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In situ synchrotron x-ray diffraction was carried out at beamline BL14B1 of
Shanghai Synchrotron Radiation Facility (SSRF) to study the tensile defor-
mation of an extruded Mg-2.2 wt.%Nd alloy before and after aging. The aged
specimen that contained f; (MgsNd) precipitates showed higher strength than
the nonaged specimen, while the strain to failure of the two specimens was
almost equal. Analysis of the lattice strain evolution in the aged specimen
revealed a modest load-transfer effect from Mg to f; after 2% strain. Peak
width analysis indicated that a high level of microstrain developed in f;
immediately after material yielding. Ex situ transmission electron microscopy
(TEM) showed strong interaction between basal dislocations and f; precipi-
tates. Based on these results, it is proposed that the extra strength in the aged
specimen is caused by f8; impeding dislocation movement and eventually being

sheared by dislocations.

INTRODUCTION

Mg and its alloys are promising structural mate-
rials for weight reduction in automotive and aero-
space industries due to their low density and high
specific strength.' However, the relatively low
absolute strength of Mg alloys remains an obstacle
to wider application of these materials.*® Age
hardening provides a useful approach to enhance
the material strength, especially when the alloy
contains rare-earth elements.®’ Nd is an effective
alloying element that offers strong potential for age
hardening of Mg alloys.®*!' The precipitation
sequence in Mg-Nd binary alloys has been studied
extensively in recent years using both experimental
and computational tools.'>'® Among the various
types of precipitates that have been observed under
different aging conditions, f; [MgsNd, face-cen-
tered cubic (FCC) structure, a = 7.4 A] is recog-
nized as a main strengthener, often being observed
around peak aging conditions.'® However, the
actual strengthening mechanism has not been
clarified so far, due to lack of in situ experimental
data.

(Published online June 11, 2018)

Recently developed synchrotron x-ray diffraction
techniques provide a unique opportunity to study
precipitate strengthening dynamically in various
metallic materials.'”2® Kada et al.?’ studied the
deformation behavior of aged and nonaged AZ91
(Mg-9Al1-1Zn, wt.%) alloys (i.e., with or without
Mg7Al;5 precipitates). Based on lattice strain anal-
ysis, it was found that the Mg;;Al;5 precipitates in
the aged alloy increase the critical resolved shear
stress (CRSS) for basal slip by 5 MPa compared
with values for the nonaged alloy. Garcés et al.??
studied the compressive behavior of an extruded
Mg-Y-Zn alloy that contained the long-period stack-
ing order phase (LPSO). While deformation in the
Mg matrix occurred early and was dominated by
basal slip and twinning, the LPSO phase remained
elastic, indicating typical load-transfer behavior
from the soft Mg matrix to hard LPSO phase. Lentz
et al.?® studied the deformation behavior of an
extruded Mg-Y-Nd alloy (WE54) in different aged
conditions using electron backscattered diffraction
(EBSD), in situ energy-dispersive synchrotron x-ray
diffraction, and elastoplastic self-consistent (EPSC)
modeling. It was found that {10-12} tension
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twinning activity increased significantly after age
hardening at 250°C for 500 h when prismatic plate-
shaped precipitate () became abundant in the Mg
matrix. Simulation of the lattice strain evolution of
the Mg phase by EPSC suggested that those f
precipitates harden basal <a> slip more than other
slip modes. On the contrary, the CRSS for twinning
decreased after age hardening due to the reduced
solute concentration of Y and Nd that form p
precipitates.

In the present work, tensile deformation of an
extruded Mg-2.2 wt.%Nd alloy with and without
aging treatment was studied by in situ synchrotron
x-ray diffraction. The higher strength of the aged
specimen was attributed to f; precipitates formed
during aging. Lattice strain analysis indicated that
f1 precipitates did not show the load-transfer effect
at the beginning of plastic deformation, as found in
many other precipitate-strengthened materials. A
modest load-transfer effect was found after about
2% macroscopic strain. Peak broadening analysis
indicated that f; precipitates accumulated a high
level of microstrain upon material yielding. Com-
bining these observations with ex situ transmission
electron microscopy (TEM), the strengthening
mechanism of f; precipitates is elucidated.

MATERIALS AND METHODS

An as-cast Mg-2.2 wt.%Nd cylindrical billet with
diameter of 58 mm was treated by solid solution
(T4) at 540°C for 24 h, followed by water quenching.
After that, the billet was extruded at 500°C with
reduction ratio of 18:1 and subsequently annealed
at 530°C for 15 min. Sheet specimens for tensile
tests with nominal gauge dimensions of 17 mm x

1.4 mm x 1.0 mm were prepared by electron dis-
charge machining, with tensile axis parallel to the
extrusion direction (ED). Specimens in this condi-
tion are named “annealed.” “Annealed” specimens
showed a single Mg phase with average grain size of
~ 70 um according to EBSD characterization. Half
of these “annealed” specimens were subsequently
aged at 240°C for 5 h to allow f§; precipitates to form
in the material (“aged”). Figure la shows a bright-
field TEM image (JEOL, JEM 2100F) of an “aged”
specimen viewed along [0001]y, direction, where f;
precipitates with platelet shape are distributed
homogeneously in the Mg matrix. f; precipitates
have the following orientation relationship with the
Mg matnx (110)41//(0001)pg  and  (-112)44//(1-
100)pyg. !

In situ tensile tests using an annealed specimen
and an aged specimen were conducted at beamline
BL14B1 of Shanghal Synchrotron Radiation Facil-
ity (SSRF).2* Each specimen was loaded using a
commercial testing module (MTI, SEMtester
1000 1lb) at constant tensile speed of 0.2 mm/min
(correspondlng initial  strain rate of
2.0 x 10 ). Durmg loading, the gauge center
of the specimen was illuminated by a transmissive
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Fig. 1. (a) Bright-field TEM image of an “aged” specimen. (b)
Schematic of in situ tensile experiment with synchrotron x-ray
diffraction. (c) Stress—strain curves of aged and annealed specimens
from in situ experiment.

x-ray beam (beam size = 200 ym x 200 ym) with
energy of 18 keV (1 =0.6884 A). A Mar225 x-ray
detector with an array of 3072 x 3072 pixels con-
tinuously recorded two-dimensional (2D) diffraction
patterns from the specimen every 5 s during the
entire tensile test until fracture. The exposure time
for acquiring each diffraction pattern was 0.5 s.
According to the calibration using standard LaBg
powder, the specimen-to-detector distance was
approximately 299.4 mm. Figure 1b and c¢ show
the experimental setup and the tensile stress—strain
curves of the annealed and aged specimens. The
yield strength (o¢ ) of the aged specimen (87 MPa)
was apparently higher than that of the annealed
specimen (64 MPa), which is attributed to the
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existence of §; precipitates in the former material.
Interestingly, the two specimens showed similar
strain to failure. This is in contrast to some other
precipitate-strengthened Mg alloys, where the
material ductility is significantly compromised after
aging treatment.?>2® The effect of §; precipitates on
the mechanical properties of the material is inves-
tigated below using in situ synchrotron x-ray
diffraction data.

RESULTS

Figure 2a—c shows a series of 2D diffraction
patterns obtained from the aged specimen at three
different strains: 0, 2.3, and 12.5%. At 0% strain, the
diffraction pattern shows discrete diffraction spots
as a result of the large grain size. Given the Mg
grain size of about 70 um, it is estimated that the
illuminated volume (200 pum x 200 pym x 1 mm)
contains about 130 grains. After deformation, the
diffraction rings gradually elongated along the
azimuthal direction due to dislocation activity. To
study the lattice strain evolution, diffraction profiles
of intensity versus 20 were obtained by integrating
the 2D diffraction patterns over the azimuthal angle
range of — 5° to + 5° around the axial direction
using Fit2D software.?” Diffraction peaks from both
the Mg phase and f8; phase could be indexed,'® as
shown in Fig. 2d. As the strain was increased, both
peak shifting and broadening occurred. From the
peak shift, the lattice strain can be measured as

enel = (dopri—donr)/donkl, (1)

where dg nz; and d,; 5z represent the d-spacing of the
{hkl} plane (calculated from the 20 value) before
deformation and under load, respectively.'®??
Figure 3 shows the lattice strain evolution of Mg
and f; with the engineering strain (¢). In the elastic
regime (¢ < 0.2%), the four Mg grain families and
the three f; grain families show similar linear
increase of their lattice strain value. Mg (0002)
yielded first, followed by Mg (10-11), Mg (10-12),
and finally Mg (10-10). Since the Mg (0002) grain
family has near-zero Schmid factor for basal and
other <a> slip modes, its early yielding must be
attributed to twinning. The Mg (10-11) and Mg (10-
12) grain families have their basal planes inclined
nearly 45° to the tensile axis, making basal <a>
slip easy to activate. The Mg (10-10) grain family
would have to resort to prismatic slip to accommo-
date its deformation. The observation that Mg
(0002) showed no hardening while the other three
Mg grain families showed strong hardening sug-
gests that f; precipitates inhibit dislocation propa-
gation more than twin growth. This is consistent
with the result in Ref. . Lattice strain in ff; showed
a steady increase with strain. At first, the lattice
strain increase in f§; was close to that in Mg (10-11)
and Mg (10-10), and even lower than that in Mg (10-
10). When the engineering strain reached 2%, the
lattice strain in f; eventually surpassed that in Mg,

showing a modest load-transfer effect in later
deformation. This observation is different from
precipitate-strengthened steels, where carbide pre-
cipitate phases often develop much higher lattice
strain than the Fe phase instantly upon
yielding.'"1?

To understand the strengthening mechanism by
f1, a TEM bright-field image was taken for an aged
specimen after 0.5% strain (Fig. 4). The electron
beam was along the [2-1-10]y direction. ; precip-
itates are parallel to the (0-110) prismatic plane. In
addition to f; precipitates, lines with dark contrast
are observed. These lines are identified as basal
<a> dislocations that are parallel to the (0002)
basal plane. Note that many of these dislocations
were confined between f; precipitates. This obser-
vation suggests that dislocations in the aged spec-
imen had reduced mean free path due to the
existence of fi; precipitates. Those dislocations can
only move when the external stress is high enough
to allow them to bypass or shear across f;. This
process enhances the strength of the material, as
discussed below.

DISCUSSION

The f; phase in Mg-Nd alloys is widely recognized
as a strengthener for the material by impeding
dislocation movement. To further assess this effect,
diffraction peak width information is utilized. The
full-width at half-maximum (FWHM) value of each
peak was calculated from the diffraction profile at
different strains using Origin™ software. Figure 5a
and b compares the evolution of the FWHM of
selected Mg and f; peaks with strain in the aged
specimen and the annealed specimen. The FWHM
of diffraction peaks is positively correlated with the
microstrain in the phase. For Mg, this microstrain is
mostly due to accumulation of dislocations. In both
the aged specimen and annealed specimen, the
FWHM of Mg peaks gradually increased with
strain, suggesting an increase of the dislocation
density. The FWHM values of Mg peaks in the aged
specimen were slightly higher than those in the
annealed specimen. A possible explanation is that
the $;—Mg interface facilitated nucleation of dislo-
cations during deformation. As shown in Fig. 5a,
the FWHM values of f§; peaks were notably much
higher than for Mg peaks. This indicates very high
microstrain in those f; precipitates. In a very recent
work, Bhattacharyya et al.?® found that basal
dislocations can actually shear across f’ precipitates
in WE43 (Mg-Y-Nd) alloys. Dislocation shearin
across /' precipitates was also observed in Mg-Y.?
p’ precipitates in WE43 have platelet shape on {11-
20} planes and also provide resistance against
movement of basal dislocations. Given the similarity
between f’ precipitates in WE43 and f; precipitates
in Mg-Nd, it is reasonable to assume that f;
precipitates are also shearable by basal dislocations.
High microstrain in f8; is expected when it has been
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Fig. 2. (a—c) Diffraction patterns of the aged specimen at different strains. The area within the azimuthal angle range of — 5° to + 5° was
integrated to study the lattice strain in Mg and f; phases. (d) Integrated diffraction profiles at three different strains. Peaks from Mg and f; are

both indexed.
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Fig. 3. Lattice strain evolution with the engineering strain for (a) Mg peaks and (b) 8; peaks in the aged specimen.

sheared by dislocations. The result in Fig. 5a sup-
ports the argument that f; precipitates are more
likely to be sheared than be bypassed by disloca-
tions. When the volume fraction of f; is given, finer
precipitates will minimize the mean free path of
dislocations. This explains our previous finding that
the peak strength of Mg-Nd alloys corresponds to
the aging condition when a large volume of fine f;
precipitates have been generated from the Mg
matrix.

This work shows that in situ synchrotron x-ray
diffraction is a powerful tool to study the deforma-
tion behavior of Mg alloys with precipitates. Com-
pared with neutron diffraction, which is also often
used,®>3! synchrotron x-ray diffraction provides
higher diffraction intensity, so in situ testing can
be conducted much faster. More importantly, syn-
chrotron x-ray analysis allows one to see the weak
diffraction peaks of precipitates and perform lattice
strain and peak broadening analysis to better
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understand the strengthening mechanism by pre-
cipitate phases, as shown in this work. Results from
such studies are useful for integrated computational
materials engineering (ICME) of Mg, which
requires reliable plasticity models that can describe
the microstructure—property relationship. So far,
most models have simulated the precipitate
strengthening effect by increasing the CRSS values

y

Fig. 4. Bright-field TEM image showing the interaction between f;
precipitates and dislocations. The electron beam is along [2-1-10]ug
direction.
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of various deformation modes.?>?%3! It would be
interesting to develop models that can simulate the
lattice strain and peak broadening behavior of
precipitates.

CONCLUSION

The deformation behavior of a Mg-2.2 wt.%Nd
alloy before and after aging was compared. The aged
specimen that contained f; precipitates showed
higher strength than the annealed specimen, with-
out sacrificing too much ductility. From in situ
synchrotron x-ray diffraction data, the lattice strain
in the f; phase was initially close to that of the hard
grains in the Mg phase. After 2% macroscopic
strain, the lattice strain in f; eventually surpassed
that in Mg, indicating a modest load-transfer effect.
According to peak broadening analysis, a high level
of microstrain developed in f; immediately after
material yielding. This was likely caused by f;
impeding dislocation movement and eventually
being sheared by dislocations. This is supported by
ex situ TEM observation. Compared with disloca-
tion movement, twinning is less inhibited by f;.
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