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a b s t r a c t

In order to develop new magnesium alloy sheets with high formability at room temperature, the
microstructure, texture, ductility, and stretch formability of rolled Mg–2%Gd–1%Zn and Mg–3%Gd–1%Zn
sheets were investigated. The microstructures of these rolled sheets consist of fine recrystallized grains
with a large amount of homogeneously distributed tiny particles in the matrix. The basal plane texture
intensity is quite low and the basal pole is tilted by about 30◦ from the normal direction toward both
the rolling direction and the transverse direction. The sheets exhibit an excellent ultimate elongation
eywords:
agnesium alloys

olled sheet
on-basal texture
uctility
ormability

of ∼50% and a uniform elongation greater than 30%, and the Erichsen values reach ∼8 at room temper-
ature. The flow curves of the two Mg–Gd–Zn alloys sheets display a remarkable linear hardening after
an obvious yield point. The majority of the grains in the tilted texture have an orientation favorable for
both basal slip and tensile twinning because of a high Schmid factor. The excellent stretch formability at
room temperature can be attributed to the non-basal texture and low texture intensity, which led to the
following characteristics: a lower 0.2% proof stress, a larger uniform elongation, a smaller Lankford value

ing e
and a larger strain harden

. Introduction

Mg alloys have high potential for improving the fuel efficiency
nd reducing the CO2 emission of vehicles because of their high spe-
ific strength and stiffness. There is an increasing demand for mass
roduced Mg alloy sheets with high performance for industrial
pplications. Unfortunately, the commercial magnesium alloys, e.g.
Z31 sheet, produced by the conventional rolling process usually
ave poor ductility and strong anisotropy at room temperature due
o a pronounced basal texture [1], which limits their further press
ormability and industrial applications. Therefore, improving the
ow and/or room temperatures formability by changing or weak-
ning the basal texture is important for promoting a wider use of
g alloy sheets in industry.
Many different technologies, e.g. equal channel angular extru-

ion [2,3], differential speed rolling [4,5], torsion extrusion [6] and
yclic extrusion [7], have been used for processing magnesium
lloys and have been proved to be effective in developing weaker

r non-basal textures. The elongation-to-failure at room temper-
ture can be enhanced significantly to ∼38% [7]. However, these
rocessing technologies are not as efficient as rolling process in
iew of industrial application.
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Recently, the addition of rare-earth metal, such as Ce [8,9], Nd
[9], Y [9,10] and Gd [11], to Mg alloy has been found to be an effec-
tive way of weakening and changing the basal texture of wrought
magnesium alloys. Some work [8,9] attributes the texture weaken-
ing effect to the solute RE in Mg, and suggests that the addition of
more RE should not be necessary for weakening the basal texture
[11–13]; moreover, the excellent room temperature ductility and
formability have indeed been observed in the Mg alloys with dilute
(≤1 wt.%) RE elements [14–16]; the elongation-to-failure [16] and
Erichsen value (IE) [14,15] at room temperature in those work are
more than 30% and 9, respectively. However, in some other work
[11,17,18], where RE is also present as a microalloying additions
(≤1 wt.%), the room temperature ductility and formability are only
enhanced moderately, still far inferior to typical structural Al alloys.
So, it is still not sure that microalloying Mg with RE could promise
excellent sheet formability. In fact, the effect of RE elements on
weakening the texture and improving the ductility and formability
of Mg alloy depends not only on the content, but also obviously
on the type of RE addition [12] and other alloying elements in Mg
[11,16,19], which has been scarcely discussed in those references.

Gd is soluble in magnesium to ∼4 wt.% at 200 ◦C [20]. With Zn/Gd

ratio in a certain range, there form a large amount of second-phase
particles [21] in Mg matrix, which may serves as the sites of recrys-
tallization, i.e. particle-stimulated nucleation (PSN), to weaken the
texture [22]. Therefore, in Mg–Zn alloy, a relative high content of
Gd, compared with dilute Gd addition [11,12,16], may act more

ghts reserved.
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Table 1
Analyzed chemical compositions of the investigated alloys (wt.%).
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Alloys Gd Zn Mg

GZ21 1.68 1.11 Bal.
GZ31 2.74 1.06 Bal.

ffectively on weakening and changing the basal texture in Mg
heet, and benefit its ductility and formability at room tempera-
ure more. In this paper, we add Gd as a major alloying element (the
ontent of Gd higher than Zn) in Mg–Zn alloy and study the texture,
uctility, strain-hardening behavior, and stretch formability of two
olled Mg–Gd–Zn alloy sheets with 2% and 3% Gd at room tem-
erature. High room-temperature ductility and easy formability in
hese alloy sheets will be presented.

. Experimental procedures

Two magnesium alloys denoted as GZ21 and GZ31 were examined in the present
tudy. The chemical compositions are listed in Table 1. They were prepared with
ure Mg (99.9%), Zn (99.9%) and Gd (99.5%) by melting under the protection of a
ixed SF6 (1, vol.%) and CO2 (99, vol.%) atmosphere. Ingots with a dimension of

5 mm × 200 mm × 200 mm were prepared by pouring the melt into a preheated
teel mold. They were homogenized at 500 ◦C for 10 h, then quenched in water, and
ubsequently machined to slabs with a dimension of 200 mm × 70 mm × 20 mm.
he slabs were rolled to sheets at 430 ◦C with a final thickness of 3 mm. The rolling
rocess started with an initial reduction of ∼10% and the final reduction was ∼30%
esulting in a total reduction of 85%. After each pass, the rolling specimens were
eheated to 430 ◦C and held for 20 min to maintain a consistent rolling tempera-
ure. The rolled sheets were annealed at 400 ◦C for 1 h after the last rolling pass.
or comparison, AZ31 (Mg–3Al–1Zn–0.2Mn, by wt.%) was selected as the counter-
art since it was a popular magnesium alloy for rolled sheets products. The cast

ngot of the AZ31 magnesium alloy was machined to a slab with a thickness of
0 mm, and was also processed identically to the rolled Mg–Gd–Zn alloys. Hereafter,
D, TD and ND denote the rolling, transverse and normal directions of the sheets,
espectively.

For microstructure observations, samples were cut from the rolled sheets
nd etched in acetic picric (25 ml ethanol + 2 g picric acid + 5 ml acetic acid + 5 ml
ater). The grain sizes (l) were determined by analyzing the optical micrographs
ith a line-intercept method (d = 1.74 l). The phases were analyzed with a scan-
ing electron microscope (SEM, Philips XL30 ESEM-FEG/EDAX) equipped with an
nergy-dispersive X-ray (EDX) spectroscopy analysis system and identified by X-
ay diffraction using a monochromatic Cu K� radiation. Texture analysis of the rolled
amples in RD–TD plane was performed using the Schultz reflection method by X-
ay diffraction. Calculated pole figures were obtained with the DIFFRACplus TEXEVAl
oftware, using the measured incomplete {0 0 0 2}, {1 0 −1 0} and {1 0 −1 1} pole
gures.

Tensile specimens with 10 mm in gauge length, 4 mm in gauge width and 2.5 mm
n gauge thickness were machined from the rolled sheets. The tensile tests were
arried out at the angles of 0◦ (RD), 45◦ and 90◦ (TD) between the tensile direction
nd the RD at room temperature with an initial strain rate of 1 × 10−3 s−1. The true
lastic strains along the plate width (εw), thickness (εt) and length directions (εl),
espectively, were measured on the specimens deformed at a plastic strain of 8%.
rom these results the Lankford values (r-value) were calculated using the equation
= εw/εt = −εw/(εl + εw). The value of the strain hardening exponent (n-value) is equal
o the true strain at the beginning of necking, and therefore it can be obtained by
he formula n = εT = ln(1 + εE), where εT and εE are the true strain and engineering
train at the beginning of necking, respectively [23]. The engineering strain at the
eginning of necking corresponds to the point of the ultimate tensile strength (UTS).

Circular blanks with a diameter of 60 mm and a thickness of 1 mm was machined
rom the specimens of rolled GZ21 and GZ31 sheets. Erichsen tests using a hemi-
pherical punch with a diameter of 20 mm were carried out at room temperature
o investigate the stretch formability of the specimens, and the Erichsen value (IE),
hich was the punch stroke at fracture initiation, was measured. The punch speed

nd blank-holder force were 5 mm/min and 10 kN, respectively. Graphite grease was
sed as a lubricant during the punch process.

. Results

.1. Microstructure and texture
The microstructures of the rolled GZ21 and GZ31 alloys in the
D–TD plane are shown in Fig. 1. Both alloys have equiaxed grain
tructures with a few twins. The average grain sizes of the two
lloys are 16 �m and 12 �m, respectively. Fig. 2 is the SEM images of
Fig. 1. Microstructures of the Mg–Gd–Zn sheets on RD–TD plane with RD parallel
to scale bar: (a) GZ21 alloy and (b) GZ31 alloy.

the GZ31 sheet and corresponding EDX analysis results. In the SEM
images, there are many fine particles smaller than 2 �m and some
larger particles ∼10 �m (Fig. 2a), which are homogeneously dis-
tributed in the matrix. A similar phase distribution is also observed
in the GZ21 sheet. Studies by Yong Liu et al. have shown that alloys
with the Zn/Gd ratio (at.%) in the range of 0.25–1 consist of �-
Mg, w-phase and an unknown phase [21], and the w-phase is a
MgZnGd compound with the fcc structure. The phase compositions
of the present GZ21 (Zn/Gd = 1.2, at.%) and GZ31 (Zn/Gd = 0.8, at.%)
sheets by XRD analysis are shown in Fig. 3. It indicates that the hot-
rolled GZ21 and GZ31 alloys mainly consist of �-Mg solid solution,
Mg3Gd2Zn3 (w-phase) and GdMg5 compounds. The larger particles
are identified as GdMg5 according to results of the EDX analysis, as
indicated by arrows A and B in Fig. 2a.

The (0 0 0 2) plane pole figures of the rolled Mg–Gd–Zn and AZ31
alloys sheets are summarized in Fig. 4 and reveal that the (0 0 0 2)
plane texture intensity of the Mg–Gd–Zn alloys sheets are far lower
than that of the rolled AZ31. The maximum intensity (∼2) of the
Mg–Gd–Zn sheets is only a quarter of that of AZ31 sheet, which
indicates that the addition of Gd effectively weaken the basal tex-
ture intensity. The same trend has been observed in other Mg alloys
containing RE elements [9,18], but the effects in those cases were

not as significant as in present Mg–Gd–Zn alloys. Meanwhile, the
pole figures of GZ21 and GZ31 alloys sheets show a non-basal tex-
ture with basal poles tilting about 30◦ from the normal direction
toward RD and TD, similar to that reported in [13,15]. And the peak
intensity tilting toward TD is a little higher than that tilting to RD.
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Fig. 2. SEM images (a and b) of the GZ31 sheet and corresponding en

he AZ31 sheet, on the other hand, shows a typical basal texture.
n addition, the orientation distribution is wider in TD than in RD
n the present Mg–Gd–Zn alloys sheets, while it is usually wider in
D in hot-rolled AZ31 sheet [5].

.2. Mechanical properties and formability
Fig. 5 displays the typical engineering stress-engineering strain
urves of the Mg–Gd–Zn sheets in the tensile directions of RD,
5◦ and TD. A distinct yield point can be found in the tensile
urves except along RD of GZ21 (Fig. 1a), followed by strain hard-
ning up to a peak stress. To compare with the data reported by
ispersive X-ray spectra of points A and B indicated in the image (a).

other authors, we still define the tensile yield strength (TYS) of
Mg–Gd–Zn alloys as the stress at an engineering strain of 0.2%.
Both alloys exhibit planar anisotropy in the yield strength and
elongation-to-failure, while the ultimate tensile strength (UTS) is
not significantly affected by the sample orientation. The TYS in the
RD of Mg–Gd–Zn alloys is higher than that measured at 45◦ and
in the TD, while the elongation-to-failure is reverse. The average

values for TYS, UTS and elongation-to-failure are summarized in
Table 2. The elongation-to-failure of the Mg–Gd–Zn sheets exceeds
40%; the maximum elongation-to-failure of 47% is achieved along
TD of GZ31 alloy, while that of the AZ31 alloy with a grain size of
12 �m is no more than 23% [4].
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Fig. 3. X-ray diffraction patterns of the Mg–Gd–Zn sheets.
The strain hardening behavior of the Mg–Gd–Zn alloy sheets
as analyzed by calculation of the strain hardening rate:

≡ d�

dε
(3)

Fig. 4. (0 0 0 2) pole figures of the rolled Mg–Gd–Zn alloy
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where � and ε are the true stress and true plastic strain, respec-
tively, and the �–� curve for the Mg–Gd–Zn alloys sheets are shown
in Fig. 6. Samples of the rolled sheets show first a steep harden-
ing decrease due to a short elastoplastic transition, and further an
almost constant hardening behavior, with � ≈ 1000 MPa for GZ21
and 800 MPa for GZ31, which is linear hardening, and has great
impact on ductility at room temperature, especially uniform elon-
gation. We will discuss it in detail later.

It is known that the press formability of sheets at room tem-
perature is strongly affected by the Lankford value (r-value). The
r-values for Mg–Gd–Zn alloys sheets were investigated by conduct-
ing tensile tests and the results are summarized in Table 3, where
the data of the rolled AZ31 sheets are also listed for comparison [24].
The average r-value (r̄) and the planar anisotropy of the r-value (�r)
are expressed as [18]

r̄ = 1
4

∣
∣rRD + rTD + 2r45

∣
∣ (1)

�r = 1 ∣
∣rRD + rTD − 2r45

∣
∣ (2)
The average r-values of the Mg–Gd–Zn alloys (r̄ = ∼0.8) are
much lower than that of the rolled AZ31 sheets [24]. The low r-
value less than unity indicate that sheet thinning can easily occur
during in-plane tensile deformation. Moreover, the r-value of rolled

s: (a) GZ21 alloy, (b) GZ31 alloy and (c) AZ31 alloy.
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ig. 5. Engineering stress-strain curves of the Mg–Gd–Zn sheets in the tensile direc-
ions of RD, 45◦ to RD and TD: (a) GZ21 and (b) GZ31.

Z31 sheets along different directions varied greatly, which would
estrict the stretching capability [24]. In contrast, the r-values of
he Mg–Gd–Zn sheets along different directions are close to 1. It is
ell known that the earring behavior of metal sheets during deep
rawing is directly related to the planar anisotropy (�r): sheets
ith low �r exhibit less earring tendency. The �r -value for the
g–Gd–Zn sheets is close 0, which implies less earring possibility.
The results of the Erichsen tests at room temperature are shown

n Fig. 7. The Erichsen values of GZ31 alloy were a little larger
han that of GZ21 alloy, which is consistent with the ductile results
f uniaxial tensile test. However, the Erichsen values are only 2.6

nd 4.1 at room temperature and 433 K for normally rolled AZ31
g alloy sheets with a grain size of 16 �m [25], and the Erich-

en values at room temperature are also only ∼4.0 for the Mg–Ce
lloy and differential speed rolling processed AZ31 Mg alloy sheets

able 2
oom-temperature tensile properties of the sheets (TYS, tensile yield stress; UTS,
ltimate tensile stress).

Alloy Grain size
(�m)

Orientation TYS (MPa) UTS (MPa) Elongation-
to-failure
(%)

GZ21 16
RD 129.9 233.4 40.3
45◦ 113.8 221.2 44.5
TD 110.1 218.4 44.6

GZ31 12
RD 130.6 220.0 40.3
45◦ 121.0 220.3 47.3
TD 118.0 220.9 45.1

AZ31
[4] 8

RD 185 259 23
45◦ 188 262 23
TD 201 262 21
Fig. 6. Strain hardening behavior of the rolled Mg–Gd–Zn alloys: (a) GZ21 and (b)
GZ31.

with a modified and weakened basal texture [17,25]. Comparatively
speaking, the Mg–Gd–Zn alloys exhibited excellent stretch forma-
bility (IE ∼8), which is a match for that of 5000 and 6000 series Al
alloy, of which are about 9–10 [26,27] and much better than that
of AZ31 Mg alloy sheets.

Fig. 7(c) and (d) are the top view of the rolled Mg–Gd–Zn alloys
after the Erichsen tests. Previous study [28] revealed that a rolled
AZ31 Mg alloy having a basal texture with a splitting of basal pole
toward the RD exhibits a surface crack parallel to the RD after
Erichsen tests. However, in the present study, the surface crack
parallel to the TD appeared in all the rolled Mg–Gd–Zn alloys. The
same phenomenon also appeared in the rolled Mg–Zn–Y alloys [15].
These results indicate that the splitting of basal pole toward the TD
strongly affected the macroscopic fracture behaviors of the rolled
Mg–Zn–RE sheet during Erichsen tests.

4. Discussion
4.1. Texture

It is known that the basal plane of rolled AZ31 alloy sheet is
intensively distributed parallel to the RD–TD plane, which cor-

Table 3
Planar and in-plane anisotropy of the Mg–Gd–Zn sheets.

Alloy rRD r45◦ rTD r̄ �r

GZ21 0.8 0.6 0.8 0.75 0.2
GZ31 0.8 1 0.6 0.8 0.3
AZ31 [24] 2.2 3 4 3.1
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Fig. 7. Specimens and top view of the rolled Mg–Gd–Zn alloys after t

esponds to a so-called basal-type texture. The other important
eature of the AZ31 sheet texture is a broader intensity spread of
he basal poles from the ND toward the RD than to the TD [5].
his type of texture has often been referred to as the typical tex-
ure of rolled or rather tempered Mg alloy sheets [1,5,29]. Some
esearchers have found that a combination of basal <a> slip and
ensile twinning was responsible for the formation of strong basal
exture in rolled AZ31 [29]. Furthermore, it has been emphasized
hat pyramidal <c + a> slip is responsible for the basal pole splitting
oward the rolling direction. Interestingly, the (0 0 0 2) pole figure
f the present Mg–Gd–Zn sheets exhibits an ellipsoidal form of the
ntensity distribution. The splitting angle of the basal pole from the
D toward the RD is about 30◦, which is larger than AZ31 sheet. Fur-

hermore, rotation of the basal poles by about 30◦ toward the TD is
bserved, which does not occur in AZ31. This unusual type of tex-
ure developed during sheet rolling has been noted by many other
uthors [13–17,30,31], who further suggested that additions of RE
lements to Mg alloys should be responsible for the development
f weaker textures during rolling or extrusion [14,18]; however,
number of different mechanisms for this texture has been sug-

ested. One of the possible origins of the splitting of basal pole
oward the TD is an activation of prismatic <a> slips. Lebensohn
t al. [32] have simulated basal texture changes during hot rolling
f a Zr alloy with hcp structure, and demonstrated that the devel-
pment of splitting of basal pole toward the TD is caused by an
ctivation of prismatic <a> slips. Indeed, previous study [17] has
evealed that RE (Ce) addition in Mg activates prismatic <a> slips.
he above information suggests that the splitting of basal pole
oward the TD may be related to the activation of prismatic <a>
lips due to Gd addition. A RD–TD double split was also observed in
g–Zn–Ce alloy [13]. The author attributed the particular texture

o that the non-basal orientations develop a form of growth advan-
age, and grow at the expense of the basal grains, possibly due to
he a form of particle pinning or solute drag that alters orientation
elationships for high boundary mobility. In addition, particle stim-
lated nucleation (PSN) of recrystallization has also been cited as
texture-randomizing mechanism in wrought magnesium alloys

22]. The alloys investigated in this study contain fine particles, i.e.

-phase. Thus, the random texture in the Gd-containing Mg alloys
ay have originated from the special recrystallization behaviors

uring the rolling process. In fact, a lot of annealing treatments
o the rolled GZ31 sheet have be conducted, and we found the
ne w-phase in matrix greatly influences the type and intensity
chsen tests at room temperature: (a and c) GZ21 and (b and d) GZ31.

of the texture after annealing treatment. Further work is underway
to understand the relationship among fine w-phase in the matrix,
recrystallization behavior and texture of Mg–Gd–Zn alloy sheets.

4.2. Ductility

The uniform elongation and post-uniform elongation are sum-
marized in Fig. 8. As seen in Fig. 8(b), the post-uniform elongations
of the Mg–Gd–Zn alloys sheets are almost the same as that of AZ31
alloy, which means the uniform deformation stage plays a vital role
in achieving the high ductility of the rolled Mg–Gd–Zn sheets. The
hardening capability of the processed materials confers the resis-
tance to developing tensile mechanical instabilities, and therefore
controlling ductility. Higher strain-hardening exponent (n value)
usually indicates better ductility, especially uniform elongation at
room temperature. For metal sheets with high ductility, such as Al
or steel, n values are typically about 0.20–0.50 at room tempera-
ture [33], while the n values of most magnesium alloys are lower
than 0.2. For example, n values of AZ31 and AM30 alloy sheets were
0.14 and 0.17, respectively [34]. However, the present Mg–Gd–Zn
sheets exhibit high n values ranging from 0.24 to 0.29 as observed
in this study (see Table 4).

Detailed studies on strain hardening behaviors of single crys-
tals of pure magnesium were performed even before 1980 [35].
Three strain hardening stage in hexagonal metals are observed as
in face-centered cubic (fcc) crystals [36], i.e. stages I–III, (1) an
initial transient stage, where � decreases rapidly (stage I), (2) a
stage where � increases to a maximum and then keeps nearly con-
stant with � (stage II) and (3) a stage where � decreases linearly
with � due to onset of dynamic recovery (stage III). In the stage
II of strain hardening, the strain hardening rate keeps nearly con-
stant with stress increasing, therefore, stage II is linear hardening,
which guarantees the tensile mechanical stabilities and high uni-
form elongation. However, the texture has a great influence on
strain hardening of magnesium alloy polycrystals. del Valle et al.
[37] reported that rolled samples with intensive basal texture show
a suppression of stage II and a development of a linear stage III from
the beginning of deformation by the enforcement of prismatic slip,

resulting in a low elongation, when the tensile test is conducted
along RD, while samples with ideal orientation of the basal planes
(45◦ to tensile axis) processed by equal channel angular extrusion
show extensive stage II of strain hardening, leading to a excellent
ductility at room temperature. The present Mg–Gd–Zn alloy sheets
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ig. 8. (a) The uniform elongation and (b) post-uniform elongation and of GZ21,
Z31 and AZ31 sheets.

lso exhibit a remarkable stage II of strain hardening when tensile
ested at room temperature. And it is worth to note that the stage
I of strain hardening appears without dependence on sample ori-
ntation; this can be attributed to the symmetrical splitting of the
asal poles around the ND and the random texture of the rolled
g–Gd–Zn alloys, and in turn the basal slip is favored in almost all

irection in the RD–TD plane. However, the stage II of strain hard-
ning of samples in TD is stabler than that of samples in RD. For
nstance, the stage II of GZ21 alloy in TD stay from � = 125 MPa to
75 MPa, while the range of stage II of GZ21 alloy in RD is only about
0 MPa. We can ascribe this phenomenon to the higher peak inten-
ity tilting toward to TD. In contrast to RD, TD is a more desirable
rientation of the basal planes for tensile test. The stabler stage
I of strain hardening interprets the higher elongation in TD. The
uite random texture and the tilted basal pole from ND of rolled

g–Gd–Zn alloys corresponds to a linear strain hardening behav-

or (the appearance of stage II of strain hardening) in tensile test,
hich brings about the high tensile ductility.

able 4
train-hardening exponent of the Mg–Gd–Zn alloys along different directions.

Alloy RD 45◦ TD

GZ21 0.24 0.27 0.29
GZ31 0.25 0.28 0.29
Low carbon steel [33] 0.20–0.25
Al alloy [33] 0.20–0.30
AM30 [34] 0.17 – –
Rolled AZ31 [34] 0.14 – –
Fig. 9. Relationships between tensile elongation (elongation-to-failure) and stretch
formability (Erichsen value) in the present alloys; the data for typical commercial
Mg alloy and Al alloys are also included for comparison.

4.3. Formability

Rolled AZ31 sheets with strong basal texture were reported to
exhibit a r-value as high as 3 [24] due to a small thickness-direction
strain and/or a large width-direction strain. In contrast, the r val-
ues close to 1 in the rolled Mg–Gd–Zn alloys indicate that the
cross-sectional contraction occurs isotropically, i.e. the strains in
the width and thickness directions are similar. It is well know that
the r values have a strong relationship with the texture. The rolled
Mg–Gd–Zn alloys have a rather random texture and the basal pole
tilts away from ND, and the majority of grains in the random and
modified texture have an orientation favorable for basal slip dur-
ing tensile tests, which produces a thickness-direction strain and a
length-direction strain. As a result, the thickness-direction strain is
comparable with width-direction strain and a moderate r-value of
around 1 is obtained. The low r-value is said to be a characteristic
of Mg alloys containing RE elements [18]. When the basal planes
are aligned parallel to the tensile direction, the basal and prismatic
<a> slips cannot play a vital role in the thickness-direction strain
[15,24]. Also, the strong basal texture restricts the activation of
{1 0 −1 2} twinning because {1 0 −1 2} twinning occurs under ten-
sion parallel to the c-axis or under compression perpendicular to
the c-axis. Therefore, it is suggested that the lower average r-value
and its lower anisotropy for the Mg–Gd–Zn alloy sheets should be
attributed to the quite low texture intensity and the splitting of the
basal plane.

Sheet metal forming processes can be characterized by two basic
types of deformation patterns: drawing and bending. Concerning
drawing one has to distinguish stretching (ε1 > 0, ε2 > 0) and deep
drawing (ε1 > 0, ε2 < 0) [38]. In our paper, Erichsen tests were car-
ried out at room temperature to investigate the stretch formability
of the Mg–Gd–Zn sheets. During the Erichsen test, the sheet speci-
men continues thinning until the occurrence of fracture [39]. Thus,
the lower r-value of the Mg–Gd–Zn alloy sheets, which means a
good sheet shinning ability, is considered to contribute much to its
excellent stretch formability.

The tensile elongation and stretch formability balance in the
present Mg–Gd–Zn alloys is shown in Fig. 9, and the data for typical
commercial Mg alloy and Al alloys are also included for comparison
[14,15,17,25–27,40]. The present Mg–Gd–Zn alloys shows higher
tensile elongation compared with traditional Mg alloy sheet. And
its stretch formability is also much higher than that of AZ31 sheet,
but very close to that of some Mg–Zn–RE alloy sheets [14,15]. It is

interesting that the IE values of Mg–Gd–Zn alloys are a little lower
than that of typical structural Al alloys, though the elongation of
Mg–Gd–Zn alloys is obviously higher. In the case of a biaxial tensile
stress state, the strain in the tensile direction and width direction
are positive, while strain in the thickness is negative, which are
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igh elongation is only a necessary condition for excellent stretch

ormability, and the low anisotropy (low r-value) and high strain
ardening capability (high n) seems to be more important.

. Conclusions

The rolled Mg–Gd–Zn alloys with excellent ductility and forma-
ility at room temperature are developed, and the results are
ummarized as follows:

. The rolled Mg–Gd–Zn alloys have fine recrystallized microstruc-
tures with a large amount of tiny particles homogeneously
distributed in the matrix.

. The Mg–Gd–Zn sheets have an oval-shaped distribution of basal
poles at angles of about 30◦ to normal direction (ND) of the
sheets, and it seems that the basal texture intensity is effectively
weakened by the addition of Gd.

. The distinct textures and low texture intensity of the sheets
result in a linear hardening behavior, a high strain hardening
exponent (n) and a low lankford value (r) in uniaxial tensile test
at room temperature.

. The sheets exhibit a large elongation-to-failure (nearly 50%),
uniform elongation (larger than 30%) and a high Erichsen val-
ues (nearly 8) at room temperature, due to the excellent strain
hardening capability, high n value and low r value.
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