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Abstract. The objective of the present study is to evaluate the anisotropy influence on the mechanical and
microstructural characteristics of AZ31B magnesium alloy sheets deformed at room and elevated temperature. To this
aim, uniaxial tensile tests were carried out along the rolling, transverse and diagonal direction in the range of
temperatures from room temperature to 300°C at 0.1 s*'. The Lankford coefficients, ultimate tensile strength, diffuse
necking strain and fracture strain values were evaluated as a function of the testing temperature and specimen orientation.
Furthermore, microstructural features were analysed as well as micro-hardness was measured for each testing condition
to assess the post-deformation characteristics.

INTRODUCTION

Magnesium alloys can represent an alternative to aluminum alloys for producing lightweight parts of vehicles,
thanks to their high strength-to-weight ratio [1]. Magnesium sheets with a hexagonal close-packed atomic structure
develop a strong (0001) basal texture during rolling [2], with the c-axis parallel to the thickness direction, which
makes the deformation along the thickness direction restricted and, therefore, promotes early failure. This trait is
particularly detrimental when the sheets are deformed at room temperature. Deformation modes of magnesium
alloys include basal slip, prismatic slip, pyramidal slip and twinning. The flow stress of a polycrystal is determined
by the Critical Resolved Shear Stress (CRSS) of the deformation mechanisms. It is generally assumed that, at low
temperatures, CRSSpasal < CRSStwinning < CRSSprismatic < CRSSpyramidal [3,4]. On the contrary, at higher temperatures,
more slip systems become active leading to an overall enhancement of the magnesium sheets formability [5]. In [6,7]
it was found that the change in the orientation of twinned grains at moderate temperatures might cause hardening or
softening on the basis of the initial sheet texture. At higher temperature, the fracture strain is higher indicating more
ductile behaviour, since grains are refined after recrystallization as well as the CRSS values for the different slip
modes including twinning are closer. Sheet anisotropic characteristics are reported in [8] till 200°C, showing larger
Lankford coefficients at high strain rate. The temperature influence on the Lankford coefficients of AZ31
magnesium alloy sheets at high strain rate is reported in [9]. However, much less literature records are available
about the anisotropy effect on Lankford coefficients, diffuse necking strain and fracture strain at elevated
temperature.

To this regard, the paper presents the anisotropy influence on the flow behavior and fracture onset of AZ31B
magnesium alloy sheets deformed at elevated temperature. To do that, tensile tests were carried out in a wide range
temperature, from room temperature to 300°C, on specimens cut at different rolling direction. Microstructure and
micro-hardness after deformation were evaluated as well to assess the post-deformation characteristics.
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EXPERIMENTAL

The material used in present paper is the AZ31B magnesium alloy, provided in form of 1 mm thick sheets in
annealed condition (see microstructure in Fig. 1(a)). Dog-bone like specimens for uniaxial tensile testing were laser
cut from the sheets with respect to the rolling (0°), diagonal (45°), and transverse direction (90°). The uniaxial
tensile tests were carried out at a strain rate of 0.1 s on a MTS™ universal testing machine equipped with a
resistance heating system. The testing temperature ranged from 25°C to 300°C. For each testing temperature, the
tests were carried out using specimens at varying rolling direction. Each test was repeated at least twice to confirm
the reliability of the results. The specimen dimensions and experimental setup are shown in Fig. 1(b-c). Each
specimen was painted with a random pattern to allow the deformation recordings through a high-speed camera
during the test. The Aramis™ Digital Image Correlation (DIC) system was then used to analyze the recorded images
and get the true strain values till fracture. Specimens close to the fracture surfaces were cut, polished and then etched
(using a solution made of 30 ml acetic acid, 15 ml water, 6 ml picric acid and 100 ml ethanol) for 5 s to analyze the
microstructure by a Leica DMRE™ optical microscopy equipped with a high definition digital camera. On the same
specimens, micro-hardness measurements were carried out using a Leitz Durimet™ micro-hardness tester on the
cross section perpendicular to the loading direction at regular distance intervals, using a 15 g load for 30 s, four
values were recorded for measurement and then the average value calculated.

MTS testing machine

Resistance heating system ‘

(a) (b) (©)

FIGURE 1. (a) Microstructure of the as-received AZ31B sheets, (b) geometry of the specimens used for tensile testing ,and (c)
MTS™ testing machine equipped with the resistance heating and Aramis™ systems.

RESULTS AND DISCUSSION

Flow Behaviour

The Ultimate Tensile Strength (UTS), namely the maximum stress value in the engineering stress-strain curve, is
shown in Fig. 2 (a) as a function of temperature and specimen rolling direction for a strain rate equal to 0.1 s™!. As
expected, the UTS values decrease at increasing temperature regardless of the specimen orientation. The UTS values
are higher at 90° rolling direction than at 0° and 45° at room temperature and 100°C, whereas the differences
between 200°C and 300°C are almost negligible. The same sensitivity was presented in [10,11]. The Lankford
coefficients R, evaluated as the ratio between the strains in the specimen width and thickness, are reported in Fig. 2
(b). A point at the center of the necked area on the specimen surface was selected as measuring point, according to
the procedure reported in [12]. The Lankford coefficients here reported are representative of the steady state region
of the true strain - R curve as acquired through the Aramis™ system. The R values are always higher than 1
regardless of the testing temperature and specimen rolling direction, due to the fact that one of the main deformation
mechanisms is the prismatic <a> slip resulting in greater strain in the width than in the thickness direction [13,14,15].
An increase of the R values is shown from room temperature to 100°C, and then a decrease until 250°C, with almost
the same values kept at 300°C. It is worth noting that still high R values demonstrate a strong participation of
prismatic <a> slip on the overall deformation mechanisms. The increase of anisotropy from room temperature to
100°C can be explained by easy slip of <a> on basal and prismatic planes, while, at temperatures above 100°C, the
pyramidal <c+a> slip is more and more influential, leading to R values reduction. The same trend is reported in [14]
in case of coarse grained sheets. The more anisotropic behavior evident at 90° rolling direction can be a consequence
of the transition from basal to non-basal <a> slip systems [13,16].
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Fig. 3 (a) reports the width strain - true strain and thickness strain - true strain curve at different specimen
orientation at room temperature: at 90° rolling direction, the width strain is larger as well as the thickness strain is
smaller compared to the rolling and 45° direction. If straining happens along the thickness direction, the contraction
along the c-axis due to twinning or pyramidal slip must occur. However, the CRSS is higher on c-axis direction,
which makes the width direction experience more strain than the thickness direction. This is also observed in paper
[17]. The same was observed at the other testing temperatures, and therefore not here reported.

Fig. 3 (b) shows that the average normal anisotropy is always higher than 1.5, which means much less
deformation on the thickness direction than on the width direction, namely the thickness resistance is high to avoid
localized thinning. On the contrary, the planar anisotropy is close to 0, which means ears will not develop during
deep drawing processes. The same outcomes are given in [18].

(@) 550 _ (b) 3.5 -

——0 45 —e—90 3 - k. 45 =%
250 -
2.5 A
E 200 - o 5 ]
L
2 150 - E v
@n > 1.5 4
s ~
- 100 1 \\. 1 A
50 4 0.5
0 0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature (°C) Temperature (°C)
FIGURE 2. (a) UTS, and (b) R values as a function of the testing temperature and specimen rolling direction
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FIGURE 3. (a) Width and thickness strains as a function of specimen rolling direction at room temperature, and (b) average
normal and planar anisotropy at varying temperature.

The strain at diffuse necking, also called instability strain, is identified when necking starts developing showing a
symmetric decrease of the width of the specimen. The value is the true strain at UTS. Fig. 4 (a) reports the diffuse
necking strain as a function of the testing temperature and specimen rolling direction: specimens cut at 90° with
respect to the rolling direction show earlier the onset of diffuse necking. In addition, the width strain is larger at 90°
direction, which is also consistent with the diffuse necking appearing earlier at 90° direction (Fig. 3(a)). The
instability strain increases up to 100°C and then decreases regardless of the specimen rolling direction. This
different behavior is due to the deformation mechanism: at room and 100°C, plastic deformation is mainly
controlled by twinning (Fig. 5) [19]. On the other hand, above 100°C, at increasing temperature, mechanical
twinning effect decreases whereas dislocation motion is enhanced as a consequence of the activation of more slip
systems as well as recrystallization occurred making the microstructure finer (Fig. 5): both these phenomena
promote the development of diffuse necking.

The fracture strain at varying testing temperature and specimen rolling direction is shown in Fig. 4 (b). The
strain at fracture increases at increasing temperature, regardless of the specimen rolling direction, nevertheless being
always the highest at 45° rolling direction. Below 100°C, even if twinning is active as deformation mechanism, the
lowest ductility is due to the twins that act as barriers for the dislocation motion [20]; on the other hand, above
200°C, the activation of non-basal slip systems increases the ductile behavior, while the effect of mechanical

170005-3



twinning is reduced deformation, being the temperature of 200°C the activation temperature of additional slip
systems [21].
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FIGURE 4. (a) Diffuse necking strain, and (b) fracture strain as a function of the testing temperature and specimen rolling
direction.

Microstructural and Micro Hardness Features

The as-received microstructure of the AZ31 sheets (Fig. 1(a)) shows a dual grain size distribution, which is
likely the result of dynamic recrystallization during hot rolling. Fig. 5 reports the microstructure of the deformed
specimens at varying testing temperature and specimen rolling orientation. As expected, the grain size decreases at
increasing temperature. Both at room temperature and 100°C, a large number of twins is visible in all the rolling
directions, indicating that twinning was the dominant deformation mechanism at relatively low temperatures. On the
contrary, above 100°C, twins disappear, some small grains start forming along the grain boundaries of coarser grains
as a consequence of the onset of dynamic recrystallization, with an increasing grain refinement at 250°C and 300°C.
No significant differences in the microstructure were found at different specimen orientation, meaning that there is
no anisotropy sensitivity on microstructure.

Fig. 6 (a-c) reports the grain size distribution in the as-received sheet and nearby the fracture zone at room
temperature and 300°C. The grain size measured using the line intercept method. In the as-received sheet, the
Average Grain Size (AGS) is approximately 9 um with a high Standard Deviation (SD) equal to 4.8 um, meaning a
highly inhomogeneous microstructure. The AGS is smaller at room temperature, namely 5.4 um, as a consequence
of the specimen straining, and even smaller at 300°C, namely 3.5 um, as a consequence of dynamic recrystallization,
which makes the microstructure much more homogeneous.

Fig. 6 (d) shows the Vickers micro-hardness after deformation of the same specimens, which increases at
temperature increase as a consequence of the grain size refinement, which is consistent with Hall-Petch equation.
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FIGURE 5. Microstructure after deformation as a function of the testing temperature and specimen rolling direction.
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CONCLUSIONS

The paper shows the anisotropy influence on the mechanical and microstructural characteristics of AZ31B sheets
deformed at room and elevated temperature based on uniaxial tensile tests. The obtained results shows that the
diffuse necking strain is higher at rolling direction with the maximum value shown at 100°C, whereas, the highest
ductility is shown at 45° rolling orientation, regardless of the testing temperature. This proves the need to consider
the anisotropy influence when modelling sheet forming processes carried out on AZ31 sheets even at elevated
temperature. On the contrary, the influence of the specimen rolling direction on the microstructure is negligible.
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