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Abstract In-situ neutron diffraction has been employed to examine the effect of strain path on lattice strain evolution during

monotonic and cyclic tension in an extruded Mg-8.5wt.%Al alloy. In the cyclic tension test, the maximum applied stress

increased with cycle number. Lattice strain data were acquired for three grain orientations, characterized by the plane normal

to the stress axis. The lattice strain in the hard {10.0} orientation, which is unfavorably oriented for both basal slip and {10.2}

extension twinning, evolved linearly throughout both tests during loading and unloading. The {00.2} orientation exhibited

significant relaxation associated with {10.2} extension twinning. Coupled with a linear lattice strain unloading behavior, this

relaxation led to increasingly compressive residual strains in the {00.2} orientation with increasing cycle number. The {10.1}

orientation is favorably oriented for basal slip, and thus showed a soft grain behavior. Microyielding occurred in the monotonic

tension test and in all cycles of the cyclic test at an applied stress of ~50 MPa, indicating that strain hardening in this orientation

was not completely stable from one cycle to the next. The lattice strain unloading behavior was linear in the {10.1} orientation,

leading to a compressive residual strain after every cycle, which, however, did not increase systematically from one cycle to

the next as in the {00.2} orientation. 
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1. Introduction

Potential applications of wrought magnesium alloys for

lightweight structural components are restricted by their

high directional anisotropy and low formability at room

temperature.1-3) Since magnesium alloys have a hexagonal

close-packed crystal structure with a limited number of

slip systems, deformation twinning is required to accom-

modate strain along the c-axis.4-7) {10.2}<10.1> defor-

mation twinning commonly occurs at room temperature,

when grains are favorably oriented with respect to the

applied load.1,8-10) In the case of magnesium alloys,

{10.2}<10.1> twinning results in extension along the c-

axis since c/a ≈ 1.624 < , and is therefore referred to as

extension twinning. Due to the polar nature of twinning,

{10.2}<10.1> extension twinning can be activated by

tension parallel to the c-axis, and by compression per-

pendicular to the c-axis. After extension twinning occurs,

the c-axis(basal pole) is reoriented by approximately

86.3o with respect to its original direction, resulting in

significant evolution of the crystallographic texture over

small strain intervals.11-14) 

Common wrought magnesium and its alloys usually

exhibit a typical initial texture in which the basal plane

in the majority of grains is parallel or close to the

working direction(extrusion or rolling direction).1,15,16) The

strong initial texture, the polar nature of twinning, and

the relative activities of the various slip and twinning

modes with respect to the applied loading direction lead

to a high directional anisotropy, which makes it difficult

to predict plastic flow behavior under different mechanical

loading conditions.17-20) Thus, an investigation of the in-

fluence of strain path on plastic deformation is important

to better understand the deformation mechanisms of

magnesium alloys and to further develop microstructure-

based alloy design. 

In this work, neutron diffraction was employed to

investigate the plastic deformation behavior at the grain
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level in an extruded Mg-8.5wt.% Al alloy subjected to

monotonic tension and cyclic tension. Lattice strains and

diffraction peak intensity variations for several crystallo-

graphic orientations were measured in-situ during defor-

mation in order to determine the relative activities of the

various possible slip and twinning mechanisms. The

effect of strain path on the lattice strain evolution is

emphasized by comparing these two tension tests. 

 

2. Experimental Procedures

An extruded wrought Mg-8.5wt.%Al alloy with an

average grain size of 60 μm was studied. The material and

sample preparation are described in detail elsewhere.4)

The bulk crystallographic texture was measured using the

E3 neutron diffractometer of the Canadian Neutron Beam

Centre, located at the National Research Universal(NRU)

reactor at Canadian Nuclear Laboratories, Canada. The

orientation distribution function(ODF) for each sample

was determined from the {10.0}, {00.2}, {10.1} and

{10.2} pole figures. The basal pole figure in Fig. 1a

shows that the basal plane of most grains is oriented

within about 30o from the extrusion axis, with few

grains(minority grains) oriented with the basal plane

perpendicular to the extrusion axis. Therefore, the minority

grain orientation is favorable for {10.2} twinning under

tension along the extrusion axis. 

In this work, monotonic and cyclic tension tests were

performed to determine the effect of strain path on the

development of lattice strain measured by neutron dif-

fraction. In monotonic tension, the sample was deformed

in steps up to an applied stress of 190 MPa, corresponding

to a macroscopic strain of ~0.9 %, then unloaded (Fig.

2a). For the cyclic test, loading-unloading cycles were

Fig. 1. (a) Initial texture determined by neutron diffraction. The center of the pole figure corresponds to the extrusion axis. The pole figure

is contoured in multiples of random distribution (m.r.d) with the thick solid black line corresponding to 1 m.r.d. The contour levels above

and below 1 m.r.d are shown by solid and dotted lines, respectively, in 0.5 m.r.d steps; (b) Schematics of the diffracting {10.0}, {10.1}

and {00.2} orientations relative to the loading direction. The angle between the c-axis and the loading direction is shown for each

orientation. 

Fig. 2. Macroscopic stress-strain responses of an extruded Mg-8.5wt.%Al alloy subjected to (a) monotonic tension and (b) cyclic tension.

The symbols represent applied stress levels at which neutron diffraction data were acquired.
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performed up to maximum applied stresses of 100 MPa,

150 MPa, 200 MPa, and 230 MPa (Fig. 2b). 

In-situ neutron diffraction measurements were conducted

on the L3 neutron diffractometer of the Canadian Neutron

Beam Centre. Loading was applied parallel to the ex-

trusion axis. Several {hk.l} diffraction peaks with the

scattering vector(Q) parallel to the axial loading direction

[i.e. extrusion direction(ED)] and the radial direction(RD)

were acquired in-situ during deformation, from which the

lattice spacings(d-spacings) and texture evolution for each

orientation could be examined as a function of applied

stress. The elastic-lattice strains were obtained using the

following equation:

εhk.l = (dhk.l − d
0
hk.l) / d

0
hk.l (1)

where d0
hk.l and dhk.l are the d-spacings of the {hk.l} planes

in the unloaded and loaded conditions, respectively. The

neutron diffraction data were acquired at constant stress

levels, as shown in Fig. 2. 

3. Results and Discussion

Fig. 2 shows the macroscopic stress-strain responses

for the monotonic and cyclic tension tests. The symbols

indicate the stress-levels at which neutron diffraction data

were acquired in-situ. In Fig. 2a, the linear elastic regime

ends at an applied stress of ~100 MPa, and general

yielding occurs at ~150 MPa, after which significant strain

hardening is observed. The sample exhibits an extended

elastic-plastic transition. The unloading behavior is non-

linear. In Fig. 2b, the stress-strain curve during loading

tracks well with the monotonic tensile loading curve of

Fig. 2a. Some hysteresis is observed in subsequent

loading/unloading cycles, but the effect is small. 

Lattice strain and intensity variations during monotonic

tension (Fig. 2a) are presented in Fig. 3 for the {10.0},

{10.1} and {00.2} grain orientations illustrated sche-

matically in Fig. 1b. The basal poles of the {10.0},

{10.1} and {00.2} orientations are oriented 90o, 61.9o

and 0o relative to the loading direction, respectively.

Hence, {10.2} extension twinning can be easily activated

under tension in the {00.2} minority orientation, whereas

the {10.1} orientation is favorably oriented for basal slip.

However, the {10.0} orientation is a hard orientation under

tension, because {10.2} twinning cannot be activated due

to its polar nature, and basal slip is difficult to activate

due to the low resolved shear stress. 

For stresses up to 50 MPa during loading, the lattice

strains in all three orientations are identical and increase

linearly with stress due to the elastic isotropy of mag-

nesium (Fig. 3a). At larger stresses, however, the re-

sponses of the three orientations vary significantly. In the

hard {10.0} orientation, the lattice strain varies linearly

with stress over the entire test, showing little or no

relaxation due to slip or twinning. The {00.2} lattice

strain response is linear up to 100 MPa, beyond which

the lattice strain varies very little. The strain plateau is

likely due to relaxation associated with extension twinning,

which is revealed by the monotonic decrease in intensity

of the {00.2} peak from 125 to 190 MPa in Fig. 3b. In

the {10.1} orientation, the lattice strain increases more

slowly with stress from 50-190 MPa than in the elastic

regime (0-50 MPa). This relaxation effect is most likely

due to basal slip, for which this orientation is favorably

oriented. In contrast to the {00.2} orientation, the {10.1}

orientation shows strain hardening, since the {10.1}

lattice strain continues to increase with stress after plastic

deformation has started. The lattice strain data in Fig. 3a

show that the three grain orientations yield at different

macroscopic stress levels, leading to the extended elastic-

plastic transition in the macroscopic stress-strain response.

The lattice strain responses in all three orientations during

unloading are essentially linear, leading to small residual

compressive strains in the {00.2} and {10.1} orientations,

which have deformed plastically, and a small tensile

residual strain in the {10.0} orientation, which has

undergone little or no plastic deformation. 

Fig. 4 shows lattice strain and intensity variations for

the cyclic tension test (Fig. 2b). The lattice strain response

in cycle 1 are consistent with those observed in the

monotonic tension test. The {00.2} and {10.0} lattice

Fig. 3. (a) Lattice strain and (b) integrated intensity variations for

some grain orientations during monotonic tension (Fig. 2a). The

{hk.l} plane normal is parallel to the applied loading direction,

which is the same as the extrusion direction (ED).
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strains increase linearly with stress during loading, with

little or no relaxation. The {10.1} lattice strain response

is the same as in the other two orientations up to 50

MPa, beyond which the lattice strain increases more

slowly with stress. The unloading responses are essentially

linear in all three orientations, such that the {10.1}

orientation shows a small compressive residual strain,

while the other two orientations show small tensile

residual strains. 

In cycle 2, the lattice strain in the {10.0} orientation

evolves linearly over the entire cycle. The lattice strain in

the {00.2} orientation increases linearly up to ~125 MPa,

then increases more slowly from 125-150 MPa. The lattice

strain in the {00.2} orientation is consistently lower than

in the {10.0} orientation during loading, indicative of

microplasticity in the {00.2} orientation, most likely due

to {10.2} extension twinning. In the last loading step

(125-150 MPa), the relaxation effect in the {00.2} orien-

tation is stronger than in the earlier stages of loading,

suggesting a stronger twinning response. The lattice

strain in the {10.1} orientation increases linearly up to

50 MPa, after which it increases more slowly with stress.

The lattice strain responses in all three orientations

during unloading are essentially linear. 

In cycle 3, the {10.0} lattice strain again varies linearly

during both loading and unloading, with little or no

evidence of relaxation. The lattice strain responses in the

{10.1} and {00.2} orientations are very similar during

loading up to 50 MPa, with little relaxation. From 50-

200 MPa, the lattice strain in the {10.1} orientation con-

tinues to increase steadily, but more slowly with stress.

The lattice strain in the {00.2} orientation increases more

rapidly than in the {10.1} orientation from 50-150 MPa

but then changes very little from 150-200 MPa, coin-

ciding with a decrease in intensity of the {00.2} diffraction

peak due to extension twinning. As in the monotonic

tension test and cycles 1 and 2 of the cyclic test, the

lattice strain responses in all three orientations during

unloading are essentially linear. 

The lattice strain behaviors in the three orientations in

cycle 4 are very similar to those in cycle 3: the {10.0}

lattice strain varies linearly over the entire cycle, while

the {00.2} and {10.1} orientations show relaxation effects

associated mainly with extension twinning and basal slip,

respectively. As in all previous cycles, yielding in the

{10.1} orientation, associated with a change in slope in

the lattice-applied stress curve, occurs at ~50 MPa.

The residual strains in the {10.1} orientation are −320,

−250, −320, and −470 microstrain for cycles 1 to 4,

respectively, with an uncertainty of ± 100 microstrain.

The residual strain in this orientation is consistently

negative because it undergoes plastic deformation due to

easy basal slip, even for low applied stresses, but unloads

linearly. It is not possible to discern a systematic trend in

Fig. 4. (a) Lattice strain and (b) integrated intensity variations for some grain orientations during cyclic tension (Fig. 2b). The {hk.l} plane

normal is parallel to the applied loading direction, which is the same as the extrusion direction (ED).
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the evolution of the residual strain with number of cycles. 

The residual strains in the {00.2} orientation are 49, −90,

−290, and −380 microstrain for cycles 1 to 4, with an

uncertainty of ± 110 microstrain. The residual strain is

positive or zero after cycle 1 because the maximum

stress reached is insufficient to cause significant plastic

deformation. However, in cycles 2-4, significant relaxation

occurs, due most likely to extension twinning. Coupled

with an essentially linear unloading behavior, this re-

laxation leads to increasingly more compressive residual

strain with increasing cycle number. 

The residual strains in the {10.0} orientation are 21,

66, −80, and −80 microstrain for cycles 1 to 4, with an

uncertainty of ± 85 microstrain. The residual strain in this

orientation is nearly zero, because this is a hard

orientation that undergoes little plastic deformation up to

the maximum stress applied. 

Figs. 3b and 4b show that the intensity of the {00.2}

diffraction peak varies little during unloading and re-

loading in both tests, suggesting that no significant

detwinning and retwinning occurs. 

4. Conclusions

The effect of strain path on lattice strain evolution is

examined under monotonic tension and in cyclic tension

in an extruded magnesium alloy. In the cyclic tension

test, the maximum stress applied increased with cycle

number. 

1) The {10.0} orientation is a hard orientation because

it is unfavorably oriented for both basal slip and {10.2}

extension twinning. The lattice strain in this orientation

evolved linearly throughout both tests, resulting in little

or no residual strain.

2) The {10.1} orientation is a soft orientation because

it is favorably oriented for basal slip. Yielding in this

orientation occurred at an applied stress of ~50 MPa in

the monotonic test and in all 4 cycles of the cyclic tests,

suggesting that strain hardening was not stable from one

cycle to the next for the stress levels studied. The residual

strains in this orientation for both tests were always

compressive due to the relaxation due to basal slip, and

to the essentially linear lattice strain unloading behavior

in this orientation. However, the residual strain level did

not increase systematically with increasing cycle number.

3) The {00.2} orientation is a soft orientation because

it is favorably oriented for {10.2} twinning. The residual

strain in this orientation was compressive for the mono-

tonic test. However, the residual strain was positive in

the cyclic test after cycle 1, because the maximum stress

applied was insufficient to cause significant plastic de-

formation. In subsequent cycles, significant relaxation

occurred, which, coupled with an essentially linear lattice

strain unloading behavior, led to increasingly more

compressive residual strain with increasing cycle number.
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