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Abstract

Mg alloys are receiving considerable attention for biomedical stents due to their combination of good
mechanical properties and high biodegradability. Cold rolling is necessary to process Mg alloy tubes before final
drawing and fabrication of the magnesium stents. In this paper, cold-rolled tubes were subjected to a cross-
sectional reduction rate (¢) of up to 19.7%, and were further processed at various ratios of wall-thickness to
diameter reduction (Q) from 0 to 2.24 with a constant ¢ of 19.7%. The results show that the cold-rolled tubes
exhibited a rise in ultimate tensile strength (UTS), yield strength (YS), and a reduction in elongation as &
increased from 5.5% to 19.7%. UTS, YS and elongation decreased when Q was increased from 0 to 2.24.
Mechanical twinning was observed and analysed. Extension twins increased with increasing ¢ and were almost
saturated at an ¢ of 16.5%. Extension twins play an important role in determining the evolution of mechanical
behaviour in the case of increasing &, whilst contraction/double twins and secondary extension twins have a
large effect on mechanical behaviour in the case of varying Q. The results indicate that the proportions and types
of twins play a major role in determining the mechanical behaviour of the AZ31 tubes.
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1. Introduction

Biodegradable magnesium stents are capable of providing good mechanical properties and can
achieve properties similar to conventional stents. However, biodegradable magnesium stents are able
to temporarily open the blood vessels until they remodel and then can be absorbed into the body
reducing the likelihood of long-term complications or risks (Erbel et al.; Hanada, Matsuzaki, Huang,
& Chino, 2013). Several magnesium alloys, such as AE21 (2 wt.% Al and 1wt.% rare earth elements)
and WE43 (4 wt.% Y and 3 wt.% rare earth elements), have been investigated in recent years
(Heublein et al., 2003). Also, another alloy, Mg-Li-Zn, has been patented for use in biodegradable
implants (Hermawan, Dubé, & Mantovani, 2010). Although there is still discussion on the addition
of aluminium to bio-materials (Farrar, Blair, Altmann, & Welch, 1990; Phillipson, 1988), Mg-Al-Zn
alloys are widely used for research on the processing of biomedical Mg alloys as they are commonly

available commercial alloys (Hu et al., 2011; Zeng, Hu, Guan, Cui, & Han). AZ31 was used in this



paper to investigate the cold-rolling behaviour of magnesium tubes.

The hexagonal close-packed (HCP) structure of magnesium alloys is associated with poor formability
and restricts plastic deformation at room temperature (Chen & Huang, 2003; L.-f. Yang, Mori, & Tsuji,
2008). Manufacture of Mg alloy tubes traditionally requires processing at elevated temperatures.
However this is not suitable for fabrication of small-dimension magnesium tubes, because grain
growth at elevated temperatures negatively impacts the mechanical properties and cannot be improved
during consequent drawing processes (Chao, Sun, & Wang, 2011; X. Yang, Okabe, Miura, & Sakai,
2012). Therefore, cold rolling is a necessary process during the manufacture of the small-dimension
magnesium tubes (Barnett, Nave, & Bettles, 2004). The two main parameters during cold rolling, &

and Q, are as defined below (Tenckhoff, 1988):
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Where, A, and A4, are the initial and final cross-sectional area; ¢, and ¢; are the initial and final wall

thickness; Dy and D, are the initial and final outside diameter (OD).

¢ is defined as the amount of deformation on the cross section of the tubes and is an indicator of the
change of cross-sectional size. QO is exclusive to tubes as compared with parameters used to describe
the rolling of sheets. As Q increases, the ratio of wall-thickness to perimeter decreases and the tubes
become thinner. Q, therefore, indicates the change in cross-sectional shape. No elongation occurs as Q
changes. In the present paper, either ¢ or O was held constant while the other parameter was changed

during cold rolling in order to investigate their effects on the mechanical properties.

It is well known that in order to understand the deformation behaviour of Mg alloys during cold
rolling two types of deformation modes, slip and twinning, need to be considered (Barnett, Nave, et
al., 2004; Jiang, Jonas, Luo, Sachdev, & Godet, 2007). Strain along the c-axis can be accommodated
by <c + a> slip and twinning. However, Mg alloys exhibit a strong preference for mechanical
twinning because the twinning has a lower threshold stress than <c + a> slip [1-4](L. Jiang et al.,
2007). Therefore, twinning plays a vital role during deformation (Liu, Jonas, Li, & Zhu, 2013). It is
well known that there are typically two types of deformation twins which form in Mg; one type are
{1012} extension twins and the other are {1011} contraction twins (Yoo, 1981). Extension twins are
formed when there is an extension strain component parallel to the c-axis which is generated at the
onset of plastic deformation and contributes to strain (Ball & Prangnell, 1994; Gharghouri, Weatherly,
Embury, & Root, 1999; Wang & Huang, 2007). Contraction twins are generated when there is a
contraction strain component parallel to the c-axis at larger levels of deformation in order to relax the
stress concentration (Huber & Hatherly, 1980; Koike, 2005). As well as the two types of primary
twins, secondary twinning, called double twins, can be activated within the reoriented primary twins.
The extension and contraction twins are associated with the mechanical anisotropy of Mg alloys (Ball
& Prangnell, 1994; Gharghouri et al., 1999; Wang & Huang, 2007). Deformation twinning may



contribute to a radical reorientation of the volume fraction of the grains that have twinned, which
leads to texture modification. Conversely, during cold-rolling the activation of extension and
contraction twins during plastic deformation greatly depends on the texture (Bohlen et al., 2006; Jonas
et al., 2011; Meza-Garcia et al., 2007). Twinning activity can be investigated in order to explain the
evolution of mechanical behaviour of Mg tubes during cold-rolling. Liu et al. (Liu et al., 2013;
Myshlyaev, McQueen, Mwembela, & Konopleva, 2002) studied the relationship between texture and
deformation mode and concluded that the shape of the flow curve was determined by the type of
twinning that occurs and by when the twins were activated. Variations in the strain hardening
behaviour can be attributed to the influence of mechanical twinning. Knezevic et al. (Knezevic et al.,
2010) reported that mechanical twins in AZ31 affected strain hardening and the main contribution to
hardening comes from texture hardening. Rohatgi et al. (Rohatgi, Vecchio, & Gray, 2001) considered
that the reason that twinning retards the decrease in strain hardening rate lies in the effective grain
refinement that results from twinning. However., Barnett (Barnett, 2001) provided another
explanation; that reorientation of the c-axes by almost 90° has a more significant effect on the strain
hardening produced by twinning with c-axis extension. Jiang, et al. (Lan Jiang et al., 2007) conducted
a study to determine the twinning modes and texture development under different strain paths. Their
view was in accordance with that of Barnett that the effect of mechanical twinning and corresponding
texture development on the flow stress is more significant than the effects of grain size. Thus,
twinning development has been investigated in the present paper in order to explore the underlying
mechanism of how the two cold-rolling parameters, ¢ and Q, act in determining mechanical properties
of the AZ31 Mg tubes.

The cold rolling behaviour of Mg alloys has been investigated in recent years (Styczynski et al., 2004;
L.-f. Yang et al., 2008). However, most studies have focused on magnesium sheets. Little research has
been conducted on the fabrication of magnesium tubes, especially for mini-tubes. In this paper, the
mechanical properties of magnesium mini-tubes was examined, and twinning activity was
investigated in regards to the morphology and orientation of twins formed during cold rolling in order

to develop an understanding of the cold-rolling behaviour of Mg alloy mini-tubes.

2. Experimental Methods

AZ31 alloy ingot was cast with a diameter of 350mm. Surface oxides were removed by turning. It was
then heated to 400°C and extruded with an extrusion ratio of 42:1. The final extruded tubes had
outside diameter of 7.9mm and wall thickness of 0.9mm. The chemical composition of the final
extruded tubes, determined by the wet analysis method, is shown in Table 1. A mill with 3 rollers
(LD-8) was used to cold roll the extruded AZ31 tubes into a series of final dimensions as shown in
Table 2.

The effect of the two cold rolling parameters, ¢ and Q, has been investigated with ¢ held constant at
approximately 19%, while the value of O was varied from 0 to 2.24. Similarly, ¢ was increased from
5.5% to 19.7% while Q was held constant at 1.37. Note that the E4/Q3 group was prepared as the

benchmark condition, which was cold-rolled with an € of 19.7% and a Q of 1.37.



Uniaxial tensile tests were performed on all of the cold-rolled Mg tubes. Tensile specimens with
nominal gauge dimensions of 25mm (length) x 3mm (width) were taken from the tubes with their axis
aligned along the Elongation direction (ED) by wire-electrode cutting (Fig. 1). In order to avoid the
influence of minor notches on the machining surfaces, polishing was conducted before the tensile tests.
To ensure repeatability of the results, three tensile specimens were tested for each set of conditions
and the average value was then used in the results. Tensile tests were conducted on an Instron-4505
universal testing machine. A contact extensometer was used to measure the strain. As the mechanical
behaviour of cold rolling and the corresponding twinning activity were of interest, tests were

conducted at ambient temperatures and at a loading rate of 0.001 s

The surfaces examined by SEM were perpendicular to the tangential direction (TD) and polished
using 6 pm, 3 pm, 1 pm diamond paste and 0.02 pm colloidal silica. Sample were then etched in a
solution of 5g picric acid, 5Sml acetic acid, 80ml ethanol and 10ml water for 20 s to 30 s. The
microstructure was observed using a JEOL JSM-6460 scanning electron microscope. The statistical
results of average grain size were obtained by the average grain intercept method using SEM images
based on ASTM standard E112-13 (ASTM, 2013). For the EBSD samples, mechanical polishing was
followed by a final 2-4 s etch using a solution of 5ml nitric acid, Sml hydrofluoric acid and 90ml
distilled water to improve the quality of the electron backscatter diffraction patterns (EBSP). The
EBSD data were collected using an EBSD camera attached to a JEOL JSM-7001F Scanning Electron
Microscope at a voltage of 25 kV. The pole figures (PFs) were obtained from post treatments using the

HKL® Channel 5 software.

3. Results

3.1. Mechanical behaviour
The true stress-true strain curves for specimens processed with ¢ from 5.5% to 19.7% with a constant

Q of 1.37 are presented in Fig. 2 (a). The nominal true stress was calculated based on the applied load
and the strain, assuming constant volume and uniform deformation. As seen in Fig. 2 (a), all the true
stress-true strain curves have a power-law type strain hardening region. With the increase of ¢, the
flow curves exhibit a distinct yield point increasing from 211MPa (¢ of 5.5%) to 316MPa (¢ of 19.7%).
The rate of strain hardening decreased with the increase of ¢&. When the ¢ was 5.5% and 11.1%,
obvious strain hardening occurs following yield. In comparison, when € was increased to 16.5% and
19.7%, post-UTS regions were found to be relatively short and indicated no obvious strain hardening.
Thus, the strain hardening behaviour tends to decrease with an increase in &. As shown in Fig. 2 (b),

the increase in ¢ results in a decrease in elongation and an increase in the ultimate tensile strength



(UTS) and yield strength (YS), which indicates fairly conventional evolution of the UTS, YS and

elongation during cold working.

The true stress-true strain curves for specimens processed with Q from 0 to 2.24 and a constant € of 19%
(Fig. 3 (a)) show that yielding of the four flow curves occurred at a similar true strain of around 0.7%.
The rate of flow hardening had a propensity to decrease with an increase of Q from 0 to 1.37, as did
the UTS, which dropped from 369MPa to 277MPa. The UTS and YS declined with an increase in O
as shown in Fig. 3 (a). Elongation decreased from 1.55% to 0.41% showing the same trend as that of
UTS and YS. This indicates that both the strength and elongation are superior in this group of
specimens when the Q is at its lowest values. This does not fit the conventional relationship in that the

elongation would typically be expected to increase in conjunction with reductions in the strength.

In view of the fact that the E4/Q3 group had the highest UTS and YS in the case of increasing e,
further increases in the UTS and YS (increased by 13.5%) were achieved when O was reduced. On
the other hand, elongation doubled as Q decreased from 0.53 to 0, while it remained at the same level

when QO was more than 0.53. Therefore, lower Q values are beneficial to both strength and ductility.

3.2. Evolution of the microstructure

The distribution of texture within extruded AZ31 tubes and rolled AZ31 sheets has been widely
reported in previous literature (Barnett, Nave, et al., 2004; Chino, Hoshika, Lee, & Mabuchi, 2006;
Guan, Tang, Jiang, & Chu, 2009). The grain orientations within the extruded AZ31 tubes were divided
into two groups; one with their c-axis approximately parallel to the RD, called the RD component,
and the other with their c-axis parallel to the TD are called the TD component (L. Jiang et al., 2007).
As & was introduced during cold-rolling, the ED component was activated due to the resolved stress in
this direction (Fig. 4). It is analogous to the transverse direction in the deformation of sheets.
Therefore, texture in the ED will be considered in the following analysis. According to previous
literature, the morphology of well-developed {1012} extension twins, are irregular, chunky and coarse
(L. Jiang et al., 2007), which is quite unlike that of {1011} contraction twins and double twins which
are typically thin, straight and long (Koike & Ohyama, 2005; L. Zhang et al., 2013). Contraction
twins which form in magnesium alloys frequently appear as the {1011}-{1012} double twinned
structure, and they have similar morphologies and effects on the mechanical behaviour (Chino,
Kimura, & Mabuchi, 2008). For a given imposed displacement along the planes of maximum shear
stress, extension twins only produce small amounts of shear per unit volume and therefore a relatively
large volume fraction of extension twins is required to accommodate the strain. Conversely,
contraction twins produce large amounts of shear per unit volume and therefore much smaller volume
fractions are produced. This explanation was originally proposed for Zr [28] and Jiang et al. (L. Jiang
et al., 2007) further applied that explanation to magnesium alloys. Because there are substantial
differences in the morphology of the twins, it is possible to distinguish the different types of
mechanical twins from the microstructure.

Fig. 5 (a) - (c) illustrates the microstructures corresponding to increasing € with a constant Q of 1.37.

All the optical micrographs presented here are perpendicular to the TD. It shows almost equiaxed



grains for the four sets of conditions. This was consistent with the report published by Ion and co-
workers (Ion, Humphreys, & White, 1982): the grain size was homogeneous for AZ31 specimens
deformed at strains of up to 25%. Twinning was observed to occur even during the initial stages at an
¢ of 5.5%. Twins can be also observed within grains for all specimens. Table 3 shows the statistical
results for the average grain size obtained by the average grain intercept method based on ASTM
Standard E112-13 (ASTM, 2013) using Image J software on SEM images. The average grain sizes do
not experience a substantial change. For this reason the grain size is not considered to be a factor in

further analysis relating to the mechanical behaviours.

All of the samples in the present paper are considered to have grains which were reoriented by
twinning activities, because a small amount of strain (~3%) on tubes induces deformation twins (Al-
Samman, Molodov, Molodov, Gottstein, & Suwas, 2012; Barnett, 2007; L. Zhang et al., 2013). Valle
et al. (del Valle, Carrefio, & Ruano, 2006) reported that the volume fraction of twins increased with
increase in strain from 5% to 15%, which is in accordance with Fig. 5 (a) - (c). The fraction volume of
twins increased dramatically with an increase in ¢, which indicates that a large amount of twins were
activated during cold rolling. Fig. 5 (c) shows almost all grains contained deformation twins at an & of
19.7%. It is noted that some of the twins within a particular grain were essentially parallel (see white
arrows in Fig. 5 (c)). These twins were {1011} contraction twins or double twins. The morphology of
the extension twins had a tendency to be thick. The characteristic lenticular morphology (see black
arrows in Fig.5 (a)) was also observed, as reported by lon et al. (Ion et al., 1982). Sideways growth of
the twins occurred with increasing . In Fig.5 (b) and (c) some of the extension twins have grown and
developed into a thick rodlike morphology.

Fig. 5 (d) - (f) shows the evolution of ture of AZ31 specimens msed from 0 to
2.37 with a constant ¢ of approximatel iaxed grains remained w! . Grain sizes,
therefore, remained constant while Q increased. In comparison with Fig. 5 (c), the volume fraction of

twins remained at the condition of almost saturation. However, the proportion of contraction and

double twins increased with an increase in Q (see blue arrows in Fig. 5 (e) and (f)).

It is noticed that there are two types of grains with different contrast, light-coloured and dark-coloured
(Fig. 5 (a) - (¢)). The basal plane of a i in is parallel to the obseryad ace, grains are
light-coloured, whilst grains perpendicumbservation surface appea(r‘mk-coloured (L.
Zhang et al., 2013). Therefore, grains in the TD orientation should be light-coloured, and dark-
coloured grains are considered to be in the RD or ED. In Fig. 5 (c), the fraction of twins appears to be

low because many of the grains have been entirely consumed by well-developed extension twinning.

The intersection of twins can occasionally be observed for high levels of € (Fig. 5 (e) and (f)).

In order to obtain the orientation of grains and identify the twinning, EBSD serial analyses was
performed (Fig. 6). The data around twins had low indexing rate due to the lattice distortion of

magnesium under cold rolling conditions. However, the type of twins can be identified by their



characteristic reorientation angles (87°, 56°and 38° for extension, contraction and double twins,
respectively) (Zhang, Rauch, & Véron, 2013). The observed surface is perpendicular to RD. Therefore,
<0001> in Fig. 6 is parallel to RD. Fig. 7 is a schematic showing how to identify the different types of
twins were identified. Extension twins were observed in most grains, whilst contraction and double
twins can only be identified in grains with their c-axis not aligned along the <0001> direction. Fig. 6
(a) and (b) are from NO8 and NO3, where ¢ was increased from 5.5% to 19.7% with a QO of 1.37. The
volume fraction of extension twins increased dramatically. Fig. 6 (c) and (d) are from N0O2 and NO7,
where O was increased from 0 to 2.24 with a constant ¢ of 19%. Contraction and double twins were
not observed in Fig. 6 (c), but they were generated with increasing Q (corresponding arrows in Fig. 6
(d)). Double twins were observed within the contraction twins. This phenomenon is consistent with
previous reports (Ion et al., 1982; L. Jiang et al., 2007). In Fig. 6 (b) (c) and (d), the ¢ was
approximately 19%, some of grains had almost half of their area occupied by well-developed
extension twins (see white arrows in Fig. 6), and the intersection of twins can be observed for high

levels of &.

4. Discussion

4.1. Twinning development during cold-rolling
During cold rolling, <c + a> slip was suppressed, while twinning was generally favoured. Therefore,

twinning played an important role during fabrication of the Mg tubes. Texture development and
reorientations of grains are inevitable during deformation of the AZ31 tubes and both extension and
contraction twinning may be activated simultaneously (Liang, Sun, Liu, & Wang, 2009; Ranjbar
Bahadori, Dehghani, & Bakhshandeh, 2013). The c-axis of the grains tends to rotate into alignment
with the deformation direction (Kim et al., 2005; Ma et al., 2012). In the case of increasing &, there
was compressive stress on the RD and TD components (Fig. 4), while extension twins were observed
in reoriented grains with their c-axis parallel to the ED due to elongation in this direction (see blue
arrows in Fig. 6 (b)). Jiang et al. (L. Jiang et al., 2007) reported that twinning activities were active in
the RD component and TD component for extruded tubes. However, extension twinning that occurred
in the ED component was observed during cold rolling for the present paper (Fig. 6). Thus, there were

grains which were reoriented to the ED component during the cold-rolling of AZ31 tubes.

Contraction twinning remained inactive during the early stages of straining until the local stress
reaches the critical resolved shear stress value for contraction (L. Zhang et al., 2013). Therefore,
although both the RD component and TD component favour contraction twinning, contraction twins
were not observed at an ¢ of 5.5% (Fig. 6 (a)). In comparison, extension twinning occurred in the ED
component more readily than contraction twinning. The extension twins contribute a majority of twins

in the case of increasing €, even at the highest € of 19.7%. However, it is observed that contraction



twins or double twins also formed for the higher levels of ¢ (Fig. 6 (c)). Fig. 8 shows pole figures for
El and E4/Q3, where the ¢ was increased from 5.5% to 19.7%. Both exhibit a strong overall texture,
but the basal planes for those parallel to the ED was enhanced with the increasing ¢, caused by tensile

stress on the ED and compressive stress on the RD and TD.

As Q was increased, tensile stress and compressive stress was applied on the TD and RD components,
respectively (Fig. 4). In comparison with the case of varying ¢, no resolved stress was applied along
ED. Mechanical twinning in the ED component could not be activated. Extension twins were broadly
distributed in all samples of Q groups, which resulted from the high-level ¢ of 19.7%. However,
limited extension twins propagated in the TD. Referring to the Schmid Factor (SF) criterion, only
those twin variants above a threshold value of SF can form during deformation (Mu, Jonas, &
Gottstein, 2012; Park, Hong, Lee, & Lee, 2012). The resolved stress in the case of those samples with
varying Q is similar to the condition of tests conducted by Godet et al. (Godet, Jiang, Luo, & Jonas,
2006), where contraction twins were shown to have a higher SF than that of extension twins.
Therefore, contraction twins developed rapidly with an increase in Q. Much more contraction twins
formed than extension twins as shown in Fig. 6 (d). As mentioned above, texture intensity near the TD
component became lower for the higher level of e. This may also contribute to the suppression of
extension twinning in the case of varying O (¢ remained at approximately 19%) due to the lack of an
appropriate component for twinning. Jiang et al. (L. Jiang et al., 2007) analysed a similar condition,
and concluded that the RD component was rotated more readily towards ED than towards the TD

component using the SF criterion, which is consistent with the above result.

4.2. Influence of twinning on mechanical behaviour

The influence of twinning on the mechanical behaviour of Mg alloys has been demonstrated in many
studies (Barnett, Keshavarz, Beer, & Atwell, 2004; Barnett, Nave, et al., 2004; Miao, Hu, Wang, &
Wang, 2011; Oppedal et al.; 2012). The twin boundaries formed in grains can act as barriers to
dislocation motion, as do grain boundaries, which can lead to an increase in the work-hardening rate.
In contrast, the twin boundaries accommodate strain along the c-axis, which can release the effect of
work hardening. Therefore, the lattice rotation introduced by twinning can enhance or reduce the
rate of work hardening depending on the type of twinning. {IOTI} contraction twinning reorients
the basal planes by 56° and has an effect favourable for basal glide. Double twinning has the same
effect as {1011} twinning, which rotates the orientation of basal planes by 38° (Lan Jiang et al.,
2007). {1012} extension twinning reorients the basal planes by 86° (Barnett, Nave, et al., 2004).

In the case of increasing €, extension twins were generated favourably in the ED direction, and most
of the twins in Fig. 6 were identified to be extension ones. Barnett et al. (Barnett, Keshavarz, et al.,
2004) pointed out that the 86° reorientation induced by {IOTZ} extension twinning has a strong
influence on improving strength. Oppedal et al. (Oppedal et al., 2012) reported that extension
twinning induces dislocation transformation in the reoriented matrix, as twinning shear extracts from



the parent dislocation and releases a transmuted dislocation in the twin [11, 23]. The increase in
strength may also contribute to texture hardening which is verified by Oppedal et al. (Oppedal et al.,
2012). Texture hardening took place with increasing € due to deformation in ED and reorientation of
TD component grains. Therefore, the UTS at an € of 19.7% increased by 33% over that at an € of 5.5%.
Therefore, the combined effect of texture hardening and extension twinning leads to an increase of
the UTS and YS in the case of increasing ¢.

{1011}-{1012} double twinning is frequently formed within {1011} contraction twins, and has a
similar effect on softening to contraction twins (Cizek & Barnett, 2008; Ma et al., 2012). However,
this type of structure is considered to lead to rapid flow localisation and failure (Cizek & Barnett,
2008) due to the combined effects of strain softening and localised void formation (Barnett, 2007). In
both cases of increasing ¢ and increasing O, the elongations declined. For the case of increasing ¢,
texture hardening and extension twinning may be factors which lead to the drop in elongation, so the
effect of double twins on elongation could not be ascertained. But with increasing Q, elongation
experienced a decreasing trend similar to UTS and Y'S, which is not consistent with typical
mechanical behaviours. In consideration of the absence of texture hardening and the unchanged
amount of extension twins, the effect of double twins may contribute to this seemingly abnormal
tendency. Fig. 9 shows pole figures of the grain orientations for N02 and NO7 (Q increased from 0 to
2.24). The texture was not enhanced along any particular direction.

The apparent fraction of twins in samples with high € levels seemed lower because most of the
grains have been almost entirely consumed and reoriented by twinning. These conditions favour the
activation of secondary {1012} twinning for all with increasing Q (Cizek & Barnett, 2008). In the case
of increasing ¢, secondary {1012} twinning was observed in the sample with & of 19.7% (Fig. 6 (b) &
(d)). The frequency of the secondary twin boundaries increases continuously with strain. More and
more secondary twinning can be activated within primary {1012} twins. Unlike most of the primary
{1012} twins, these secondary {1012} twins were shorter and denser (Cizek & Barnett, 2008; Lan
Jiang et al., 2007). That is because secondary twins have a high rate of lateral growth, and then
consume significant lengths of the primary twins. The secondary {1012} twins were observed in the
samples processed at a Q of 2.24 (arrows in Fig. 6 (d)). As mentioned earlier, twin boundaries can
have the effect of blocking dislocation motion. The primary {1012} twins provide additional barriers
to the secondary {1012} twin systems. Hence, the formation of primary and secondary {1012} twins
contribute to hardening. However, Jiang et al. (Lan Jiang et al., 2007) reported a decrease in the strain
hardening rate when primary and secondary {IOTZ} twin systems interacted, which is also observed
in the results of this investigation. The reason for this behaviour is unclear and requires further
research.

Texture in the ED did not change with varying Q. As deformation took place in the TD and RD, the
UTS and YS exhibited a rapid drop with increasing O, which suggests that the change of texture in TD
and RD does not play as important a role as that in the case of varying . However, the formation of
{1011} contraction twinning had a significant influence on the flow stress. Its effect was reported to
be similar to that of <c + a> slip [32]. It is observed that {1011} contraction twinning and double
twinning can be activated in the RD (Fig. 4), and they increased linearly with the increase of Q.
Decreasing strain hardening resulted from the formation of contraction and double twins due to the
reduction of the strain hardening index, n (Jiang, Jonas, Luo, Sachdev, & Godet, 2006). Extension



twinning may also be activated in the TD. However, as mentioned earlier, many of the grains have
been almost completely consumed and reoriented by twinning at an ¢ of 19.7%, so extension
twinning was suppressed even when Q is 0. The amount of primary {1012} twins rarely increased
because they were almost saturated, while the shorter and denser secondary {1012} twins are
introduced. The twins lost their effectiveness as barriers to dislocation motion. This contributes to
the decrease in strain hardening rate observed in Fig. 3 with increasing Q. Therefore, in the case of
increasing O, primary {1012} extension twinning has no influence on the mechanical behaviour,
while the combined effects of {1011} twinning/double twinning and secondary {1012} twinning
play a dominant role.



5. Conclusion

The effect of cold rolling on the mechanical behaviour of AZ31 Mg alloy tubes was investigated
through an analysis of mechanical properties and the evolution of twinning under different
processing parameters. The properties were assessed with respect to the tube rolling parameters; €
the ratio in cross-sectional reduction and Q the ratio of wall-thickness to diameter reduction.

For the AZ31 tubes, the UTS and YS increased with increasing ¢, while it dropped with an increase in

Q. Elongation in both cases decreased with an increase in ¢ and Q. The UTS/YS and elongation show
the same tendency due to the formation of {1011}-{1012} double twins.

{1012} extension twins increased with increasing ¢ until they are almost saturated when ¢ is above
16.5%. Then contraction/double twins and secondary {1012} twins propagated dramatically at high-
levels (>16.5%) of ¢ and in the case of increasing Q.

The {1012} extension twins were the dominant deformation mechanism and overshadowed that of
contraction and double twinning in the case of varying ¢. Texture hardening and {1012} extension
twinning are the two dominant effects on the mechanical properties in the case of increasing ¢.
Contraction and double twinning played a dominant role in determining the mechanical behaviour in
the case of varying Q.
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Tables:

Table.1 Chemical composition of the AZ31B tubes (wz. %).

Mg Al Zn Mn Cu Fe Ni

Balance 2.70 0.71 0.20 0.008 0.007 0.001

Table. 2 Sample groups and processing parameters ¢ and Q used in investigation.

Sample El E2 E3 E4/Q3 QI Q2 E4/Q3 Q4

Outside Diameter (mm) 7.71 7.51 7.32 7.19 6.57 6.91 7.19 7.41
Wall thickness (mm) 0.87 0.84 0.81 0.79 0.90 0.84 0.79 0.77

e 55% 11.1% 16.3% 19.7% Approximately 19%
0 1.37 0 0.53 1.37 2.24

Table. 3. Statistical grain sizes with Q of 1.37

gof5.5% eof 11.1% £0f16.5% €0f 19.7%

Grain sizes 17.64 um 17.51 um 17.81 um 18.17 um
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Fig.1 Schematic diagram relating the elongation direction (ED), tangential direction (TD) and radial direction (RD) to the

sample orientation.
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Fig. 2 (a) True stress-true strain plots for varying &; (b) Evolution of mechanical properties with ¢ (Standard error bars)
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Fig. 3 (a) True stress-true strain behaviour with varying Q; (b) Evolution of mechanical properties with Q (Standard error

bars)



Fig. 4. Schematic diagram relating the orientaion of c-axes and resolved stresses on crystals with HCP structure in different
directions. (a) resolved stresses as ¢ increases; (b) resolved stresses as Q increases
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Fig. 5. Microstructures of cold-rolled AZ31 tubes:(a) &: 5.5%, Q: 1.37 (b) &: 16.5%, Q: 1.37 (c) &: 19.7%, Q: 1.37 (d)e: 19.7%,
0:0,(e) e 19.7%, 0: 0.53, (f) &: 19.7%, Q: 2.24
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Fig. 6. Inverse pole figure maps obtained by EBSD serial image analyses showing extension twins, contraction twins and
double twins in AZ31 magnesium tubes deformed at different ¢ and Q. (a) &: 5.5%, Q: 1.37; (b) &: 19.7%, Q: 1.37; (¢) &:
19.7%, Q: 0; (d) &: 19.7%, Q: 2.24 The IPF maps correspond to the orientation with respect to the map key in (e).
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Fig. 7. Schematic diagram for identifying different types of twins by characteristic reorientation angles. (a) Inverse pole

figure of the sample with € of 19.7% and Q of 2.24, reorientation angles were detected along with the black arrow. (b)

Misorientation angles for specific twins, extension twins (87° +3°), contraction twins (56° +3°) and double twins (37° +3°)

were detected, respectively
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Fig. 8. Texture development during rolling of AZ31 tubes with the increasing Q. Recalculated 0001 and 1010 pole
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Fig. 9. Texture development during rolling of AZ31 tubes with the increasing Q. Recalculated 0001 and 1010 pole

figures (a) &: 19%, Q: 0 (b) &: 19%, O: 2.24





