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This study highlights the capability of high-energy synchrotron X-rays to investigate polymorphous phase
transformation upon nanostructuring and diffusion bonding of Al and Mg through high-pressure torsion. The
measurements providing diffraction peak profiles at a series of local positions over the sample volume allow
mapping of gradual yet significant structural changes in the Al-Mg nanocrystalline alloy. The diffraction peaks
involve apparent grain refinement broadening and compositional broadening with increasing shear strain. The

results reveal strain-dependent transformations between f.c.c and h.c.p. phases with a sharp dissolution at strains
of ~2500 and subsequent homogenization towards the formation of an Al supersaturated solid solution with the
Mg concentration of ~14-15 at.%.

1. Introduction

Metastable and heterogeneous microstructures are under present
worldwide research focus to produce advanced structural metals and
materials with excellent mechanical and physical properties in a sus-
tainable manner [1]. Nanostructuring through the application of severe
plastic deformation has been largely discussed in the modern commu-
nity [2]. It includes the recent success in the synthesis of aluminum-
magnesium (Al-Mg) metastable nanocrystalline alloy through
diffusion-bonding of separate Al and Mg sheets at room temperature by
high-pressure torsion (HPT) [3,4]. However, the formation of true-
nanostructure remains challenging-observations from the understating
of structural evolution when involving polymorphous phase trans-
formation. The present study demonstrates a position-resolved 2D
texture and structural mapping by high-energy synchrotron X-rays,
revealing concurrent structural changes towards the formation of a
metastable nanocrystalline state in a supersaturated solid solution
through HPT-induced diffusion bonding.

2. Experimental

Diffusion bonding of Al (Al-1050) and Mg (ZK60) disks with 10 mm
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diameter and ~ 0.83 mm thicknesses in the stacking order of Al/Mg/Al
was conducted at room temperature by HPT under < 6 GPa for 100
revolutions at 1 rpm. While severe plastic deformation at 6 GPa was
satisfactory to bond the metals and form a bulk Al metastable alloy with
an average supersaturated Mg content of ~ 14.2 at.% [3,4], the present
lower pressure of < 6 GPa delays Mg dissolution into Al which can
introduce a hierarchical and transitional microstructure. High-energy X-
ray diffraction (HEXD) [5] has been performed at beamline BLO2B1,
SPring-8, Japan. The beam was focused on the sample at 0.2 mm (hor-
izontal) x 0.3 mm (vertical) and calibrated by CeOs standard to
72.2515 keV, rendering a nominal wave number of k = 36.5898 A~ and
wavelength of A = 0.17172 A. A Perkin-Elmer PE XRD 1621 CN3 EHS
flat-panel detector of 40 mm side length and 0.200 mm pixel size was
centered to record entire diffraction rings. The distance from the spec-
imen was calibrated by triangulation to 909.607 mm. The entire disk
specimen was mounted normal to the beam in transmission mode and
scanned in a raster with 0.65 mm step size in both lateral dimensions to
map diffractograms as a function of position. Two-dimensional detector
images were sectored into 48 radial diffractograms, allowing to account
for the azimuthal anisotropy, such as texture and strain, within the
sample [6]. The schematic sample set up and the HEXD measurement
locations are shown in Fig. 1.
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Fig. 1. Schematic sample set-up and the HEXD measurement locations.
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Fig. 2. Position-dependent structure map constructed by a series of the HEXD patterns with an enlarged representative diffractogram.

3. Results and discussion

Fig. 2 shows a series of the HEXD patterns at all measurement lo-
cations enabling mapping of structure and texture variations for the Al-
Mg alloy. Each HEXD diffractogram provides the Debye-Scherrer pattern

along azimuth 7 versus scattering vector )6‘ The map is superimposed

on a photo of the Al-Mg disk, where the disk fringe after processing
widens the apparent diameter. The detector failed to collect HEXD data
at several local positions, whose maps appear in blue. As seen in the
enlarged representative plot taken at the mid radius of the sample, the
HEXD patterns with increasing relative peak intensity exhibit a color
change from white to red in the blue background. There is a mixture of
Al-rich and Mg-rich phases having face-centered cubic (f.c.c.) and

hexagonal (h.c.p.) close-packed structures, respectively, and each peak
shows a unique azimuthal intensity distribution, thereby implying the
formation of ultrafine grains having preferred crystallographic orienta-
tions. There is no trace of any intermetallic compound at any local lo-
cations within the sample. The principles of HPT processing [7] describe
total shear strain as y = 2zNr/h, where N is the revolution number, r is
the distance from the disk center, and h is the initial sample thickness.
The map describes an overall view of the strain-dependent crystallo-
graphic characteristics and phase transformation.

The region surrounded by a red box in Fig. 2 was further examined
for polymorphous phase transformation during diffusion bonding of the
f.c.c. and h.c.p. phases. Considering radial symmetry of the strain dis-
tribution leading to gradient nanostructuring within HPT samples, Fig. 3
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Fig. 3. Phase transformation shown by the HEXD maps (upper row) and the HEXD patterns for f.c.c. phases integrated at = 323.5-360.0° at high ‘6| (lower row)

across the disk radius.
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Fig. 4. The strain-dependent structural changes observed by the HEXD experiments for (a) lattice parameter, crystallite size, and micro-strain for a major f.c.c. phase,

and (b) phase fractions of the f.c.c. and h.c.p. phases.

illustrates a series of the HEXD plots (upper row) and position-sensitive
diffractograms for the f.c.c. phases integrated at 7 = 323.5-360.0° at

high )6‘ (lower row) across the disk radius. The ‘6‘ range captures the
224 and 333/115 reflections of the f.c.c. phases with wide apparent peak
broadening. The green and blue lines at ‘6‘ =7.6165 and 8.0785 A,

respectively, indicate the peaks at those reflections for pure Al with a
lattice parameter of ag = 4.0414 A [8]. Thus, any peak shift from the
pure metal provides, following Vegard’s law and an empirical rela-
tionship [9], the estimation of the Mg content, given as X, = {
9.045[(a — ap)/ap] £ 0.003} x 100 in at.%, where a is the lattice con-
stant of the observed f.c.c. phase. The second to fifth green and blue lines

toward lower ‘6‘ indicate Xj; of 10, 20, 30 and 40 at.% at 224 and 333/

115 indices, respectively.

The HEXD maps prove that an h.c.p. phase is visible at r < 3 mm,
while disappearing at r > 3 mm. The f.c.c. peaks show strong azimuthal
modulation in the less broadened f.c.c. diffractograms at lower r, while
such azimuthal intensity was dispersed in wider # and the overall HEXD

peak widths are broadened in ‘6’ at higher r. Apparent differences in

shape and position are visible in the HEXD profiles for the f.c.c. phases at

high ‘6‘ Specifically, the peaks at 224 and 333/115 indices are sharp

and less broadened with peak positions suggesting close to pure Al atr <
3.0 mm. For r > 3.0 mm, these are widely broadened and shifted in peak
position, implying high dissolution of Mg into the f.c.c. phases with
different concentrations. Moreover, at r = 3.57 mm the peaks exhibit a
plateau and double-peak profile suggesting compositional separation.
An earlier study for the diffusion-bonded Al-Mg alloy describes such
unique peak profiles as grain refinement broadening and compositional
broadening [3].

The strain-dependent features in peak broadening of HEXD are
quantitatively analyzed across the disk diameter. The results are sum-
marized in Fig. 4 for (a) lattice parameter a, crystallite size dygxp, and
micro-strain ¢ for a major f.c.c. phase, and (b) fractions of the f.c.c. and h.
c.p. phases. (Data available in Supplementary Table S1) These structural
parameters are estimated using the MAUD Rietveld analysis package
[10], where HEXD peak broadening by grain refinement is considered as
a function of dygxp and e. Compositional broadening shifting the
diffraction peaks yields the different a through MAUD for the existing f.
c.c. phases, which further estimate Xp,. The f.c.c. and h.c.p. phase
fractions are also estimated through MAUD.

The results reveal the strain-dependent phase transformation during
diffusion bonding and nanostructuring by HPT, where y ~ 2500 led to a
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minimum dygxp of ~ 30 nm with increasing a and ¢ attributing to Mg
dissolution into Al. Separate f.c.c. and h.c.p. phases exist at y < 2500,
while the h.c.p. phase dissolved to produce a supersaturated f.c.c. major
phase (Xyg = 13-14 at.%) together with an Al-rich f.c.c. minor phase
(Xmg = 3-4 at.%) at 2500 < y < 3000. These f.c.c. major and minor
phases eventually mixed into one Al supersaturated solid solution with
Xmg = 14-15 at.% at the disk periphery. All phase changes appear
radially symmetric, confirming the strain-dependence of the phase
transformation. The achieved values at the disk peripheries are consis-
tent with the reported crystallite size of ~ 25-34 nm and the average Mg
concentration of ~ 14.2 at.% in Al in a bulk Al-Mg nanocrystalline
metastable alloy [3]. This study demonstrates unique potential of high-
energy synchrotron X-ray diffraction for visualization of heterogeneous
structural changes and phase transformation in nanostructured metals.

4. Conclusions

Localized measurements using high-energy synchrotron X-rays over
the sample volume allows mapping of structural evolution of Al and Mg
during nanostructuring and diffusion bonding by HPT. The HEXD peaks
for the f.c.c. phases show a combination of grain refinement broadening
and compositional broadening with increasing shear strain, enabling a
detailed evaluation of structural and phase evolution in the alloy. The
results reveal gradual yet apparent transformations between f.c.c and h.
c.p. phases towards the formation of a metastable nanocrystalline Al-Mg
alloy having dygxp ~ 30 nm with Mg supersaturation of ~ 14-15 at.%.
At strain ~ 2500, the h.c.p. phase completely dissolves into a bimodal
distribution of the high and low Xp,-concentrated f.c.c. phases, which
equilibrate at larger strains.
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Data availability

Synchrotron data under Proposal No. 2018B1219 was recorded using
SPEC software and corresponding SPEC-file ‘190201_dieter.dat’. De-
tector images were taken into the files named ‘pe_CcdNum_AverageR-
esult.his’. For the CeO, calibration, the scan number is #S5016 with
‘CcdNum’ of 11565, and those for the reported specimen set has
numbers of #S85022-#S5239 with 11729-11946, respectively.
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