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• The growth and strain variation of indi-
vidual crystals in the Fe-based metallic
glass during annealing were investi-
gated.

• The crystal growth follows a two-step
model with the growth of both the crys-
tal core and fractal structure.

• There is preferential growth along the
surface of specimen during the α-Fe
crystal formation from the metallic
glass.

• Growth stagnation and strain relaxation
are observed in the grown crystalswhile
cooling.
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The crystallization behaviour of metallic glasses (MGs) has been investigated since the discovery of these impor-
tant functional materials in order to optimize their synthesis procedures and improve their performances.
Methods includingpowderX-ray diffraction and transmission electronmicroscopy are usually combined to char-
acterize the crystalline structure in these “amorphous”materials. Until now, thesemethods, however, have failed
to show the crystallization of individual crystals in three dimensions. In this work, in-situ Bragg coherent X-ray
diffraction imaging (BCDI) reveals the growth and the strain variation of individual crystals in the Fe-based
MGs during annealing. There is preferential growth along the surface of theMG sample particles during the crys-
tal formation and fractal structure formation around the developing crystal surfaces; there is also strain relaxa-
tion happening from the inner parts to the surfaces of the developing crystals while cooling. The work leads to
propose that during the crystallization of Fe-based MGs, the growth of the individual crystals follows a two-
step procedure; and at higher temperature after the first crystallization period of the Fe-based MGs, the
nce and Engineering, Tongji University, Shanghai 201804, China.

Nanotechnology, University College London, London WC1H 0AH, UK.
uo@seu.edu.cn (Q. Luo), i.robinson@ucl.ac.uk (I. Robinson).

Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2020.108551&domain=pdf
https://doi.org/10.1016/j.matdes.2020.108551
mailto:bo.chen@tongji.edu.cn
mailto:q.luo@seu.edu.cn
mailto:i.robinson@ucl.ac.uk
Journal logo
https://doi.org/10.1016/j.matdes.2020.108551
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes


2 B. Chen et al. / Materials and Design 190 (2020) 108551
crystallization of α-Fe could be a competitive process between the growth ofα-Fe crystals and the erosion from
other elements.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The crystallization phenomenon inmetallic glass (MG) has attracted
tremendous attention, not only because of the interests in developing
MG composites with better performances [1,2], but also in seeking crit-
ical insights of this complex material transformation process [3–7]. Re-
garding the mechanical properties of these materials, MG can provide
great strength under high compression since there are few defects and
no grain boundary within them. Indeed, some bulk metallic glasses
(BMGs) can survive up to 5GPa or even higher compression [8,9].
Under tension, some MGs have excellent elastic strain which could ex-
ceed 2% [10,11]. However, their lack of macroscopic plastic strain hin-
ders the application of MGs as a general structural material. Most of
the MG materials are also brittle in tension due to the lack of barriers
for crack propagation and constraints for shear band propagationwithin
them [12–14]. However, introduction of reinforcing crystalline phase in
the MG materials could substantially improve their global plasticity by
promoting the generation of multiple shear bands and diverting the in-
homogeneousflow in theMGswhichmakes theMGmaterials a suitable
candidate for engineering applications. The (partial) crystallized regions
in the amorphousmatrix could also influence theirmagnetic properties.
For example, the magnetocaloric effect is widely found in rare-earth
(RE)-basedMGswhich are promising for using asmagnetic refrigerants.
The nano-clusters or nano-scale precipitation with crystalline grains
embedded in the amorphous matrix lead to an almost-constant, rela-
tively high magnetic-entropy change which favors the Ericsson cycle
[15]. Other properties such as multiple spin glass behavior may also be
a result of nano-scale nucleation [13]. Compared with the amorphous
or crystalline materials, partially crystallized MG composites show
unique mechanical and magnetic properties [16,17]. Therefore, it is es-
sential to investigate the relationship between the properties of MGs
and their crystallization behaviour or structurewhich includes, for exam-
ple, the crystal size and strain distribution within the nano-crystalline
materials.

Currently, the crystallization behaviour of theMGs at the nanometer
length scale is still somewhat badly known. This is partially because of
the lack of available characterization methods, which has led to almost
nomeans for direct studies on the crystallization and growth of individ-
ual crystal grains in the MG materials.

Coherent X-ray diffraction imaging (CDI) is a lens-less imaging
method, which utilizes the high coherence of X-rays generated from
synchrotron radiation facilities or X-ray free electron lasers (XFELs)
[18]. Lenses are avoided in CDI by replacing them with computational
image reconstruction algorithms.With nearly 20 years of development,
various types of CDI have been proposed, and they have been applied to
different specimens [19–24].

Bragg CDI (BCDI) is a specific X-ray imaging approach for nano- and
micro-crystals, in which a coherent incident wave is chosen to illumi-
nate the samples and a tilting series of far-field diffraction patterns is
measured around a selected Bragg angle [25,26]. BCDI has been success-
fully applied to reveal some key physics andmaterials phenomena such
as atom diffusion and rearrangement in alloys [27,28], charging and
discharging of battery materials [29,30] and crystal growth behaviour
[31,32]. BCDI experimental set-up can remove the non-crystalline sig-
nals that are scattered in other directions, and can select the targeted
crystals by their corresponding Bragg diffraction peaks. The measured
Bragg diffraction patterns are the Fourier transform of the three-
dimensional (3D) density distributions of the illuminated crystals, in
which the amplitude can be directly measured and the phase needs to
be recovered by iterative mathematic algorithms [33,34]. The recon-
structed amplitude images, representing the Bragg electron density
distribution of the specimens, define the shape of crystals in three di-
mensions with a spatial resolution of typically around 20 nm. If each
crystal in a composite is oriented differently they can be imaged sepa-
rately, so are easily segmented from their neighbours. In addition, the
reconstructed phase images encode the atomic displacement field
through its projection onto themomentum transfer vector, Q= kf − ki,
where kf and ki, are the exit and incident wavevectors, respectively. The
displacement field can be converted into a strain map within the mea-
sured crystal, which is a powerful tool for investigating the internal
structures of individual crystals.

As BCDI is generally a non-destructive imagingmethod and is sensi-
tive to crystallinematerials, in thisworkwe used BCDI to investigate the
crystallization process of an Fe-based MG in three dimensions at the
nano-scale by an in-situ approach. The chosen material of interest is
Fe49.7Cr18Mn1.9Mo7.4W1.6B15.2C3.8Si2.4 MG powders, which is a good
candidate for making anti-corrosive coatings or for using as the feed-
stock powders in high velocity oxygen fuel (HVOF) spraying [35]. Addi-
tionally, some products of crystallized Fe-based MGs such as the Fe-
based nano-crystalline alloys have already been widely used because
of their excellent soft magnetic properties. The target Fe-based MG
powder specimens were heated to their crystallization temperature in
vacuum during the in-situ BCDI measurements so that the crystalliza-
tion behaviour of the materials could be recorded. This article reports
the main results of our study that there is preferential growth in a spe-
cific direction in the individual crystals during heating and that a fractal
structure around the crystal surfacewas observed.We also discovered a
significant strain relaxation in the grown crystals during the subsequent
cooling process without change in the crystal shape. A two-step crystal-
lization model during the crystal growth of the Fe-based MG materials
under heating is suggested from the results of this work.

2. Experimental methods

The powders of Fe49.7Cr18Mn1.9Mo7.4W1.6B15.2C3.8Si2.4 MG were
made via the high-pressure Argon gas atomization method, in which
mixtures of different elements in the designed ratio were induction-
melted in an Argon gas atmosphere. Inert gas jets were used to atomize
themolten powders into small droplets that formed into powders after-
wards for various measurements.

The powder XRD measurement of the MG samples, both the as-
received and annealed ones,were done by a Bruker D8 Advance powder
X-ray diffractometer using Cu Kα radiation of 0.1542 nmwavelength (/
X-rayswith 8.04 keV energy)with theworking voltage of 40 kV and the
working current of 40 mA at the scanning speed of 2°/min.

The size distribution of the samples was measured by a Beckman
Coulter laser particle analyzer LS230. The differential scanning calorim-
etry (DSC) measurement was carried out by an SDT Q600 machine
(from TA Instruments), the simultaneous DSC-TGA (differential scan-
ning calorimetry-thermogravimetric analysis) instrument, in an Argon
atmosphere with a gas flow of 50 mL/min at a heating rate of 20 K/
min. The electron micrographs and EDS mappings of the samples
were obtained from a Zeiss Sigma 300VP SEM with an Oxford AZtec
X-Max 80 EDS. Selected area electron diffraction (SAED) was carried
out by a JOEL JEM-2100 TEM at 200 kV accelerating voltage.

The in-situ BCDI experiments were carried out at the beamline I-07
of Diamond Light Source (DLS), the UK. The as-received MG powders
were ultrasonically dispersed in tetraethyl orthosilicate (TEOS)-ethanol
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solution with the ratio of 1:75 (in volume), then this suspension was
drop-cast on a silicon wafer. The suspension was heated in air at
about 200°C for half an hour to be dried to convert the TEOS liquid
into a vitreous SiO2 network which can bond the sample powders and
the Si wafer together. Then, these as-fixed samples were mounted on
the sample stage and load-locked into the vacuum chamber at the
beamline I-07 of the DLS which had a base pressure of 2 × 10−10 mbar
inside. The sampleswere centered on the rotation axis of the diffractom-
eter, then heated in-situ by electron bombardment in the vacuum cham-
ber while a coherent 9 keV X-ray beam illuminated the samples upon
heating for measurements. The centre part of the X-ray beam with the
size of 20 μm × 20 μm was selected for illumination by a group of slits.
The illumination beam is coherent over the lateral dimensions of the
sample because of the high brightness of the DLS and in the longitudinal
direction by virtue of its Si(111) monochromator. For all the BCDI mea-
surements, the sample-detector distance was kept at 1.52m. The Pilatus
100K detector of 487 × 195 pixels with pixel size of 172 μm × 172 μm
has been used to record the diffraction patterns of the annealing sam-
ples. For recording the full 3D Bragg diffraction patterns of theα-Fe crys-
tals, once a diffraction pattern with strong signals was found at the right
Bragg angle on the detector, around 2θ = 39.7° in the reported work.
The growing crystal was then centered in the X-ray beam, in the XY
plane and along the tilting and rotation directions, to peak up its diffrac-
tion. It was then rotated through its whole Bragg diffraction peak, usu-
ally by 0.4°, with a step size of 0.005°. This allows the individual
speckles around the centre of the diffraction pattern can be recorded
in at least 2 rotation angles, i.e. 2 slice images of the whole diffraction
pattern to satisfy the over-sampling condition. At each rotation angle,
a two-dimensional (2D) slice of the Bragg diffraction pattern of the crys-
tal was recorded on the Pilatus detectorwith an exposure time of 10 s or
30 s depending on the diffraction intensity from the crystal. These 2D
diffraction slices were then stacked together to form a full 3D Bragg dif-
fraction pattern which was used for real-space image reconstruction.

After the BCDI experiments, these annealed samples were removed
from the beamline vacuum chamber and kept for the later measure-
ment by SEM etc.
Fig. 1. Characterization of the as-received samples before the in-situ BCDImeasurements. a) Pow
right corner is the selected area electron diffraction (SAED) pattern. b) Size distribution profile o
(DSC)measurement on theMG sample. d) Scanning electronmicroscope (SEM)micrograph of t
near the bottom of the panel d. f) Energy dispersive spectrometer (EDS)measurement result at
references to colour in this figure legend, the reader is referred to the web version of this artic
3. Results and discussion

3.1. Characteristics of the as-received samples

Fig. 1a shows a powder X-ray diffraction (XRD) pattern of the Fe-
based MG samples in their starting state as received. The inset at the
top-right corner of Fig. 1a is a selected area electron diffraction (SAED)
pattern of the same sample from transmission electron microscope
(TEM). A broad peak between 30° and 60° (2θ values) can be seen
whilst there are no sharp diffraction features present in the powder
XRD pattern, which indicates that the sample can be identified as an
amorphous material. This is confirmed by its SAED pattern that shows
only isotropic scattering rings without any distinct diffraction spots.
The size distribution profile of the as-received sample in Fig. 1b shows
that there are a great number of particles between 2 μmand 10 μm. Syn-
chrotron X-rays with an energy of 9 keV were selected for our BCDI
measurements. These X-ray photons have an 8 μm penetration depth
into this Fe-based MG, which is sufficient to illuminate a large portion
of individual MG particles in this sample. Fig. 1c presents the DSC
curve of the sample measured with a heating rate of 20 K/min in an
Argon atmosphere. There are two exothermic peaks at 683°C and
772°C. These two split exothermic peaks indicate 2 heat releasing pro-
cesses, which is consistent with a two-stage crystallization process
[36–38] having occurred in the chosen type of MG samples.

Fig. 1d and e are scanning electron microscope (SEM) micrographs
of the as-received MG powder sample used for the in-situ BCDI mea-
surements, in which Fig. 1e is a zoomed-in image of the yellow square
region in Fig. 1d. The SEMmicrographs show the as-received MG parti-
cles are well-shaped spheres with smooth surfaces before the in-situ X-
raymeasurements. The sizes of these particles range from 2 μm to 5 μm.
The energy dispersive spectrometer (EDS) measurement result from a
point on an MG particle (indicated by a yellow dot in Fig. 1e) is shown
in Fig. 1f. The result gives a similar chemical composition as expected
from the synthesis, although there are noticeable differences in the ex-
pected proportions of C and B. The EDS result shows 14.2 at.% of C and
there is no signal for B, while the chemical formula from synthesis has
der X-ray diffraction (XRD) pattern of the Fe-basedMG sample. The inset panel at the top-
f theMG samplemeasured by a laser particle analyzer. c) Differential scanning calorimetry
heMG sample. e) A zoomed-in SEM image of the yellowhighlighted square region located
the point on anMG particle indicated by a yellow dot in panel e. (For interpretation of the
le.)
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3.8 at.% C and15.2 at.% B. The failure to record the B element is caused by
the limitation of the capabilities of used EDS detector which cannot de-
tect the characteristic X-ray signals from the B atoms.

3.2. Formation of nano-crystalline materials upon annealing

As there is generally only one crystal can bemeasured at a time dur-
ing the BCDI experiments, and according to Köster et al. [39], the pri-
mary crystallization product of Fe-based MGs during heating is usually
α-Fe, so we are aiming at recording the growth of the α-Fe crystals
within the measured Fe-based MGs, and the detector was placed close
to the (110) Bragg peak of theα-Fe crystalwhose 2θ=39.7° at the cho-
sen 9 keV X-rays.

Before starting the heating and the BCDI measurements, every sam-
ple was scanned along the (Bragg) 2θ angle between 10° and 70° to
check the sample status, and as expected, only background scattering
signals were recorded on the detector. One of these examples, where
the centre of the detector was positioned at 2θ = 39.5°, is shown in
Fig. S1 in the Supporting information (SI). In our BCDI set-up, the used
Pilatus 100K detector will cover about 1° of 2θ angle which means
Fig. S1 could record Bragg diffraction signals between 2θ equals about
39° and 40°. This confirms the amorphous nature of the starting sample
again.

The as-receivedMG sampleswere then annealed in a vacuumcham-
ber at the beamline I-07 at Diamond Light Source from room
Fig. 2.CoherentX-ray diffraction patterns of the annealingMGrecordedon a Pilatus detector. a)
measurements on the same single Bragg peak was then carried out at different times; b) Zoome
20min after panel b recorded; d) Two different heating processes (marked as HP1 and HP2) th
references to colour in this figure legend, the reader is referred to the web version of this artic
temperature at a base pressure of 2.10 × 10−10 mbar while the BCDI
measurements were carried out simultaneously. The samples were
“rocking-curve” scanned [25,33] repeatedly within 1° range at the de-
tector centering at 2θ = 39.5° (around the α-Fe’s Bragg peak) with
0.01° interval and 2 s exposure time or linearly scanned vertical to the
X-ray beam route at the detector centering at 2θ=39.5° with 2 s expo-
sure time aswell in order to capture the gradual evolution of the forma-
tion of nano-crystalline materials under heating. There were two
different heating processes used to treat the MG samples. They are de-
noted as heating process one (HP1) and heating process two (HP2),
and shown as heating curves one and two in Fig. 2d. In the latter case,
the structure evolution of crystals while cooling was recorded. Both
heating processes, HP1 and HP2, were performed intentionally based
on the DSC measurement result on the MG. To avoid missing the start
point of the primary crystallization, during HP1, the MG sample was
firstly heated to about 500°C with a lower heating rate, compared
with 20 K/min, and then was heated to 704°C with a much lower rate,
i.e. at a bit slower than 1 K/min. Based on the experience fromHP1, dur-
ing HP2, the MG sample was heated to about 500 °C quickly, then to
about 585 °C with lower heating rate, and then very slowly to 625 °C
to ensure to cover the first stage of crystallization.

The first α-Fe nano-crystal diffraction signals were captured after
10 h of heating duringHP1when the temperature reached 585°C. How-
ever, it took about 25 h (during HP1) until the Bragg peak from the
growing crystals increased sufficiently for the Bragg diffraction signals
Thediffraction pattern recorded on thedetector thatwas centered at 2θ=39.2°. A series of
d-in image of the Bragg peakmarked in a yellow square in panel a; c) Measurement made
at the MG samples experienced in the in-situ BCDI experiments. (For interpretation of the
le.)
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to become strong enough for the BCDI reconstruction to converge.
Fig. 2a presents the diffraction pattern of the sample, which underwent
HP1, captured at the detector centering at 2θ = 39.2° after 40 h of
heating when the temperature reached 704°C. Notably, there are bright
diffraction spots recorded at higher angle on the detector that are the
Bragg diffractions of the α-Fe from the (110) facet. By comparison, the
diffraction pattern of the sample recorded at the end of HP2 is shown
in Fig. S2, which records no such diffraction powder ring as shown in
Fig. 2a, but only distinct Bragg diffraction spots. The observation of a
continuous powder ring and more distinct diffraction spots resulting
from HP1 than those resulting from HP2 suggests that there appear to
be many more small crystals grown after HP1 treatment than HP2's.
This means after longer time and higher temperature treatment
(HP1), the crystallization degree of Fe-based MG goes higher. Fig. 2b is
the zoomed-in image of the Bragg diffraction spot in the yellow-
highlighted square in Fig. 2a. Fig. 2c shows subsequent measurements
of this Bragg diffraction spot after 20 min of heating. The temperature
was kept at 704°C while the above two measurements made.

These measured Bragg peaks were used to reconstruct the 3D im-
ages of the crystal using algorithms based on Error Reduction (ER)
[40] and Hybrid Input-output (HIO) [41] methods.

3.3. Growth of crystals within the MG

The crystal formation was recorded in several MG samples. In Fig. 3,
the growth of two individual α-Fe crystals is shown with their radial
density functions (RDFs). In these images, the reconstructed amplitude
was used to define the surfaces/shape of the shown crystals and the dis-
placement was used to define the colour of the surfaces and interior.
25% of the maximum value of the reconstructed amplitude was chosen
to render the crystal surfaces, and the presented crystals are the “core”
crystalline regions. The above-mentioned rendering criterions are ap-
plied to the other crystals presented in this work as well.

During HP1, the Bragg peaks became strong enough to recover the
images of the growing crystals at 704°C after 25 h of heating. The tem-
perature was kept at 704°C after 25 h until the end of the heating pro-
cess. In this period, the growth of one of the single α-Fe crystals was
observed at the detector centering at 2θ = 39.2°. Fig. 3a and b show
this crystal (named as crystal I) grain at two different times during the
heating. As seen in Fig. 3a and a’, the grain of crystal I has a cylindrical
shape with some large phase values corresponding to displacements
around its surface. These displacement fields can be quantified by the
phase shift φ, formed by projection of the displacement onto the Q vec-
tor by the equation φ = Q·u [25]. The Q vector here is pointing to the
(110) Bragg peak of the α-Fe crystal as denoted by the red arrows in
the XYZ axes. The formal strain within the crystal can be estimated
from the partial differentiation of u with respect to each direction
[34]. A relative displacement of 0.069 nm is measured around the sur-
face, and the scale bar is set to show the displaced region. The time in-
terval between Fig. 3a and Fig. 3b is 20 min. After this time interval,
several nodules develop at the edges of the crystal growing along its
long sides, which become more elongated in the Z direction. The dis-
placement fields within different regions, denoted by black arrows in
the figures, are conserved in time, although the positions of the dis-
placement fields change a bit. The magnitude of these fields also does
not change over the period according to image reconstructions. This in-
dicates that the displaced region does not change over time, which sug-
gests that both the tensile and compressive strains within the crystal
lattice were retained during crystal growth. The later formed nodules
appear to have their displacement unchanged upon growth,which indi-
cates a smooth connection between the newly formed nodule and the
original grain. Additionally, all these nodules grew parallel to the Z
axis that is parallel to the X-ray beam route, namely, parallel to the sam-
ple surface or the tangential direction to the surface of the sphere-
shaped samples in our experiment. This indicates that the crystal has a
preferential growth along the surface of the MG sample particles.
During HP2, the grown crystal (named as crystal II) was observed
after the sample was heated for 28 h and had reached 625°C. Its Bragg
diffraction was recorded at the detector positioning at 2θ = 39.5°, and
the reconstructed images of crystal II are shown in Fig. 3c and c′. Crystal
II shows a cuboid shape with negative displacement around the corner
as pointed out in Fig. 3c and with positive displacement at the center of
one facet as marked in Fig. 3c′. Crystal II was then heated to 647 °C for
40 min and measured again, and the result is shown in Fig. 3d and d′.
There is a new fragment formed at the corner of the original crystal
grain along the Z axis as well, and this new fragment has large negative
displacements within it. This abrupt growth with unusual appearance
may be caused by a preferential growth direction defined by the
grown parts in the crystal which is also parallel to the Z axis. Another
possibility is that there was already a new crystallized fragment near
the original crystal, but due to the different orientations of the (110)
facet between the two parts, the new one cannot be detected while
the measurement was done for the reconstruction of Fig. 3c and c’.
After 40 min of heating, the orientation of the new fragment changed
and became close to that of the main one in Fig. 3c. It can also be seen
that the domain of the positive displacement field, located at the center
of the cuboid, decreased over the period. The maximum displacement
has also decreased from0.050 nmto0.031 nm.Meanwhile, the negative
displacement regions become larger over time, which suggests a com-
pressive condition during crystal growth.

The radial density functions (RDFs) of crystals I and II are presented
in Fig. 3e and f to help further explain the growthmechanism of the Fe-
based MG. The RDF profile, the density appearing at a certain radius,
was produced by evaluating the amplitude of crystal image density as
a function of the radial distance from the center of mass, averaged
over spherical shells. Two distinct slopes can be seen in the RDF profiles
in Fig. 3e and f. Thefirst slope, labeled as slope 1, is steeper and the radial
distance to its ending point indicates the size of the core crystal region.
While the second one, labeled as slope 2, shows a gentler slope, indicat-
ing that this region is out of the dense core region of the crystal [38]. The
overwhelming majority of this outer region is not shown in the images
in Fig. 3, which is a corona region formed by fractals. The RDF lines plot-
ted in the outer region show the best fit of linear curves. The gradient of
the second slope in crystal I increases from 0.32 to 1.13 over 20 min of
heating, while in crystal II, it rises from 1.52 to 1.73 from the first to
the secondmeasurement. These gradient valuesmatchwell with a clus-
ter diffusion limited aggregation (CDLA)model and are denoted as frac-
tal dimensions (FDs) [42,43]. The increase of FDs suggests the
concentration of aggregate increased as well [42]. This means that the
crystallization density is increasing at the inner boundary of the outer
corona region in both crystals I and II. The microstructure of the outer
regions is also becoming more complicated while the crystallization
continues with heating.

Another example ofα-Fe crystal growth is shown in the SI as Fig. S3.
Based on the discussion above, we suggest that the initial inner

crystal grain grows larger over time while the density of the outer
fractal corona keeps increasing. This proposes a two-step procedure
for the growth of individual crystals from the MG: firstly, the core
region of the crystal grain (with “full” density) forms and the outer
corona region of fractal parts starts to grow; secondly, the outer
fractal parts grow denser at the inner boundary of the corona region
with an increasing crystallization density, and the inner boundary
parts eventually become parts of the inner core region of the crystal
grain.

This two-step procedure is different from the two-stage crystalli-
zation happened at 2 different temperatures as shown in Fig. 1c. The
two-step procedure proposed here presents the crystal growth
mechanism during individual crystallization processes in the Fe-
based MGs during heating. However, the two-stage crystallization
contains 2 different crystallization processes happened successively
during heating, and the two-step procedure could happen at either
of these 2 stages.
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3.4. Growth stagnation and strain relaxation while cooling

InHP2,with a recorded coolingprocess, as shown in Fig. 2d, the sam-
ple reached a maximum temperature of 647°C after 29 h of heating,
then lowered to 607°C over 1.5 h, and then further decreased to 550°C
over 7 h. As displayed in Fig. 4, when the temperature was decreased,
the α-Fe crystals stopped enlarging and showed internal strain relaxa-
tionwhile the crystal size changed a little. These 3D images of the crystal
were reconstructed fromBragg diffraction recorded at the detector cen-
tering at 2θ = 39.5° as well.

Fig. 4a and a′ show anα-Fe crystal (named as crystal III), captured at
598°C during the temperature decreasing period in HP2, which is given
in two views from different orientations and one intermediate cut-
through slice (Fig. 4a″). Regions of positive displacement can be seen
on the facet of the crystal and around the corner, reaching a maximum
of 0.034 nm. The strain distribution of an individual crystal is the gradi-
ent of displacement field thus there is a tensile strain between the pos-
itive displacement field and non-displacement field. The subsequent
measurement results are shown in Fig. 4b (at 589°C) and 4c (at
581°C) that were carried out at 70min and 140 min after the first mea-
surement on crystal III. Over this series, the shape of crystal III had little
change. Although the maximum value of the displacement field does
not change, the area of displacement field shrinks in crystal III from
Fig. 4a to c (marked by the black arrows). It can be further seen from
the slices that positive displacement regions gradually shrink from the
inner parts to the outer parts of the crystal grain (indicated by the red
Fig. 3.α-Fe crystal growth upon heating. a) & a′) Reconstructed images of crystal I that was heat
crystal I, kept heating at 704°C, acquired 20 min after panel a was measured. c) & c′) Reconstr
different orientations. d) & d′) Images of crystal II that was heated at 647°C and acquired 40 m
RDFs of crystal II. Black arrows in panels 3a to 3d′ mark the displacement regions on the surfa
recorded under 9 keV X-ray illumination at the detector centering at 2θ = 39.2° during HP1 (p
arrows). This can be understood as being due to structure relaxation
of crystals while cooling, which reduces or annihilates the displacement
within the inner crystal lattice first, not from the surface.

Despite the strain relaxing over time, there is minor variation over
the surface region. Fig. 4d shows theRDFs of crystal III. The FDs of crystal
III is keeping similar, ranging from 0.64 at the first to 0.79 at the third
measurement which suggests that the microstructure of surface region
in crystal III remains relatively stable over time. This agrees with the
above discussion as well.

A second good example of an α-Fe crystal (named as crystal IV)
displaying crystal growth stagnation and strain relaxation close to the
end of HP2, while cooling, is shown as Fig. S4 in the SI. The result proves
again that within the developing crystal grain the positive displacement
regions gradually shrink from the inner parts to the outer parts.

3.5. Characteristics of the annealed specimens

The same MG material was annealed by the same heating process
(as shown in HP2) in a digitally controlled vacuum oven, and this
annealed MG material was then measured by a powder X-ray diffrac-
tometer. It gives the result shown in Fig. 5a. Additionally, after the in-
situ BCDI measurements by X-rays at the beamline, the annealed sam-
ples were removed from the vacuum chamber and then measured by
SEM (see Fig. 5b–h).

Comparedwith theXRD result of rawpowders in Fig. 1a, the annealed
samples experienced HP2 have new crystalline peaks, identified mainly
ed to 704°C (experienced HP1) in two views from different orientations. b) & b′) Images of
ucted images of crystal II that was heated to 625°C (experienced HP2) in two views from
in after panel c was measured. e) The radial density functions (RDFs) of crystal I. f) The

ce of the crystals. 3D images of crystals I and II were reconstructed from Bragg diffraction
anels a & b) and at the detector centering at 2θ = 39.5° during HP2 (panels c & d).



Fig. 4. Growth stagnation and strain relaxation in the α-Fe crystal III when temperature is decreased (in HP2). a) & a′) Reconstructed images of the crystal in two views from different
orientations when first measured at 598°C. b) & b′) Reconstructed images of the same crystal 70 min after the first measurement (shown in panel a) at 589°C. c) & c′) Measurement of
the same crystal made 140 min after the first measurement at 581°C. a″), b″) & c″) Intermediate cut-through slices of the reconstructed 3D images of the crystal III in panels a, b and c.
d) RDFs of the crystal III as shown in panels a, b and c. Black and red arrows mark the residual strain in the crystal. The left-side 3D images of crystals III were reconstructed from
Bragg diffraction recorded at the detector centering at 2θ = 39.5°. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

7B. Chen et al. / Materials and Design 190 (2020) 108551
as α-Fe, Cr23C6, Fe2C and Fe3B. Fig. 5b shows an SEM micrograph of the
MG sample that experienced HP2 treatment, and Fig. 5c is a zoomed-in
image which shows the annealed spherical MG particle. Compared
with the raw powders in Fig. 1e, many surface protrusions have ap-
peared, scattered all over the surface of the annealed particle. Fig. 5d is
a zoomed-in SEM micrograph of one of these surface protrusions, in
Fig. 5c, which displays well-defined shapes suggesting they probably
are crystals. Some more of these protrusions on the same annealed MG
particle in Fig. 5c are present in Fig. S5 in the SI. These protrusions appear
after the HP2 treatment and have well-defined shapes. They should be
the crystallization products. The sizes of these newly-formed protrusions
are between 200 nm (see Fig. S5b) and 520 nm (see Fig. 5d), roughly the
same as that of the BCDI images discussed above. Furthermore, Fig. 5e
shows the SEMmicrograph obtained from the samples that experienced
Fig. 5. Characterization of the MG samples after annealing. a) Powder XRD pattern of the he
powders after HP2 treatment (and the BCDI measurements). c) A zoomed-in image of the yel
c. e) SEM micrograph of the MG powders after HP1 treatment (and the BCDI measurements)
middle regions in panel e. (For interpretation of the references to colour in this figure legend, t
HP1 treatment with further zoomed-in images shown in Fig. 5f to h.
Fig. 5f is the zoomed-in SEM micrograph of the high-lighted upper area
in Fig. 5e, which shows a part of an annealed particle covered by many
surface protrusions as well. However, these protrusions have much less
well-defined shapes than those in Fig. 5d and S5, which is consistent
with the results in Fig. 3a and b. They also have broader size distribution
as well. Fig. 5g, a zoomed-in SEM micrograph of the high-lighted lower
area in Fig. 5e, shows another sphere with a porous structure all over
the surface. Fig. 5h, which is the zoomed-in image of the high-lighted
middle area in Fig. 5e, captures a spherewith bothmorphologies that ap-
peared in the above 2 images, with the right part covered in surface pro-
trusions and the left part with a porous surface but without protrusions.
These spherical particles with a porous surface appear to be connected
with HP1 treatment only and cannot be seen in raw powders or samples
ated MG sample which have experienced HP2 treatment. b) SEM micrograph of the MG
low square region in panel b. d) A zoomed-in image of the yellow square region in panel
. f), g) & h) Three zoomed-in images of the yellow square highlighted upper, lower and
he reader is referred to the web version of this article.)
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after HP2 treatment. A similar example to the sample in Fig. 5e to 5hwas
shown in Fig. S6 in the SI.

It could be assumed that the above-mentioned surface protrusions
with well-defined shapes in Fig. 5c, d and S5 are the products of the pri-
mary crystallization of α-Fe which forms the first exothermic DSC peak
in Fig. 1c at lower temperature (in HP2). These protrusions could then
transform into crystals with less well-defined shape and formed the po-
rous structure in the annealedMG particles at a higher heating tempera-
ture (in HP1). Additionally, from both the BCDI and SEMmeasurements,
the identified crystal grains resulting from lower temperature annealing
(see crystals in Figs. 3c, 4, 5d and S4) have much better-defined shapes
than those from higher temperature treatment (see crystals in Figs. 3a,
b, 5f and S3). This indicates that during the crystallization of Fe-based
MGs, the α-Fe crystal could be generated first at lower temperature,
while the temperature goes higher, the α-Fe crystals could transform
into crystals with less well-defined shape probably through invasion by
other elements, i.e. the α-Fe crystals are eroded by other atoms such as
C, B or Cr at higher temperature and make them into less well-defined
shapes. This indicates that at higher temperature after the first exother-
mic DSC peak in Fig. 1c, the crystallization of α-Fe in the Fe-based MGs
could be a competition process between the growth of α-Fe crystals
and the erosion from other elements.

Additionally, with the increase of the crystallization degree of the
MG sample under high-temperature and long-time HP1 treatment,
as discussed above, the density difference among the lighter raw
MG material (measured to be 7.701 g/cm3), the light Cr23C6 crystal-
line phase (7.07 g/cm3) and the main and heavier α-Fe crystalline
phase (7.845 g/cm3) could cause the relative volume shrinkage of
themeasured samples, and then cause formation of the porous struc-
ture of the MG samples after HP1 treatment with the help of the pos-
sible evaporation of materials from the MG in high vacuum as shown
in Fig. 5g and h. This way, crystallizing amorphous materials through
annealing, could be a method to produce porous alloy in future as
well.

4. Conclusions

In summary, in-situ BCDI experiments were performed on Fe-based
MG samples during annealing in a vacuum environment with the an-
nealing temperature in the vicinity of the crystallization transition to
observe the formation of nano-crystallites.

Upon heating, the growth of α-Fe crystals was observed, which
formed nodules that subsequently filled in. Their RDFs suggest the pos-
sibility of fractal structure in the outer regions of the crystals and the
progressive increase of their FDs indicate density compaction during
crystallization of their outer corona. There is also preferential growth
along the surface of the MG particles during the crystallization. A two-
step model is proposed to describe the growth of individual crystals in
the MG samples during heating. Firstly, the core part of the crystal
grain (with “full” density) forms and the outer corona region of fractal
parts grows. Secondly, the outer fractal regions grow denser at the
inner boundary of the corona region and eventually become parts of
the crystal grain core from inner sides. The results also suggest that at
the temperature higher than the first exothermic DSC peak of the
targeted Fe-based MGs, there could be a competition process between
the growth ofα-Fe crystals and the erosion from other elements during
the crystallization of α-Fe. While decreasing the temperature after
heating, the crystals were found to stop changing shape, and the dis-
placement fields gradually diminish from the inner parts to the surfaces
of the crystals, which presents strain relaxation upon coolingwithin the
crystals.

Additionally, The BCDI and SEMmeasurements are complementary
in thiswork. The annealed samples show that regularly distributed crys-
tal grains with well-defined shapes with sizes of 200 nm to 520 nm are
formed around the surface ofMG particles after annealing at lower tem-
perature. These crystals are believed to be the grown α-Fe crystals that
are the products of primary crystallization of the Fe-based MGs. On the
other hand, as the crystallization degree increases after higher temper-
ature and long-time treatment, the relative volume shrinkage among
the lower density parts and the higher density α-Fe crystalline phase
leads to the formation of the porous structure in the annealed MG
specimens.
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