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evolution, including recovery, strong recrystallization, phase transformations,
and various regimes of grain growth. Nanometer-scale grain sizes, determined
using Williamson-Hall analysis, exhibit seamless growth, aligning with the tran-
sition to larger grains, as assessed through the occupancy of single-grain reflec-
tions on the diffraction rings. The study uncovers strain anomalies resulting from
thermal expansion, segregation of Al atoms, and the kinetics of vacancy creation
and annihilation. Notably, a substantial number of excess vacancies were gener-
ated through high-pressure torsion and maintained for driving the recrystalliza-
tion and forming highly activated volumes for diffusion and phase precipitation
during heating. The unsystematic scatter observed in the Williamson-Hall plot
indicates high dislocation densities following severe plastic deformation, which
significantly decrease during recrystallization. Subsequently, dislocations reap-
pear during grain growth, likely in response to torque gradients in larger grains.
It is worth noting that the characteristics of unsystematic scatter differ for disloca-
tions created at high and low temperatures, underscoring the strong temperature
dependence of slip system activation.
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Proem on nanostructured materials
and in situ techniques

The thermal stability of bulk nanostructured materi-
als, as obtained by severe plastic deformation, con-
tinues to be a subject area of ongoing research. Their
ultrafine grain arrangements are far out of thermo-
dynamic equilibrium and expose heterogeneous
microstructures. Some of them may already be aged
at room temperature, while a minute knowledge of
the atomistic recovery and recrystallization processes
opens a design route for even harder nanostructured
materials than those without post-deformation heating
[1]. Here we report on in situ studies of such struc-
tural behavior and evolution by exploiting microbeam
high-energy synchrotron diffraction complemented by
in situ neutron scattering. With the readiness of bulk-
penetrating radiation, synchrotron high-energy X-rays
[2] and neutrons [3], in situ studies became routinely
available to investigate the phase and microstructural
evolution in real time, in situ upon applying a tem-
perature ramp.

High-pressure torsion has been particularly
employed to design and process heterogeneous met-
als and compounds with enhanced mechanical prop-
erties or unexpected functional behavior. For exam-
ple, aluminum has been mechanically alloyed with
magnesium resulting in supersaturated alloys with a
Vickers hardness increase from 65 to 340 [4, 5]. This
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specific alloy was further characterized by submil-
limeter high-energy synchrotron X-ray diffraction for
displaying the position-sensitive, thus shear strain-
dependent, phase transformation, which occurred
during the high-pressure torsion induced mechanical
alloying [6]. Interestingly, nanostructured CoCrFeNi
high-entropy alloy not only shows hardness increase
with grain refinement [5] but moreover unexpected
magnetic response through spin clustering [7]. Its
high-temperature microstructural evolution has been
investigated by in situ neutron diffraction, showing
regimes of stress recovery, recrystallization, and fol-
lowed by grain growth [8]. The results from the in situ
heating experiments benefit the visualization of con-
tinuous events of microstructure and defect evolution,
which supports the consequences of the changes in
mechanical responses of similar nanostructured high-
entropy alloys after annealing [9]. Altogether, novel
in situ and microbeam studies using synchrotron and
neutron radiation as well as high-temperature laser
scanning confocal microscopy allow probing for local,
bulk and high-temperature states of the microstruc-
ture and its evolution, opening a playground of tools
for determining in detail atomistic constellations and
mechanisms of change [10, 11].

Magnesium alloys are of particular interest, gener-
ally because of their lightweight, but also because of
their corrosion properties, e.g., when engineering self-
dissolving medical implants [12, 13]. Nanostructuriza-
tion by high-pressure torsion at room temperature has
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increased the Vickers hardness of common Mg alloys
from ~ 60 to ~ 110-120 [14], leading to the enhancement
in mechanical strength that attracts further the appli-
cation of Mg alloys as innovative biodegradable mate-
rials [15] even if the corrosion resistance is improved
together by homogenization of microstructure and
chemical distribution. After severe plastic deforma-
tion, the above-mentioned lightweight aluminum
and magnesium alloys have shown aging at room
temperature [4]; thus, the investigation of thermal
stability and microstructure evolution is a necessary
aspect for materials design. Particularly in situ studies
on magnesium alloys have shown interesting features
that are difficult to reveal by conventional methods:
In situ monochromatic high-energy X-ray diffraction
upon the thermal transformation behavior and micro-
structural evolution of both AZ91 and AZ31 alloys at
high temperature revealed thermal expansion coeffi-
cients and their anomalies due to the dissolution of
intermetallic phases and grain growth effects [16]. A
plastic compression experiment of AZ31 under syn-
chrotron radiation at different temperatures not only
shows recovery and dynamic recrystallization but also
reveals the plastic deformation mechanisms, includ-
ing twinning at room temperature and switching to
sequentially activated slip systems at high tempera-
tures [17, 18]. Moreover, a recent white-beam Laue
study demonstrates the reorientations of grains in
AZ91 at high temperatures, solving the missing puzzle
stone for the initiation of abnormal grain growth by
spontaneous activation of diffusion at grain bounda-
ries [19].

Microstructure-related observations are based on a
relatively small number of grains within the illumi-
nated volume, such that reflections from individual
grains can be spotted on the diffractograms. The pow-
der diffraction method, as conventionally applied to
polycrystalline materials, requires a sufficiently large
number of diffracting grains in order to illuminate
the Debye-Scherrer rings homogeneously, while any
distinguished single-grain reflection can falsify the
intensity readings. The above-mentioned novel meth-
ods make use of the graininess of the material, where
individual reflections can be distinguished and fol-
lowed in their evolution in a halo of many others [20].
For nanocrystalline structures, however, the number
of grains in an illuminated volume defined by say
a 500 x 500 pm? wide beam becomes too large to be
resolved. Therefore, in order to follow single-grain
reflections in a nanocrystalline material, the beam

size needs to be scaled down accordingly. Taking this
into consideration, the current paper presents a novel
in situ heating experiment employing a microfocused
high-energy synchrotron beam on nanostructured
magnesium AZ31. Simultaneously, for comparison
purposes, bulk studies are being conducted on the
conventional as-received material through in situ
neutron scattering. The implemented techniques dem-
onstrated in this report provide important insights
into the microstructural transitions over temperature
and time. The obtained knowledge offers the keys to
understanding the relaxation behavior of severely
deformed nanostructured metals in a wider sense.

The magnesium specimen system

Rolled sheets of the magnesium alloy AZ31 have been
provided by the Ibaraki Prefectural Industrial Tech-
nology Center. The nominal composition of AZ31 is
Mg-3Al-17Zn in mass-%, and it has been experimentally
determined by Liu et al. [16] to be Mg-2.7Al-1.1Zn-
0.4Mn (mass-%), translating to Mg-2.45A1-0.41Zn
(at.%). Pieces measuring 30 mm in the rolling (RD),
10 mm in the transverse (TD), and 2 mm in the normal
direction (ND) were employed for neutron scattering.
Additionally, 10-mm-diameter disks were processed
by high-pressure torsion under 6 GPa, 15 turns, and
1 rpm at room temperature using a Moinsys HPT Sys-
tem from South Korea, equipped with a press unit of
1 MN force. A quarter of the resulting 0.9-mm-thick
disk was used for the microbeam synchrotron study.

Neutron scattering for the as-received sheet

In situ neutron diffraction has been undertaken on
the as-received sheet material undergoing a tem-
perature profile, heating from room temperature by
0.2014 K/s to 700 K, held for 1770 s, and subsequently
furnace-cooled. We used the Takumi ([it) diffractom-
eter at beamline BL19 [21] of the Materials and Life
Science Experimental Facility (MLF), at the Japan Pro-
ton Accelerator Research Complex (J-PARC) [22, 23].
The dilatometer furnace, heated by halogen lamps,
has been used with the specimen oriented 45° to the
incident beam, such that the RD and ND components
are probed in the North (1t) and South (Fg) detector
banks, 0000 and 0001, respectively [24]. The experi-
ment was conducted during the beam time 2014A0267,
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which is identical to another experimental run pub-
lished earlier [25], to which readers can refer regard-
ing instrument settings and calibration. The present
study is identified by the dataset 5347, run number
ENGO022681, and the logbook entry for the specimen
is S08-Mg-AZ31.

The event data have been histogrammed into 211
time bins, each of 30 s in order to allow for accept-
able counting statistics, and single peaks were fitted by
Gaussians in time-of-flight space using the Igor Pro 4
software to the Mg-100, Mg-101, Mg-110, Mg-200,
Mg-112, Mg-201 reflections in RD and Mg-002,
Mg-101, Mg-102, Mg-103 in ND. Subsequently, all
results were converted to the reciprocal space scale in
units of the scattering vector [3].

Synchrotron microbeam diffraction
for nanostructured material

To probe for grain-resolved diffraction, we exploit
microbeam high-energy synchrotron radiation, in situ
and time-resolved upon a heating ramp, driving heat
from room temperature by 0.1655 K/s to 876 K. The
experiment has been carried out at the PETRA-III
beamline P21.2 at DESY [26] under proposal number
1-20200639. A monochromatic X-ray energy has been
tuned to 61.7 keV for focusing the beam by 84 compos-
ite refractive lenses to the specimen at about 2160 mm
downstream and an effective aperture of 252 um. The
vertical focus size was reported to be 2.4 um and about
double horizontally, illuminating a cross section of
about 3 x 6 um?. This fixes the incident wave vector
to k=31.27 A7 [3]. Two flat panel detectors of type
VAREX XRD 4343CT were positioned downstream
right and left to the transmitted beam, with short and
long camera lengths of 902 mm and 2192 mm, respec-
tively. Each detector possesses 2880 x 2880 pixels of
size 150 x 150 um?, which gives an excellent azimuthal
resolution. The two detector settings result in larger
reciprocal space coverage at short and better resolu-
tion at longer distances [2, 27]. The camera lengths of
the detectors have been obtained by triangulation by
sample translation along the beam while the wave
number has been verified by a LaB, standard.

Data recording rates for the short and long camera
detectors have been 2 Hz and 1 Hz, respectively, lead-
ing to 6925 and 3462 two-dimensional diffractograms.

A Linkam THMS600 enclosed micro-oven compris-
ing a disk-shaped flat resistive heater made of boron
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nitride with a central hole for beam transmission has
been used to adjust the temperature under argon
atmosphere. The specimen was stuck by thermal con-
ductive paste to its downstream surface, covering the
hole, such that the beam was transmitted through the
specimen along its normal. The beam position on the
high-pressure torsion specimen was close to the center
of the disk quarter, therefore more than half radius
out from the center of the original torsion disk. With
15 turns of processing, this assures that we probe in
a saturated volume of nanostructurization by severe
plastic deformation (Fig. 1).

For data reduction, we use the scilab-6 based dataR-
ring scripts allowing for sectorizing the diffractograms,
and extracting both radial and azimuthal coverage
of reciprocal space [16, 17, 20]. For the first time, we
used as many as 2880 sector divisions of a full diffrac-
tion ring, resulting in an azimuthal binning width of
0.125°. Radial single-peak fitting has been undertaken
for a series of the Laue-Bragg interferences Mg-100,
Mg-002, Mg-101, Mg-102, Mg-110, Mg-103, Mg-112,
Mg-201, Mg-211, using Gaussian fitting in dataRring.

The logbook entry at this run under beam time
1-20200639 is ‘Sample 8.

Figure 1 Photomontage of setup at DESY, the beam arriving
from the bottom right and propagating up left, and diffractograms
on the two detectors with short camera length (right) and long
(left).
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Observations during heating
of the as-received material

The overall diffractograms are displayed in Fig. 2
for the as-rolled AZ31 alloy with orientations of the
scattering vector (upper) along the rolling direc-
tion RD (0000) and (lower) along the normal direc-
tion ND (0001). The color-coded diagrams expose
profound lines of the hcp structure of magnesium
with space group designation P 6;/m m c. The peaks
strongly react to the heating profile by shifting to the
left at higher temperatures due to thermal expansion.
Some faint lines can be seen at 2.7695, 3.1928, and
4.5115 A, responding much less to the temperature
change, matching an I m 3 m space group with a lat-
tice parameter of 3.9348 A. This phase has to be sta-
ble over the temperature range as it does not show
any evolution, apart from thermal expansion. We
ascribe it to aluminum oxide by the entry #1010461

of the Crystallography Open Database (COD), which
indeed has a much smaller thermal expansion coef-
ficient [28] and disregard it for further analysis due
to its inert stability. Lattice expansion of the hcp Mg
phase becomes apparent when plotting the total lattice
strain, i.e., the relative change in lattice plane distance,
against temperature, as evaluated for all fitted neu-
tron reflections as shown in Fig. 3. All superimposed
reflections are well consistent within the experimental
accuracy at any temperature, stating isotropic thermal
expansion as revealed and discussed in the literature
[29, 30]. Besides the fact that the temperature read-
ing of this furnace chronologically lags behind the
sample temperature [25], the curves show fully lin-
ear behavior and equal slope for heating and cool-
ing, resulting in a thermal expansion coefficient of
31.1-10° K'!. The observed value and isotropy are
consistent with independent studies in the literature.
While the expansion values of pure magnesium single
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Figure 2 Overall neutron diffractograms of as-received sheet
AZ31 with orientations of the scattering vector along the roll-
ing direction RD (0000) and normal ND (0001) with intensity in

color-code along the modulus of scattering vector and time. Blue
represents low, white medium and red high intensity. The tem-
perature profile run is shown to the right.
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Figure 3 Lattice strain versus temperature for the as-received
sheet material, evaluated for all fitted neutron reflections.
The curvature at low and high temperatures is due to a lag
between applied and read values. The thick gray line is fitted
to the lower temperature branch upon cooling with a slope of
3L1(1)-10° K™

crystal lie a little lower, as reviewed by Childs [29],
measurements on AZ31 reveal similar augmented val-
ues to ours, obtained from the same sheet material by
synchrotron high-energy X-ray diffraction and using a
different furnace [16]. Indeed, the literature states true
thermal expansion coefficients of magnesium alloys
range between 26-10° K™! and 32-10° K™ [31].
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Figure 4 Temperature evolution of relative peak widths AG/G
of the selected Mg-100 and Mg-101 reflections in RD (a) and
Williamson—Hall plot presenting width AG versus scattering
vector G, containing all fitted peaks and their temporal evolu-
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The evolution of the peak widths with heating
followed by cooling is displayed in Fig. 4 for the
Mg-100 and Mg-101 reflections of the alloy in RD
(left), together with a Williamson—-Hall plot for the
sample at the starting and ending conditions (right).
The gray line is the slope of the resolution function
taken from the sister experiment [25]. The reduction
in the peak width reveals some recovery of the rolled
microstructure, which seems to hit the baseline at
around 550 K upon heating. The axes offsets of the
linear Williamson-Hall regression scatter around zero
and are therefore meaningless, because grain sizes are
already in the micrometer range in the starting condi-
tion and throughout the experiment. For such large
grains, the Williamson-Hall method fails because of
extinction effects and is therefore not applicable for
grain size determination. The slope of the regression
significantly diminishes demonstrating well the disap-
pearance of lattice strain gradients. Thus, peak broad-
ening and its change origins in the microstrain rather
than from grain size. The difference between the fitted
slope and that of the resolution function results in a
microstrain of 1.6-107 in the as-received rolled sheet
material before heating and reduces to 0.5-10 reach-
ing 700 K upon heating. Upon further holding at 700 K
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tion coded in rainbow colors (b). The starting and high-temper-
ature conditions have been emphasized by blue and red markers,
respectively, and straight lines fitted, with the displayed regres-
sion parameters.
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for 1230 s, the microstrain decreases below 0.1-1073
showing stress relaxation and chemical homogeniza-
tion upon annealing. The unsystematic scatter, how-
ever, prevails and evolves only slowly, testifying to
persisting dislocation densities.

Last but not least, there is pronounced texture in
the as-received material as seen from the very weak
peaks Mg-002 in the RD, as well as weak Mg-100 and
Mg-110 in ND diffractograms (see Fig. 2). Thus, the
(002) plane normal is parallel to the sheet surface
normal, while both the (100) and (110) plane normals
align with the rolling direction. This represents the
typical magnesium basal texture for rolling in a high
degree of fiber configuration. Similar interpretations
have been made on extruded magnesium AZ31 by
Harjo et al. [32]. Our result on the as-received sheet
texture is consistent with the synchrotron high-energy
X-ray measurements of Liu et al. [16] of the same batch
material, as well as with generic texture reports by the
manufacturing institute [33].

Microbeam diffraction results
of high-pressure torsion-processed
material

A few representative two-dimensional detector images
are shown in Fig. 5 displaying Debye-Scherrer rings
with the overall coverage of the high-pressure torsion-
processed Mg AZ31 alloy (upper) and at the selected
sections showing three inner rings with Miller indi-
ces Mg-100, Mg-002, and Mg-101 (lower), where these
are taken through long and short camera lengths at
given experiment times and temperatures. At lower
temperatures, as represented at 320 K, the diffraction
rings are continuous and smooth proofing for a grain
size much smaller than the illuminated gauge volume
of V= 16-10° um?. Typical grain sizes of magnesium
after high-pressure torsion are 0.1 um resulting in
N, =16:10° scattering grains, each of them having a
large mosaic spread, i.e., subgrain orientation distri-
bution, making up the smooth rings. The display at
445 K reveals already diffraction spots from individ-
ual grains, meaning that grains have recovered and
grown. On the long camera and the Mg-100 ring, we
estimate a separation between spots of 3 pixels by a
ring radius of 2655 pixels, corresponding to a separa-
tion of 6 =0.065°. Their mosaic spread is the azimuthal
width of each reflection and estimates 7=0.03°. Then,
the number of grains in the illuminated volume can be
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estimated by N, =47/6*6/1/N,,/cos(0) =3.5-10°, where
4m is the full-sphere solid angle, N, =6 is the multiplic-
ity of the Mg-100 reflection, and cos(0) = (1 - G*/4k*)"
is the cosine of the Bragg angle 0 at scattering vector
G, resulting in a grain size of D = (Vg/NS)l/3 =166 nm.

Another probe is shown in Fig. 5 at 527 K where
spot separations at the long camera may reach 25
pixels, thereby scaling the grain size into the 1.4 ym
range.

The preceding derivation is a very rough estimate
that may need further investigation; however, the
takeaway is that we start from ultrafine grains that
show a large amount of defects, thus a large mosaic
spread, covering smoothly the Debye—-Scherrer rings.
Upon continuous heating to 445 K, the grain size has
increased, and the mosaic spread has been reduced
to the order of the instrument resolution, thus more
perfect grains with significantly reduced dislocation
densities. This high instrument resolution with micro-
beam optics allows for the observation of single-grain
reflections on the 166 nm scale, which is not possible
with conventional techniques. The evaluated numbers
make perfect sense with respect to the results obtained
by Malheiros et al. [34], keeping in mind that X-ray
and neutron diffraction are more sensitive to sub-
grain formations, leaning toward smaller grain sizes.
Fingerprints of such subgrain configurations are the
broad azimuthal distributions observed, e.g., in Fig. 5
at 527 K on the Mg-100 ring.

Regarding the texture, small variations are seen at
320 K on the second inner ring, the Mg-002 Laue-Bragg
interference. The fact that the scattering vector of this
reflection appears in the disk radial direction means
that the initial sheet texture with Mg-002 along ND
has been largely reset. This is consistent with earlier
observations that the final high-pressure torsion tex-
ture does not inherit any as-received starting texture
[35]. There is a variation on the Mg-002 ring depend-
ing on the local shear direction during processing, see
e.g., [4], which cannot be quantitatively evaluated as
the sample has been oriented randomly in azimuth.

Azimuthal perspective of reciprocal space:
orientation distribution of grains

The so-called azimuth-time plots were introduced
by Liss and co-workers [20] as a powerful analyti-
cal method for illuminating the behavior of separate
grains in polycrystalline metals, i.e., slip deformation
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Figure 5 Detector images of long and short camera lengths at
given experiment times and temperatures. The top row shows the
overall coverage, followed by zoomed extracts of the first three

in copper at room temperature [36], dynamic recovery
and recrystallization in zirconium alloy at high tem-
peratures [37], and deformation and annealing pro-
cesses in magnesium alloys [16, 17]. Figure 6 shows
the azimuth-time plots for Miller indices Mg-100,
where the plot covers (a) the entire duration of the
experiment and (b) a specific region of interest in time
at which recrystallization occurs. In principle, for
each time step, the intensity distribution on a given
Debye-Scherrer ring is represented as a horizontal line
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inner rings around the vertical centerline, with Miller indices
Mg-100, Mg-002, and Mg-101 at radii 2.26 A~', 2.41 A~', and
2.56 A1, respectively.

against the azimuth on the abscissa, which is spread
out over time on the ordinate.

Figure 6 shows a few characteristic appearances,
namely a gray shaded area with little contrast variation
up to 405 K, a transition from then on to 427 K result-
ing in a sustained mottled distribution, and a sharp
transition at 510 K to areas with sparse reflections.

The smooth, gray shaded areas below 405 K corre-
spond to the continuous diffraction rings of the initial
ultrafine-grained microstructure processed by high-
pressure torsion. As already discussed, grain sizes are
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Figure 6 Azimuth—time plots of the Mg-100 reflection (refer to
Fig. 7), corresponding to the innermost diffraction ring in Fig. 5.
The intensity distribution on this ring is plotted against the azi-
muth on the abscissa, while the ordinate represents the time evo-
lution, which, in this experiment, correlates monotonically with
temperature. Data on the left and right in the figure originate

in the 0.1 um range, and each grain exposes a large
mosaic spread, i.e., numerous low-angle subgrain
boundaries, whose distribution can vary by several
degrees. This is underlined by azimuthal intensity
variations showing texture and blurred regions of
higher or lower intensity.

The transition between 405 and 427 K shows emerg-
ing sharp intensity spots, first appearing on top of the
smooth background, which then augment in contrast.
This is the regime of recrystallization, where sharp

from two detectors with long and short camera distances, respec-
tively. Figure a displays the entire duration of the experiment,
while b zooms in on the region of interest where recrystallization
occurs. ¢ shows representative line snapshots at selected tempera-
tures.

spots evolve from perfect crystallites, eating away
more and more at the volume of the highly distorted
material, thus ceasing the smooth background. This
mottled distribution prevails over the observed azi-
muth angle up to 520 K, a range at which the micro-
structure fluctuates but stays relatively stationary
without rapid grain growth. As we will see, the micro-
structure is in a two-phase field with $-Al;,Mg;,,
primarily preventing grain growth. Thus, once this
intermetallic phase dissolves, rapid grain growth is
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observed above 520 K. At higher temperatures, even
the statistics on the azimuth are not representative
anymore. However, some high-intensity regions, such
as around azimuths of 113°, 235°, or 250°, fluctuate
and show inclined timelines. These are fingerprints
of grain reorientations, such as those studied recently
by Liss et al. [19], which may lead to abnormal grain
growth.

Figure 6c¢ displays the profile of the azimuthal dis-
tribution at selected temperatures, showing the evo-
lution from smooth rings to increasingly spiky and
coarse distributions of the ultrafine-grained AZ31
alloy. The reflections of recrystallized grains, as well
as in the mottled regime, are intrinsically sharp. The
measure amounts between 0.13° and 0.16°, values
which are given by the resolution of the binning,
namely 0.125°, revealing more perfect crystallites with

: ] Mater Sci (2024) 59:5831-5853

significantly reduced amounts of distortions caused
by such as dislocations and subgrains. Note that there
are discontinuities in the temporal behavior in Fig. 6,
seen particularly in the zoomed areas (b), which we
ascribe to a spontaneous displacement of the sample to
the beam, as thermal expansion mismatch between the
heating element ceramics and the specimen relaxes.
Upon such an event, the beam spontaneously probes
a different location in the microstructure.

Radial interpretation of reciprocal space:
conventional powder diffractograms

Azimuthally integrated diffractograms of the
Debye-Scherrer rings are presented in Fig. 7, illustrat-
ing color-mapped intensity against the modulus of the
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Figure 7 Azimuthally integrated diffractograms in upper and
lower for the Debye—Scherrer ring with long and short camera
lengths, respectively, as shown in Fig. 5, displaying the radial
component, the modulus of scattering vector, against time on the
left and the temperature profile on the right. The inclination of
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the lines is attributed to thermal expansion. Miller indices for the
hcp Mg phase are shown. Notably, faint lines of a second phase
become apparent between 614 and 1400 s (405-535 K), which
has been determined to be $-Al;,Mg,,.
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scattering vector and time. The upper and lower maps
correspond to the Debye-Scherrer rings with long and
short camera lengths, respectively, as shown in Fig. 5.
The temporal evolution was recorded while subjecting
the sample to a heat ramp, with the temperature scale
provided to the right. One of the most striking features
is the inclination of the lines toward shorter scatter-
ing vectors upon heating, which is the expression of
thermal lattice expansion, which is discussed later.
Second, some lines become interrupted due to grains
growing so large that for some time, none of them
fulfill the glancing condition for a given Laue-Bragg
interference. Because of grain rotations and other fluc-
tuations [19], the large, perfect grains reorient, cutting
the Ewald sphere and reflecting spontaneously huge
intensities. These strong reflections have intensities
comparable to the incident beam, contributing air
scattering as a background, resulting in the horizon-
tal streaks in Fig. 7, e.g., at approximately 2830 s and
2865 s in the two detectors. Third, there is an appar-
ent reduction of peak width beginning at around 614 s
and 405 K, which we will investigate further. A closer
look, best seen on Mg-112 and Mg-201, reveals that
the thermal expansion is not linear with temperature.
Furthermore, a second phase appears between 405 and
535 K in faint continuous lines just left of the Mg-101
peak and a few other locations. By reading these posi-
tions at 469 K and refining by hand matching an inner-
centered cubic structure, we find a lattice parameter
of 1=10.577 A, which correlates with the B-Al;,Mg,,
intermetallic phase with space group I 4 3 m. Finally,
there are some dots and spots emphasized between
2.8 and 3.0 A™!, which belong to larger particles of a
different phase, probably a hard phase that has not
been grain-refined during the high-pressure torsion
process. As it is inert to the reaction processes, we dis-
regard it further.

Peak widths and Williamson-Hall analysis

The breadths of the Gaussian fitted reflections of the
long camera are displayed in Fig. 8a with their evo-
lution in temperature for the high-pressure torsion-
processed AZ31 alloy. Upon heating, first, they remain
fairly constant, before a decrease sets in at about 350 K.
The rate of decrease is largest between 405 and 427 K,
then slowing down to saturation reached at 500 K. The
change in peak width is evidence of microstructural
changes with regimes of recovery before the width

drop, recrystallization during the decrease in width,
and some grain growth afterward [8, 11, 38]. At the
higher temperatures, above said 427 K, the data fluctu-
ate, which is due to the poor statistics from a relatively
small number of large grains in the illuminated sample
volume.

The Williamson-Hall plot is obtained when display-
ing the peak breadths against their scattering vector
at selected temperatures of 300, 418, and 500 K, cor-
responding to the initial, intermediate, and last eval-
uated peak widths, as shown in Fig. 8b. Each trend
line at these three temperatures in the plot reveals an
ordinate intercept and a slope, which correlate with
the reciprocal grain size and the microstrain gradi-
ent, respectively. As a function of heating time and
thus temperature, the peak positions regarding the
scattering vector vary by thermal expansion. These
traces shown by rainbow color-graded vertical lines,
representing each time step or temperature, are not
straight but the S shape as seen in the zoomed Wil-
liamson-Hall plot of Fig. 8c, showing the peaks of
Mg 112 and 201 reflections. Such regression for the
peak width has been described for each time step of
the S-shaped curves and is presented by intercept and
slope in Fig. 8d, together with a representative exam-
ple of the full width at half maximum of the Mg-100
reflection.

We estimate the resolution function to be approxi-
mately one order of magnitude smaller based on fac-
tors such as beam divergence through the aperture
and lens distance. Other contributors, such as point
spread at the detector, may have a similar impact. As
a result, we will not consider instrument broadening
in the subsequent discussion.

In the Williamson-Hall analysis, peak broadening
results from two main factors: diffraction broadening
due to the size of the small volume, represented by
the coherent grain size D, which can be a subgrain or
domain size, and strain gradient Ac. It is worth noting
that homogeneous strain only shifts a peak in response
to changes in temperature or stress. Peak broadening,
on the other hand, arises when variations in peak shifts
caused by a strain gradient are integrated across the
illuminated volume. Thus, we write for the variation
of the reciprocal lattice vector G, i.e., the peak position,

AG:K%’ +AeG

where K = 0.9 is a shape factor, so to say, averaging
over the thicknesses of a round particle. At G=0, the
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Figure 8 a Evolution of width for the Gaussian fitted reflections
as temperature rises; b Williamson—Hall plot of widths against
peak positions with emphasized points at 300 K, 418 K and
500 K, and fitted linear regressions; ¢ zoomed region of the Wil-
liamson—Hall plot showing the evolution of the data in rainbow

intercept AG, allows the evaluation of the coherent
grain size.

Here we obtain an initial intercept of 6.5:10° A™!
and thus a coherent grain size of 70 nm, which is a
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reasonable size as assumed earlier. In the literature,
grain sizes of magnesium AZ31 after high-pressure
torsion vary [14] and may depend minutely on pro-
cessing temperature, heat dissipation in the anvil, and
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aging. Masuda and Horita [39] report an average grain
size of 150 nm; however, their transmission electron
micrograph shows a high amount of structures on the
70 nm scale, which is consistent with our findings. We
emphasize again that the Williamson-Hall evaluation
shows the size of the coherent crystal volume, which
can be the size of a subgrain structure, and thus is
often smaller than grain sizes obtained by microscopy
[40].

Evaluating the coherent grain size at 445 K, consist-
ent with the temperature diffractograms displayed in
Fig. 5, an intercept of 3.75:10° A™! leading to 151 nm
was computed from the Williamson-Hall plot. Such a
value is surprisingly close to our evaluation in Fig. 5,
measuring the spot distribution on the diffraction
rings. Thus, this grain size obtained by two independ-
ent methods evaluates not only the procedures but
also provides confidence in the results.

Upon further heating, the Williamson-Hall grain
size seems to saturate at 200-300 nm, while the ring
occupancy method estimates much larger sizes. As
was stated, Williamson-Hall measures the coherent
crystallite size, so to say the size of subgrains, while
the ring occupancy method counts spots and a mosaic
distribution —the latter being the orientation distribu-
tion of those subgrains. Therefore, the ring occupancy
method represents the results close to the ones meas-
ured by microscopy, i.e., the overall grain size at which
the grain can contain subgrains. Moreover, the Wil-
liamson-Hall method becomes inaccurate when grains
approach a micrometer range, as then the reflection
breadth becomes intrinsic. Therefore, the two methods
of estimating the grain size transit seamlessly from the
Williamson-Hall regime to the ring occupancy evalu-
ation, using micrometer beam sizes.

The peak widths of all available Mg reflections at
the examined temperatures displayed in Fig. 8b do
not exactly lie on straight trend lines, which is called
‘unsystematic’ behavior. This apparent scatter is not
given by the counting statistics but evolves smoothly
as temperature increases. Therefore, it represents real
strain anisotropy in the crystallites. Such strain anisot-
ropy arises around dislocations, for which the modified
Williamson-Hall method has been developed [41]. Its
application to hexagonal systems, such as magnesium,
is complex [42], as various kinds of slip systems exist,
which are activated at different temperatures.

Qualitatively, it is evident that a highly unsystem-
atic behavior of peak broadening is seen in the initial
diffractograms of the high-pressure torsion-processed

. 5843

specimen at 300 K, attesting a high dislocation density
in the severe plastically deformed material —similar to
observations in ccp materials, e.g., CoCrFeNi [8, 43].
But, astonishingly, there exists an unsystematic behav-
ior at 500 K, after the magnesium AZ31 has recrystal-
lized and even had more time to recover. In addition,
the unsystematic scatter of peak widths at 500 K (up,
down, up, down, etc.) is qualitatively different from
that at 300 K (down, down, up, up, etc.) as shown in
Fig. 8d, which may be explained by dislocations sitting
on different slip systems, as those are sequentially acti-
vated upon ramping the temperature. The rearrange-
ment of slip systems during the temperature increase
shows a striking consequence that the peak width
distribution at 418 K lies on a straight line, meaning
the structure is mostly dislocation-free upon recrystal-
lization, while the dislocation density increases again
upon further annealing.

A possible scenario regards the initial distortion
with some recovery, the recrystallization at which the
rate of decrease in peak width is maximal, followed
by some grain growth. As recrystallization proceeds,
highly distorted material is consumed to create new
crystallites in the state of dislocation-free perfect
crystals; therefore, the unsystematic scatter of peak
width vanishes or becomes minimal, while the slope
of the regression represents isotropic strain gradients
due to stress or variation in composition. This mini-
mal unsystematic behavior remains until 427 K that
is shown in Fig. 8a, from where on it builds up con-
tinuously to the distribution seen at 500 K. At those
427 K, the grain interactions leading to their growth
take over, containing torques between grains, leading
to grain reorientation, which explains the obtained azi-
muth-time plots in Fig. 6a and b. Such grain rotations
and fluctuations at higher temperatures are typical
for magnesium and have been observed coinciden-
tally [16-18], as well in a recent dedicated study on
abnormal grain growth upon grain coalescence [19].
The latter discusses the need for high diffusive mass
transport in order to accommodate the embedded
shape of the crystallite upon rotation, according to the
Harris [44] and Moldovan [45] models. Therein mass
transport is entirely explained by predominant grain
boundary diffusion, which is based on the Raj—-Ashby
linear model [46] describing the Lifshitz regime of
grain boundary sliding under low stresses [47, 48].
As grains grow, diffusion paths around all of a given
grain become too large while torque tractions applied
by different neighbors compete, such that dislocations
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are expulsed into the bulk of the grain, comparable to
the regime of Rachinger sliding [48, 49]. This scenario
of high-temperature induced dislocations even after
long annealing is supported by the fact that the final
unsystematic scatter at 500 K of the annealed high-
pressure torsion-processed material resembles well
to those observed by neutron diffraction on the as-
received material (Fig. 4b). Moreover, the neutron data
show strain homogenization upon holding at 700 K,
while the unsystematic scatter prevails, and thus, the
dislocations involved. The unsystematic scatter of the
as-received specimen does not change its character,
in contrast to the severe plastically deformed mate-
rial, revealing that the as-received material contains
already a lot of the high-temperature induced dislo-
cations, while the nanostructured material is over-
whelmed by the plastic grain refinement and thus the
action of the twinning and slip systems which were
activated at room temperature. It is well known that
the dislocation structures in plastically deformed mag-
nesium systems depend strongly on the processing
temperature [50]. In the as-received material, the char-
acter of unsystematic scatter barely evolves. However,
in the case of high-pressure torsion-processed magne-
sium, it undergoes significant changes in its character-
istics, leading to the conclusion that the as-received
sheet was likely manufactured through warm roll-
ing, well above the Al;,Mg,, dissolution temperature
of 486 K, where high-temperature slip systems were
already activated. On the other hand, the nanostruc-
tured material has been severely deformed at room
temperature, resulting in the exposure of fewer slip
systems but a noticeable presence of twinning, result-
ing in the observed unsystematic scatter initial to the
heating experiment.

To resume this chapter, we have identified three
regimes of thermal evolution namely annealing recov-
ery peaking at 350 K, followed by the onset and full
recrystallization between 405 and 427 K, and subse-
quently, sluggish grain growth in a two-phase field.
Initially existing dislocations are removed during
recrystallization, at which the crystallites are mostly
dislocation-free; however, new dislocations on newly
activated slip systems build up due to fluctuating
grain rotations at higher temperatures.

@ Springer

Lattice expansion and anomalies

Thermal-induced lattice expansion has been revealed
from the peak positions of all observed Mg reflections
with respect to 300 K and is displayed in Fig. 9a. At
lower temperatures between 303 and 320 K that are
given by the first 100 data points in the experiment,
they all superimpose within their point scatter and
behave linearly. Their slopes are the thermal expan-
sion coefficients for each reflection plane, plotted in
Fig. 9b against their square of direction sines with
respect to the scattering vector to the crystallographic
c axis. In principle, the thermal expansion coefficient
a;; is a second-rank tensor, relating temperature to
thermal strain. The symmetry of a hexagonal sys-
tem allows for two independent components «, and
a, parallel and perpendicular to the ¢ axis, respec-
tively [51]. This would lead to a strain ellipsoid, or
a straight line in a plot of thermal expansion against
the square of the direction sines of orientation angle {»
with respect to c. The data plotted in Fig. 9b, however,
do not show such systematic anisotropy. They scatter
around the mean value. Thus, thermal expansion is
isotropic with a coefficient of a, = @, = 24.63-10° K™ for
the high-pressure torsion-processed AZ31.

As already stated, thermal expansion has been
found almost isotropic in Mg since the early years
[29]. The value of thermal expansion for the high-
pressure torsion-processed AZ31 is significantly lower
than measured for the initial as-rolled sheet material
measured by neutron scattering in the present study
as well as by Liu et al. [16], even a little lower than the
reported values by Childs [29]. The thermal expan-
sion coefficient of magnesium alloys is ranging typi-
cally from 26:10° K™ to 32:10° K™ [31], depending on
composition and microstructure. In many situations,
including other metals, the best values for measuring
the thermal expansion coefficient are measured upon
cooling from the recovered high-temperature micro-
structure. e.g., on Al-10Sr [25], CoCrFeNi high-entropy
alloy [8], and stainless steel [38]. In the present situa-
tion, however, we do not have any cooling data, which
would neither make sense due to the large grown
grain size and a microbeam diffraction setup.

Figure 9c presents the difference between the total
measured lattice strain and the linear extrapolated
low-temperature thermal expansion, clearly showing
a positive strain bump for each lattice plane family.
Fitted Gaussians are drawn to the bell-shaped data
between 300 and 500 K for the evaluated reflections.
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Figure 9 a Total lattice strain as a function of temperature of
the high-pressure torsion-processed specimen, evaluated from
the positions of the fitted peaks recorded by the long camera.
The scatter at high temperature is when fitting failed. b Linear
thermal expansion coefficients for the analyzed reflections as fit-
ted to the total lattice strain in a at the lower temperatures, plot-
ted against square of sine of orientation angle y of the scattering

Careful analysis reveals that deviations from the lin-
ear change in thermal expansion develop as low as
342 K, leading to a strain bump with a maximum at
around 472 K. Above that range, fluctuations become
too large, but one can see a decrease in this additional
strain component back to the original, linearized
thermal expansion, keeping in mind that the coeffi-
cient slightly increases monotonically with tempera-
ture. The amplitudes of the strain bump are plotted
in Fig. 9d against lattice plane orientation, demon-
strating indeed an anisotropic behavior parallel and
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vectors to the crystallographic ¢ axis. The thick and thin yellow
lines are average and + standard deviation. ¢ Nonlinear part of lat-
tice strain, i.e., the difference of total strain and aforementioned
linearized thermal expansion values, revealing a strain bump,
to which Gaussians have been fitted between 300 and 500 K. d
Amplitudes of the Gaussians as a function of orientation angle y
with a linear fit to the coordinates.

perpendicular to the crystallographic c axis, as allowed
by crystal symmetry for this 2nd rank strain tensor.
With values of Ae,=1.07-10 and Ae,, =0.72:107° along
and perpendicular to c, respectively, the anisotropy
of this strain bump amplitude is significant and scales
by a factor of 1.49. The volume-averaged linear strain
amplitudes compute to (Ae,+2 Ae,)/3=0.83-107.

The strain bump goes along with the phase transfor-
mation of (3-Al;,Mg;,, as already shown in Fig. 7. The
intensity of the superimposed (3-552 and (3-721 peaks,
located around 4.36 A™! that is visible especially in the
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Figure 10 Intensity evolution of the superimposed (-552 and
B-721 Laue—Bragg interferences of the Al;,Mg,, phase as a func-
tion of time and temperature, appearing at 405 K and ceasing at
535K.

lower plot of Fig. 7, is presented against the time of
heating and thus temperature in Fig. 10. It appears at
405 K and ceases mainly at 535 K, while its maximum
prevail coincides with the strain bump maximum at
472 K as shown in Fig. 9b. It is well known that smaller
Al atoms in solid solution in a Mg matrix exert a chem-
ical strain of approximately —1.15-107 per atomic
percent of aluminum [52], playing a pivotal role in
Mg <> Al;,Mg,, phase transformations [16]. Indeed,
Murray reports on the anisotropy of this chemical
strain [52]. The slopes in her plots are evaluated into
1.14686:107° and 0.99938-107 per at.% Al in Mg for the
c and a directions, respectively. Their orientation aver-
aged linear slopes, (3¢, +23¢,)/3, computes to 1.05-107
per at.% Al or 0.94-107 per mass-% Al, and the ratio
is 8¢ /8¢, =1.14757 = 0.871405". Comparing this to our
results on the strain bump amplitude, we obtain a pre-
sent ratio of 1.49 larger along c than along a which is
significantly greater than Murray’s ratio of 1.14757. In
other words, 77% of the strain bumps are accounted
for the depletion of Al in the Mg matrix, while 23%
are so far unaccounted for, based on the asymmetry
measurements.

The phase fraction of p-Al;,Mg;, can be esti-
mated by comparing the diffraction peak intensi-
ties of the Mg-101 and the 3-330 Laue-Bragg inter-
ferences, which lie very close to each other around
2.52 A™! (see upper plot of Fig. 7) and evaluated to
Iﬁ/IMg=9.3336~10‘3. Using the powder diffraction
program CrystalDiffract®, we simulate the theo-
retical intensity ratio for a 1:1 volume fraction to
obtain an expression for the § volume fraction being
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fvp=1Ig/I\g * 0.890. The densities are py=2.05 g/cm?®
and py;, =1.738 g/cm? for the intermetallic and Mg,
respectively, giving a mass fraction f,, ;= fy 5 Pp/Prg-
We obtain fy 5= 8.31-107 and a B-Al;,Mg;, mass frac-
tion of f,, ;=9.80-107°.

The mass fraction of Al in stoichiometric Al;,Mg;,
is 44%, meaning precipitating -phase having
fp=9-80-107 results in a change of - 0.43% of Al
mass in the Mg solid solution. This would lead to
an average chemical strain of + 0.41-107. Thus, the
chemical strain due to the phase transformation
accounts for only about half of the observed strain
bump with an amplitude of 0.83-107. An excess
strain amplitude of d¢, = 0.42:107 is still unaccounted
for the observed strain bump.

Consideration of both phase precipitation and
strain anisotropy independently estimates a sig-
nificantly smaller amplitude of strain changes than
observed in the experiment. Therefore, another
mechanism than the depletion of Al atoms from the
supersaturated solid solution needs to be examined.
In the past, Liu et al. [8] reported on strain anomalies
during the recrystallization process in a high-pres-
sure torsion-processed CoCrFeNi high-entropy alloy,
which were accommodated by a high concentra-
tion of excess vacancies. A similar strain deficit was
observed on likewise treated stainless steel [38]. With
this, we conclude on three contributions to make up
the total strain, namely thermal expansion due to
the anharmonicity of the atomic binding potential,
chemical strain due to segregation of Al atoms, and
vacancy strain due to the volume relaxation of the
crystal lattice around a vacancy.

In this regard, a further lattice expansion anomaly
can be observed at 827 K as shown in Fig. 9a and c,
coinciding with trespassing the solidus of AZ31 alloy
[53], at which partial melting starts. Generally, the
thermal expansion coefficients of pure magnesium
vary with temperature. Above 500 K, they become
continuously larger than the values at room tempera-
ture, particularly above 700 K [29]. A similar ten-
dency is observed also for the nanostructured AZ31
as shown in Fig. 9b where, despite the bad statistics,
an augmenting trend is observed. Although atomic
interaction potentials may play a major role, some of
this augmented expansion must be attributed to our
vacancy expansion model, due to the thermal activa-
tion of vacancies. At 827 K, we observe in Fig. 9a that
lattice strain stagnates upon further heating. This is
the regime of gradual melting, at which, according
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to the quasibinary phase diagram [53], Al depletes
in the Mg matrix—which would lead to a stronger
positive strain. However, we ignore the kinetics and
possible segregation of the Zn component, which
may lead to a stagnating effect.

Vacancy formation upon recrystallization

In order to account for the yet unexplained excess
strain bump of d¢, =0.42-107, we consider lattice wid-
ening by a large amount of vacancies. Let us set for the
relative change of total volume, AV/V = (20¢,+0¢e.)=3
0€, = Cops 003/Q), where cg is the number concentration
of effective atomic volumes affected by vacancy strain,
Q is the atomic volume and 6Q) is the relaxation vol-
ume around a vacancy. Thus, ¢ =AV/V * Q/6Q. With
a conservative relaxation volume, say 6Q/Q= -0.13
[54], we obtain c ;= 9.7-107. As in Liu’s paper [8] we
assume, the average local strain of d)/() spreads over
two atom shells around each vacancy to each dimen-
sion, supported by Sahoo et al. [55] reporting a spread
over ‘two spheres,” affecting 64 atoms, the vacancy
concentration is ¢, = /64 =1.5-10"%.

Such vacancy concentration is extremely high, sur-
passing those at melt. Chetty et al. [56] reported the
activation energy for vacancy formation in Mg to be
0.835 eV which would lead to a vacancy concentration
of 0.3-107* at 923 K—a factor of five smaller than our
value during recrystallization.

The vacancy concentrations we estimate by simple
models are an order of magnitude higher than ther-
mally activated at melting temperature. A similar
trend has been found in our CoCrFeNi work [8]. It
is, however, estimated within the range of vacancy
concentrations at melting as the reported activation
energy spreads quite a bit in the literature. Chetty [56]
cites other papers with activation energies for vacancy
formation being 0.81, 0.58, 0.78, 0.90 eV, which results
in thermal activated vacancy concentrations of [0.38,
6.81,0.55, 0.12]-107%.

The offset between heating and cooling in CoCr-
FeNi [8] as well as in stainless steel [38] has been attrib-
uted to high excess vacancy concentrations created by
high-pressure torsion. Such concentrations of 10~ to
1073 are well supported by positron annihilation spec-
troscopy on various metals, which are created during
the processing at room temperature [57]. Moreover,
Ungar et al. [58] measured vacancy concentrations by
the increase in the diffuse synchrotron X-ray scattering
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during plastic deformation and also reported a shift
of Bragg peaks due to vacancies. However, a quan-
titative evaluation has been introduced only by Liu
et al. [8] and in the present work. In addition to those
excess vacancies caused by severe plastic processing,
here we observe the creation of vacancies during the
recrystallization process, leading to a peak of vacan-
cies that then vanishes again at higher temperatures
due to thermalization.

The big picture of thermal evolution
in nanostructured magnesium alloy

The in situ heating experiment on high-pressure tor-
sion-processed magnesium AZ31 alloy by microbeam
high-energy X-ray diffraction reveals multidimen-
sional insights into the evolution of the microstructure
and its kinetics. In particular, the azimuthal investiga-
tion of the morphology of intensity distribution deter-
mines regimes of recovery up to 405 K, recrystalliza-
tion until 427 K, sluggish two-phase grain growth and
rearrangements, i.e., grain reorientation, up to 520 K,
followed by rapid and large and erratic grain growth
in a single-phase filed. These azimuthal observations
go hand in hand with radial peak shifts, anomalies in
thermal expansion, the reduction of peak broadening,
and the precipitation and dissolution of (3-Al;,Mg,,
phase. Apart from fairly constant thermal expansion
and a little recovery until 550 K, none of the above-
mentioned effects take place under heating in the as-
received rolled sheet material.

The first stunning difference of the high-pressure
torsion-processed specimen from the as-received sheet
is the precipitation of f-Al;,Mg;, phase appearing at
405 K and dissolving at 535 K in the nanostructured,
while it lacks in the as-received material. Regard-
ing the phase diagram [53], it should exist in equi-
librium below 486 K and then dissolve in the matrix.
We can realistically assume that the material has been
quenched from the single-phase field during its pro-
duction, so that we start with a single supersaturated
hep Mg phase. Upon heating, diffusion sets in, driv-
ing to the thermodynamic equilibrium. However,
the diffusivity of Al in Mg is only about 107'® m?%/s
around 500 K, resulting in diffusion lengths of 50 nm
over the time of heating of maximal optimistic 800 s
at the range of interest. This is by orders of magni-
tude smaller than the ~10 um grain size of the as-
received sheet. Since most nucleation sites occur at
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grain boundaries, necessary diffusion lengths are not
met, and therefore, the sheet material does not show
any phase transformation or related lattice parameter
anomaly in the neutron scattering experiment. We can
argue now, grain sizes and nucleation center distribu-
tions of the nanostructured material match the calcu-
lated diffusion length of 50 nm, but that would mean,
during the experiment we would have only a small
amount precipitated and dissolved again. However,
the 3-Al;,Mg,, phase pops up and evolves rapidly
at 405 K. This necessitates much enhanced diffusion.
Hence, the excess vacancies can help, with concentra-
tions overpassing those at the melting point, increas-
ing diffusivities beyond those at the melting point. The
latter range about 1072 m?/s [59] leading to a diffusion
length of conservative 2 um per 1 s of detector expo-
sure time, which is now much larger than the grain
size of the ultrafine-grained material. Thus, phase
transformation can take place.

The scenario of the enhanced diffusion during
recrystallization is the following: Due to the high
distortion of the nanostructured material contain-
ing ample of dislocations and intergranular stresses,
as evidenced by the Williamson-Hall plot in Fig. 8b,
the driving force is high for recrystallization, which is
most violent between 405 and 427 K. Such a process
needs a lot of mass transport, driven by the stored
energy and enabled through diffusion. Basically, the
entire recrystallized volume has moved its atoms. This
implements the driving force is high enough to stimu-
late diffusion, i.e., to create excess vacancies propa-
gating the diffusion process in a close-packed crystal
structure. As a side effect, the equilibrium phase of
[-Al;,Mg,, is led to precipitate. Indeed, the steepest
and linear raise of intensity for the (3-Al;,Mg;, pre-
cipitate in Fig. 10 lies exactly in the range of recrystal-
lization between 404 and 427 K. After this, the precipi-
tation saturates to equilibrium and eventually ceases
by the phase diagram upon further heating, with a
transformation-temperature-time-delay. Moreover,
during recrystallization, the Williamson-Hall plot
in Fig. 8b shows a straight-line ‘systematic” behav-
ior and the azimuthal widths of single-grain reflec-
tion spots in Fig. 6¢, i.e., the mosaic spread of the new
crystallites, are intrinsic, esteeming crystallites with
significantly reduced dislocation densities. With the
findings of a recent paper [19], we can expect that the
recrystallization of grains and their boundaries are
highly activated underlined by the high diffusivity,
eating up the sluggishly evolving non-recrystallized
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material. Recrystallization vacancies are formed upon
the recrystallization process, which specifically is after
nucleation and during the growth of a recrystallized
grain. Such recrystallization vacancies would then be
found in the recrystallized volume, while we predict
lower concentrations prevailing in the non-recrystal-
lized regions, as that material has not yet released its
stored energy to create the additional excess vacancies.
The high concentration of recrystallization vacancies
is an express channel for enhanced diffusion driving
the kinetics of the reordering process. The highly acti-
vated volumes, especially their highly activated grain
boundaries at their forefront, keep the process up until
all material has been recrystallized.

A second striking feature is the anisotropy of lattice
expansion due to point defects. While thermal expan-
sion is incidentally isotropic, chemical strain due to
Al substitutional point defects as well as strain due to
vacancies is anisotropic, as much as it is allowed by the
symmetry of the hexagonal space group. As was men-
tioned earlier, Murray indirectly reports a chemical
strain anisotropy of 6¢ /¢, =1.14757 upon substituting
Al on the Mg lattice. We measure a strain anisotropy
ratio for the ultrafine-grained Mg AZ31 of 1.49, which
partly evolves by Al substitution and partly by vacan-
cies. This means the anisotropy effect in strain is larger
upon vacancies than on Al substitutes. Both Al substi-
tutes and vacancies are point defects, and both reduce
the local volume at their site. The Al atom is 0.83 times
smaller than the Mg atom while the vacancy is intrinsi-
cally smaller. It seems the anisotropy in strain scales
with the ‘size’ of the point defect. Moreover, shorter
jump distances mean higher diffusivities. Thus, the
crystal direction of a smaller vacancy strain should
match a larger diffusivity, which has indeed been
observed by Shewmon, reporting larger diffusivity
perpendicular to ¢ than parallel to c [30].

Epilogue and future prospective

The significant findings of the current in situ diffrac-
tion study on high-pressure torsion-processed mag-
nesium alloy AZ31 pertain to the kinetics involved
in the recrystallization process, transitioning from a
highly distorted nanostructure to more perfect crystal-
lites. An expedited phase transformation resulting in
the precipitation of intermetallic compound Al;,Mg;,
from the supersaturated Mg phase has been observed.
This is in contrast to heating the as-received material.
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The overall observed lattice strain comprises regular
thermal expansion due to the anharmonicity of the
atomic binding potential, chemical strain due to the
segregation of Al from the matrix, and an expansion
attributed to the presence of high concentrations of
athermal vacancies. These vacancies are generated
during processing, maintained due to the high stored
energy in the nanostructured material, and can even
surpass vacancy concentrations as high as those seen
at the melting point. Virtually every atom needs to be
moved during the recrystallization process, necessi-
tating large diffusivities. These diffusivities are much
greater than what would be expected based on the
usual Arrhenius law for thermally activated processes.
In close-packed materials like hcp magnesium, diffu-
sion is facilitated by vacancies, leading to a correla-
tion between high vacancy concentrations and high
diffusivity.

However, these mechanisms during recrystalliza-
tion have not been directly investigated, as measuring
them in situ during the relatively short timescales of
recrystallization can be challenging. There is a need
to quantify these mechanisms during the recrystal-
lization process, which may inspire ideas for future
experimental investigations. Some of the states, such
as vacancy concentrations, may be quenched, but dif-
fusivities have to be measured in real time on the fly.

A complementary measurement of recrystalliza-
tion vacancies can be explored using positron life-
time spectroscopy [57, 60]. In this method, positrons
(positive antimatter electrons) become trapped within
vacancies and eventually annihilate with an electron,
emitting gamma radiation. As the electron density
within the vacancy decreases, the positron lifetime
is extended, as opposed to interstitial trapping. The
signal height in this method is directly related to the
vacancy concentration.

Self-diffusivities in metals at high temperatures
have traditionally been studied using techniques such
as quasielastic neutron scattering [61, 62] and quasie-
lastic Mofsbauer spectroscopy [62, 63]. Advanced
variations of X-ray Mofibauer spectroscopy involve
the use of synchrotron radiation [64]. These nuclear
methods not only provide information about jump fre-
quencies during the diffusion process but also meas-
ure the jump vector by analyzing the self-correlation
function of atoms during the jump. However, these
methods have limitations, as they are applicable to
only certain types of atoms with appropriate scatter-
ing cross sections.
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The neutron method, for instance, relies on the inco-
herent part of scattering, which can be substantial for
specific isotopes within the material under investiga-
tion. MofSbauer and nuclear resonant spectroscopy are
primarily limited to compounds containing iron due
to its nuclear resonance properties of the *’Fe isotope.
Additionally, these techniques are typically limited to
high temperatures where diffusion rates are relatively
fast.

Nonetheless, during recrystallization, we antici-
pate very high diffusivities, and the restricted selec-
tion of elements is sufficient for a range of sample
systems in our studies. For example, iron-containing
compounds have been part of our research, includ-
ing the previously studied CoCrFeNi high-entropy
alloy [8] and stainless steel [38]. Additionally, alu-
minum-containing systems are accessible by the
neutron technique, allowing us to investigate AI-Mg
compositions, such as supersaturated, mechanically
alloyed metals [6].

Performing recrystallization measurements using
inelastic nuclear methods can be quite challenging
due to the limited times available during recrystal-
lization. Special experimental setups are needed
to address this issue. For instance, one approach
involves continuously shifting a long, severely
plastically deformed specimen through a tempera-
ture gradient. This setup ensures that recrystalliza-
tion occurs at the optimal rate within the specific
region of interest within the gauge volume of the
spectrometer.

Overall, there is a significant need for intriguing
experimental work to be carried out in order to pro-
vide in situ clarification of the atomic diffusion and
vacancy mechanisms during the recrystallization pro-
cess. Other open research themes are the indicated cre-
ation of dislocations at high temperature upon grain
coalescence, which is counterintuitive to the annealing
effect, as well as the mechanisms of steady-state plas-
tic deformation processes in a wider sense. Moreover,
theoretical and computer-supported modeling needs
to be undertaken to further validate such ground-
breaking experiments.
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