elevated temperatures due to small grain
size. On the other hand, UFG microstructure is often not stable at increased temperatures and undergoes recovery and
recrystallization. In this paper, we investigate the superplastic properties of UFG AZ31 Mg alloy prepared by equal chan-
nel angular pressing. The computer controlled tensile tests were performed in a temperature range of 175°C-250°C and
at strain rate around 10* s'. The superplastic behaviour and strain hardening is related to temperature, strain-rate and
microstructure stability. Methodology of continuous measurement of m-parameter during the tensile test to achieve the
dependence of m-parameter on true strain is presented. The measurement is based on alternating two slightly different true
strain rates, keeping the overall true strain-rate constant. The m-parameter decreases with true strain for all studied condi-
tions from approx. 0.5 to 0.3 and the decrease is fastest for the highest considered temperature (250°C), which is attributed
to recovery and recrystallization. The sample deformed at 250°C strain hardens over significantly shorter interval of true
strain which also suggests microstructure changes. Limits of plastic instability according to Hart analysis were computed
for all conditions. Hart analysis of stability of plastic deformation seems not to be sufficient for description of elongation
until fracture for studied material.
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HenpepbiBHOE M3MepeHIe MapaMeTpa m I aHanmu3a Xapra
CBEPXIITIACTUYECKOTO NOBEeHNUA YIBTPAaMEeTKO3€ePHIICTOTO
MarLmeBoro cryrasa AZ31

YinprpamenkosepHucTble (YM3) MaTepuabl 4acTo eMOHCTPUPYIOT CBEPXIUIACTUYECKOE OBeeHIe IIPY IIOBBIIIEHHBIX TeM-
neparypax Onarofiapsi MajioMy pasmMepy sepeH. C [pyroi CTOpoHbl, Y M3 MUKPOCTPYKTypa 4acTO HecTabMUIbHA IIPM BBICO-
KX TeMIepaTypax U MCIBITBIBaeT BO3BPAT U peKpUCTa//IM3aluio. B aHHOI paboTe MBI MICCIefyeM CBepXIUIaCTIYeCKIe
cBoiicTBa YM3 MarHmeBoro cmnaBa AZ31, TOgBEPrHYTOTO paBHOKaHA/IbHOMY YITIOBOMY IIPECCOBAHNIO. BbImm mpoBesieHbl
yIpaBjsieMble KOMIIBIOTEPOM MCIIBITAaHMSA B TeMIlepaTypHOM MHTepBaje 175°C-250°C npu ckopocty fedopMaiuy OKomo
10* ¢’!'. CBepxmiacTn4yecKkoe IOBefieHYe Y YIIPOYHEeHNe CBA3aHbI C TeMIIepaTypoil, CKOPOCTbIO fedopMaLuy 1 CTabMIbHO-
CTbI0O MUKPOCTPYKTYPHI. IIpeficTaBnena MeTOROIOrA HENPEPHIBHOTO M3MEPEHNA ITapaMeTpa m BO BpeMs UCIIBITaHUII pac-
TSDKEHMeM LA ITOTy4YeHN A 3aBUCHMOCTI IIapaMeTpa M OT ICTVHHOI fedopMaryn. V3MepeHue OCHOBaHO Ha YepeoBaHNN
IBYX He3HAUUTE/IbHO pas/IMYaloOlIMXCs CKOPOCTell fedopMalyy IIpy COXpaHEeHNMM CPeHell MICTUHHOI CKopocTH gedopma-
1y TocToAHHOMN. [TapaMeTp m /1 BCeX MCCIEOBAaHHBIX CIy4YaeB YMEHbBIIAETCS C YBeIMYEHUEM VICTVHHON fedpopManyn
npubmusuTenvuo or 0.5 fo 0.3, ¥ yMeHblIeHVe Hanbojiee MHTEHCUBHO [JIA Haubolee BHICOKOI MCC/IeOBAHHON TeMIlepa-
Typsl (250°C), 94TO CBA3aHO C BO3BPATOM U pekpucTamsanyeir. Ob6pasen, nepopmupyemslit npu 250°C, ynpodnsercs 3a
3HAYNTEIbHO 00jIee KOPOTKUI IHTepBal UCTUHHON AedopMaLuy, 4TO Tak>Ke TOBOPUT 00 M3MEHEHMM MUKPOCTPYKTYPBL.
JIJ11 BceX COCTOSAHUIT pacCUUTAHBL IIpefie/bl IUTACTUYECKO HeCTabM/IbHOCTY B COOTBETCTBMM ¢ aHanu3oM Xapra. [lnd mc-
CJIe[lOBAaHHOTIO MaTepyaja aHaIn3 XapTa cTabMIbHOCTY IUIACTUYECKON fedopMalLuy IIpefCTaB/IAeTCA HeJOCTATOYHBIM IS
ONMCaHNUA YAMMHEHNA IO pa3pylIeHN.

KnroueBbie cmoBa: CBEPXIUIACTUYECKOE ITIOBENEHME, IUVTACTUIECKAA HeCTa6I/ITIbHOCTb, ImapameTp m, yﬂpraMeHKOSepHI/ICTbIVI, MarHMeBbIN
CII/ZIaB
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1. Introduction

It is well known that superplastic behaviour depends on the
micrustructure, namely the on grain size and also on other
factors affecting the diffusivity including dislocation den-
sity [1]. The ultra-fine grained materials (UFG) are there-
fore promising candidates and their enhanced superplastic
behaviour was reported in countless studies including those
on hexagonal materials [2,3]. The disadvantage of UFG ma-
terials is that their microstructure is often not stable at in-
creased temperatures. Therefore, we face interplay, in which
increased forming temperature generally causes higher dif-
tusivity, but also microstructure recovery and recrystalliza-
tion, which may negatively affect the superplastic behaviour.
Recovery and recrystallization might occur even during the
tensile test and affect the m-parameter elucidation.

In this paper, we investigate the superplastic properties
of UFG AZ 31 Mg alloy similarly as many authors in the past
[4—7]. The superplastic behaviour is related to microstruc-
ture stability at increased temperature, which was investigat-
ed in detail in our previous study [8]. The effect of forming
temperature on superplastic behaviour and strain hardening
is discussed using Hart methodology [9] performed for UFG
Mg alloy by Figueiredo and Langdon [3]. The plastic instabil-
ity is determined by Considere criterion [10] as the lowest
g, for that holds 0 (¢) < o (¢), where ¢ is true strain, o is true
stress and 0 is strain hardening computed as:

0(¢)= do(e) .
de
As pointed out by Hart [9], if the material presents strain-
rate sensitivity, the plastic stability is extended due to the fact
that actual strain rate at the smallest cross-section is increased.
The extended plastic stability limit can be expressed by modi-
fying the strain hardening coefficient:

do (&)

d
eHart (8) = % . (2)

(1)

Note that the actual value of m-parameter for given &
is required, which is usually unavailable and single m value
measured for high strains is considered [3].

In this paper, we present a methodology for continuous
measurement of m-parameter during the tensile test at given
temperature around given strain rate. The dependence of
m-parameter on true strain (and therefore also on time) is
achieved.

2. Experimental material and methodology

As-cast commercial AZ31 alloy (nominal composition of
Mg-3%Al-1%Zn) was firstly extruded at 350°C with an ex-
trusion ratio of 22 and then processed by 4 passes of equal
channel angular pressing (ECAP) with outer angle 90° at
180°C using route B_ with the velocity of 50 mm/min. The
angle @ between two intersecting channels and the corner
angle ¥ is equal to 90° and 0°, respectively. The feed-in and
exit channels have a square cross section of 10x10 mm. The
ECAP die is equipped with an ejector that allows pushing

the sample out of the die immediately after pressing from the
feed-in channel to the exit channel. All the specimens were
pressed four-times through the ECAP die.

Flat specimens for tensile tests were machined and cut
from a single ECAP billet. The length of active part was
16 mm; the thickness and width were approximately 1 and
4 mm, respectively.

Tensile tests were performed using a screw-driv-
en Instron 5882 machine at 175, 200 and 250°C. Com-
puter operated machine allows arbitrary control of t-
bar movement. We employed very special strain-rate
control. Two different true strain-rates were selected:

£1=0.9x10* s and £2=1.2 x10* s, The actual true strain-

rate is switched every two minutes (i.e. after ¢ = 1.2%)
during the experiment. Note that the overall t-bar speed is
exponentially increased to maintain the two true strain-
rates. Therefore, overall true strain dependence is propor-
tional to time dependence (e = 100% ~ t = 3h).

Due to the strain rate sensitivity of the material, the
resulting flow curve has a serrated character as shown in
Fig. 1 for two different samples (thin serrated curves)'.

After each strain-rate increase, the actual stress is imme-
diately increased to a higher value. Two minutes (e = 1.2%) are
sufficient to reach the stabilization allowing determination of
the stress evolution associated with higher strain-rate. Con-
versely, after the strain-rate decrease, the stress immediately
decreases and its evolution adjusts to the new strain-rate. The
parts associated to stabilized stress evolution at higher strain-
rate (local maxima) were joined by a smooth curve?. Similar-
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Fig. 1. Measured flow curves for alternating strain-rates (thin
serrated curves) and flow curves interpolated through local maxima
and minima (thick smooth curves) for samples deformed at 200°C
(dashed curves) and 250°C (solid curves).

! Technically, average line is first computed from the data by moving
average (not shown in Fig.1, but shown in Fig. 3). The relative
deviations of measured data from the mean line are employed to
identify maxima (and minima). These maxima (and minima)
are then interpolated using cubic spline interpolation (in-built
procedure in Matlab R2010b).

? Few irregularities (longer regions with higher stress ie. at
higher strain-rate) in the serrations are present. These are caused
by a mistake in programming of the t-bar movement control.
Unintentionally, it is therefore shown that the standard time period
(2 mins) between alternations of the strain rate is sufficient. Note
that too short time period would lead to underestimated changes of
stress with changing strain rate and therefore to underestimation of
m-parameter values.
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ly, the local minima were interpolated. As a result, we get two
flow curves for two strain-rates for a single sample as shown
by thick smooth lines in Fig. 1. Therefore, the evolution of
m-parameter with strain can be calculated as:

ln(O'2 (8))—111(0'1 (5)) (3)
In(&,)-1n(¢)

Note that the denominator is given only by selected
strain-rates and is constant.

m(e) =

3. Results

The testing samples were deformed in tension at 175°C (2
samples), 200°C (2 samples) and 250°C (1 sample) according
to above described methodology. The measured true stress
- true strain flow curves for 200°C and 250°C are shown in
Fig. 1. The flow curve for sample deformed at 200°C shows
long strain hardening and significant necking at e~144%,
which corresponds to elongation = 320%. The flow curve
for 250°C surprisingly shows slightly higher strength values
in the beginning of the deformation, but much lower strain
hardening. The stable achieved true strain is reduced to
€= 122% (elongation = 240%).

Computed m-parameter evolution with true strain for all
investigated samples is shown in Fig. 2. In the beginning of
deformation, the m-parameter slightly exceeds 0.5, which is
often considered as a lower limit of superplastic behaviour
[11] and then decreases with increasing true strain to values
just above 0.3, which is considered as a superplasticity limit
by other authors [12,13]. The m-parameter for 250°C drops
almost at the beginning of the deformation and is significantly
lower during the course of deformation.

Fig. 3 shows the flow curves for all three investigated
conditions with typical shape showing strain harden-
ing followed by some softening and necking. These flow
curves were computed as the average (middle line) of
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Fig. 2. Evolution of m-parameter computed from interpolated flow
curves for samples deformed at 175°C (gray solid curves), 200°C
(dashed curves) and 250°C (black solid curve).
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Fig. 3. Flow curves for samples deformed at 175°C (gray solid
curves), 200°C (dashed curves) and 250°C (black solid curve).

Decreasing curves represent 6, and 6 computed according to

Hart(e)
Egs. 1 and 2, where the latter is represented by a thicker line and is

shifted to the right compared to its counterpart.

minimum and maximum (lower and higher strain rate)
tlow curves represented in Fig 1. The flow curves there-
fore approximately correspond to deformation at strain-
rate & = 0.9 x 10 s’. The decreasing curves represent 6(¢)
and 6, (¢) computed according to Egs. 1 and 2, where
the latter is represented by a thicker line and is shifted to
the right compared to its counterpart. Both expressions of
strain hardening must obviously meet at 6 = 0. The inter-
sections of strain hardening curves with appropriate flow
curve are important for determination of plastic stability
limit. The values of these intersection points are summa-
rized in Table 1.

The stability limit for 250°C is achieved for much lower
strains, which is caused by limited strain hardening at
intermediate strains. The strains achieved during instable
plasticity are comparable for all temperatures.

4, Discussion

The computed m-parameter values are at the bottom limit to
conclude that the alloy exhibits superplastic behaviour [12].

Increased temperature generally increases the diffusion
processes, which promote the superplastic behaviour. How-
ever, the creep behaviour is also enhanced by fast diffusion
paths like pipe diffusion along dislocations or grain bound-
aries, which might be dominant diffusion processes due to
highly deformed UFG microstructure [14,15]. Note also that
activation energy of grain boundary diffusion in pure Mg
(92 kJ/mol [16]) is much lower than the activation energy of
self-diffusion (135 kJ/mol [16]). The decrease of m-param-
eter for 250°C is therefore probably caused by disappearing
of fast diffusion paths possibly due to recovery of dislocation
walls reducing the Cobble creep and also due to grain growth,
which limits superplastic behaviour according to classical

Table 1. Plastic stability limits according to Eq. 1 and Eq. 2 (Hart analysis) and appropriate true strain in stability and instability ranges

Temperature f=0 Buare = 0 € table & unstable € Hart_stable & tart_unstable
175°C 54 MPa 61 MPa 0.42 1.17 0.57 1.02
200°C 49 MPa 55 MPa 0.46 1.06 0.60 0.92
250°C 38 MPa 42 MPa 0.29 1.02 0.40 0.91
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Ashby-Verrall model [17]. Limited work hardening at 250°C
is also attributed to recovery processes, which occur during
static annealing 250°C [8,18]. The grain growth during the
tensile test is a topic for further investigation, but the grain
growth might be even faster under dynamic conditions [11].
Possible effect of annealing twins observed in [8,18] for an-
nealing temperature of 250°C remains unclear. On the other
hand, during annealing at 175°C and 200°C limited decrease
of dislocation density was observed [8] and the m-parameter
decreases more slowly. The m-parameter during deformation
at 200°C remains higher than at 175°C (possibly due to sim-
ple temperature effect on diffusion). This suggests that 200°C
is the optimal temperature for interplay between the temper-
ature effect on superplastic behaviour and the microstructure
stability in low-temperature low-strain-rate superplasticity.

Hart analysis of plastic stability clearly postpones the
plastic instability limit compared to Considere criterion [10].
At 250°C, the limit of stability is achieved for significantly
lower strain, which is attributed to limited strain harden-
ing, arguably due to recovery processes. On the other hand,
the achieved strain in instability region is very similar for all
tested conditions & =100% disregarding the differences in
m-parameter. Significant strain achieved for all conditions
in the expected plastic instability region reported also in [3]
limits the utilization of Hart analysis. For instance, at 175°C
slightly higher total elongation to fracture than at 200°C was
observed, despite both the m-parameter and the plastic in-
stability limit were lower. For future works, it is suggested to
investigate other models of plastic instability presented by
Molinari [19] or Haehner [12].

5. Conclusions

The main results of presented study can be summarized as
follows:

The methodology for continuous
m-parameter was developed and presented.

m-parameter decreases with true strain for all studied
conditions and the decrease is faster for the highest
temperature (250°C), which is attributed to recovery and
recrystallization.

Limits of plastic instability according to Hart analysis were
computed. However this analysis seems to be insufficient for
the description of elongation till fracture.

estimation of
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