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Abstract (161 words)

Bragg Coherent X-ray Diffraction Imaging has been used to determine the structure of the
initial clusters of a-Fe nano crystals which form upon annealing of an Iron-based amorphous
alloy or metallic glass. The method is able to identify the shapes and strain of these
crystallites without any need for cutting the sample, so can visualize them in three dimensions
in their intact state. In this way, the delicate dendritic structures on the exterior of the
crystallites can be seen and its density vs radius relationship identifies a fractal dimension of
the porous region that is consistent with diffusion-limited aggregation models. The crystal
sizes were found to be around 60nm after annealing at 700°C growing to about 330nm after
annealing at 750°C. This article introduces the BCDI method and describes its application to
characterize previously recrystallized samples of [ron-based amorphous alloys. It paves the
way for a possible future in situ nucleation/growth investigation of the relationship between

kinetics and nanostructure of metallic glass.



Introduction

X-ray Diffraction (XRD) methods have a central role in materials science since its
foundation. Powder diffraction provides not only crystallographic structures of materials
and mixtures of phases but also size and microstrain information about the constituent grains.
Powder diffraction depends on getting a sufficiently accurate average over many grains of the
sample. A newer method, introduced to exploit the relatively high coherence of the X-ray
beams generated at the latest synchrotron sources, called Bragg Coherent Diffractive Imaging
(BCDI), attempts to undo this powder average and examine the size and strain information
separately from each individual grain. It therefore has the advantage of being much more
specific in providing a 3D image of the grain and a projection of the strains present inside it,
but loses the averaging capability of powder diffraction. Here we apply BCDI to an
important question in materials science, the structure of the crystalline grains formed after

heating an amorphous material, an Iron-based metallic glass.

BCDI depends on the coherence of the X-ray beam diffracting from a small crystal being
sufficient to cause phase interference between the diffracted beams from all parts of the
sample. Interference from the boundaries of the crystal is responsible for the appearance of
strong fringe patterns in the place of the traditional Bragg spots. The fringe pattern is related
to the structure of the crystal through a Fourier transform relationship and therefore has a
“phase problem” associated with inverting the diffraction into a real-space image. This
phase problem can be solved using algorithms based on the idea that the diffraction can be
“oversampled” with respect to its spatial Shannon frequency, as proposed by Sayre in 1952
[1]. When averaged over a large enough number of grains, these interference patterns revert

to the classical powder diffraction peak shape, with the customary reciprocal relationship



between the peak width and the crystal size, as provided by the Scherrer formula. But the

ability of BCDI to obtain real-space 3D images is lost by this averaging.

BCDI is measured with a specialized diffractometer at one of the beamlines of a third
generation synchrotron radiation source. The beam is made spatially coherent with the use
of slits and temporally coherent with a narrow-band monochromator. The sample is
centered in this beam using a piezoelectric positioning system. By rocking the crystal
through its Bragg condition, one can observe that this fringe pattern extends to three
dimensions [2]. This three-dimensional (3D) pattern of fringes is the magnitude squared of
the Fourier transform of the crystal shape, in an appropriately chosen coordinate system [3].
[t also contains information about any distortions of the crystal lattice due to the presence of
strain. If the X-ray detector is far enough away from the sample, the fringe pattern
surrounding each Bragg peak can be oversampled with respect to the Nyquist-Shannon limit
and so the diffraction pattern can be inverted [1], using support-based iterative phasing
algorithms [4], to create a real-space image of the crystal, which is generally a 3D complex
function. The amplitude of this image represents the “Bragg density” which measures the
diffracting strength of that region of the crystal; this is often just the electron density of the
crystallized material, but it can be reduced by the presence of lattice disorder or defects. The
phase of the image represents a projection of the local displacement of the crystal along the
direction of the momentum-transfer vector, Q, used for the measurement [4]; it therefore

images the strain fields present in the crystal.

Since the first discovery of metallic glass (MG) by Klement and his colleagues using
splat-quenching technique [5], various kinds of MGs with different glass forming capabilities

have been synthesized with the development of higher cooling rate treatment methods.



Fe-based MGs, due to their relatively low cost and excellent mechanical and magnetic
properties, attract lots of interest from both science and engineering. To further broaden their
industrial applications, bulk metallic glass (BMG) with sizes up to 16mm have been made [6].
While the absence of dislocations and other lattice defects often leads the MG materials to
ultrahigh strength, they have little global plasticity and hardness. For example, the
compressive strength of Fe-based BMG can reach 4000MPa [7], however its plastic strain is
usually below 0.5% at room temperature. Recent attempts to design Fe-based BMG with
improved ductility have been done, however, their performance is still far from desirable,

with 3.6% compressive plastic strain in Fe71MosP12C10B2 [8] and 5.2% in Fe4oNisoP14Bs [9].

To bypass this problem, Fe-based amorphous metallic coatings (AMCs) were developed
because brittleness is not a limitation for coatings and can be a desirable quality. By various
treatments including plasma spraying [10-12], laser cladding [13], electric-spark deposition
[14], cold gas dynamic spraying [15], explosive welding [16], wire arc spraying [17-18] and
thermal spraying including high velocity oxygen fuel spraying (HVOF) and high velocity air
fuel (HVAF) [19-24], many functional Fe-based AMCs have been produced. These AMCs show
excellent corrosion and weather resistance, strong hardness and good hydrophobic
properties [20]. Especially HVAF treated products, with their relatively cheap price and high

mechanical and corrosion performance, are attracting strong interest recently [25-26].

Because of the inherent metastability of amorphous matter, Fe-based AMCs produced by
thermal spraying are expected to contain a limited portion of crystallized “glass” within their
“amorphous” matrix materials. The crystallization in this process could be derived from
several mechanisms involving the “hitting” of the sprayed particles on the target. One of

them is the so-called “over hitting” since continuous hitting to build up a “thick” deposit



generates huge amount of heat, which could partially recrystallize the amorphous MGs in the
coatings [27]. Devitrification of Fe-based AMCs tends to weaken their corrosion resistance, for
example; studies show that an increasing amount of crystallized material in the
Fe4gCrisMo14C15Y2Bs based AMC deteriorates corrosion resistance sharply, by 5 and 17-fold in
coatings with 79% and 39% amorphous fraction, compared with fully amorphous based
coating [28-29]. On the other hand, devitrification can enhance some mechanical properties
[30], in the Fe-based AMCs, nanocrystallites formed within the amorphous matrix enhanced
the hardness of the coatings. However, further grain growth led to a subsequent decline in
hardness [31-32]. The mechanism of these nanocrystalline effects is still an open question to
be addressed in this work. Some studies attribute the increasing of hardness to
nanocrystallite grains, which may have higher critical stress levels [33] or a disability to
support dislocation pileups [34]. Others ascribe this to solute enrichment of remaining

amorphous matrix [35].

Fractal theory, introduced by Mandelbrot in 1977, is a useful conceptual tool to describe
nonlinear behavior in dynamical systems. Various works have been carried out to study the
formation of fractal structures and extend their applications in many fields, especially
materials science. Models such as diffusion-limited aggregation (DLA) [36], cluster-cluster
aggregation model [37], and the Kardar-Paresi-Zhang (KPZ) growth model [38] were
introduced to explain structure and their evolution far from equilibrium. All these studies
depend on the central concept of fractal dimension (FD), which is widely used to study surface
roughness and growth type. FD appears to be a powerful parameter to quantitatively
characterize the fractal property. Chen et al studied the worn surface of a Fe-based alloy

coating and used FD to describe its surface morphology [39]. Chang et al used FD to analyze



fracture surface morphologies and found a linear relationship between fracture roughness

and the square root of the FD increment [40].

To understand the crystallization of Fe-based MGs as well as its morphology and role in
AMCs, Fe-based amorphous alloys with nominal composition of
Fe49.7CrisMn1.9Mo7.4W16B15.2C3.8Si24 were produced and annealed at different temperatures,
and then Bragg Coherent Diffraction Imaging (BCDI) experiments were conducted on them to
investigate the crystallization within the annealed material. The powders were produced via
the high-pressure Ar gas atomization method. Firstly, pure elements of Fe, Cr, Mn, Mo, W, B, C
and Si with 99.9 wt% purity were mixed and then induction melted in an Argon atmosphere.
The molten alloy was atomized by inert gas jets into fine metal droplets and then formed into
powders. This cooling rate was sufficient to preserve the amorphous state, as seen in the
X-ray Diffraction (XRD) pattern in Fig 1, measured using a D/MAX2550VB3 with Cu Ka
radiation. The size distribution of the samples, measured with Scanning Electron
Microscopy, was found to be mostly between 10pm and 30pum in diameter. The Differential
scanning Calorimetry (DSC) in Fig 2 was measured using an MDSC-Q100 instrument in an

Argon atmosphere at a heating rate of 20 K/min.

Results

1. Amorphous characteristic of Fe-based MG

Figure 1 presents the X-ray powder diffraction pattern of the Fe-based amorphous alloy
powders measured in this work. A broad halo peak appears in the 26 range of 30°-50°
confirming the amorphous nature of the prepared material. Figure 2 shows differential

scanning calorimetry (DSC) curve of the Fe-based alloy. The glass transformation temperature



and crystallization temperature are around 579°C and 628°C respectively. It can also be seen
that there are two exothermic peaks, which indicates a two-stage crystallization process,
around 682°C (Tx1) and 774°C (Txz). According to Koster et al [41] and many studies
afterwards, the product of primary crystallization at Txi is usually a supersaturated a-Fe type
phase while product after Tx: is an intermetallic phase such as Fe;B, Fe23B¢. For our samples,
the peak separation was about 92°C, therefore it was enough for us to prepare primary

crystalized phase without forming intermetallic phase by thermal annealing.

2. BCDI experiment and reconstructed images

For the current BCDI investigation, samples were prepared by attaching to a silicon wafer
substrate using Tetraethyl Orthosilicate (TEOS) as a bonding agent [42]. Upon calcining at
300°C for 2 hours, TEOS is converted to SiOz and was found to immobilize the samples against
motion in the focused X-ray beam. The samples were annealed in air in a laboratory furnace at
700°C and 750°C. The annealing temperatures are chosen right between the two exothermic
peaks of the DSC. Most of the results discussed below were for samples annealed at 750°C,

which were safely in the a-Fe phase.

Samples were centred on the primary rotation axis of the diffractometer at beamline
34-1D-C of the Advanced Photon Source (APS). A focussed coherent X-ray beam of 9keV was
selected to illuminate the samples. The focal spot size was 600x800nm, significantly larger
than the grains being imaged. The penetration depth was approximately 5pm, sufficient to
reach the interior of the particles below the depth of any oxidised region on their outsides.
The coherence of the beam was set by a 100pum horizontal slit at 26m from the source,
followed by a set of 30x60um? (HxV) slits at 50m, just in front of the Kirkpatrick Baez (KB)

focusing optics. The Si (111) double crystal monochromator provided an incident coherent



beam flux around 10° photons per second in the focal spot. A MediPix area detector with
55-micron pixel size was positioned on the diffractometer arm at a distance of 0.53m from the
sample. The strongest Bragg peak was found at 39.7°, which is the (110) peak of pure a-Fe at
9keV. The 3D diffraction patterns acquired by BCDI measurement were used to reconstruct

3D images through a combination of Error Reduction (ER) [43] and Hybrid Input-output (HIO)
[44] algorithm. Shrink-wrap (SW) [45] and GHIO (Guided HIO) [46] methods were also

applied to help the algorithms to converge.

Examples of the diffraction patterns obtained at the a-Fe Bragg peak are shown in Figure
3. From the spacing of the fringes seen in Figure 3(c) and (d), the sizes of crystals formed after
700°C and 750°C annealing were 60nm and 330nm respectively. This difference in dimension
is can be understood from the increasing temperature in heat treatment can lead to a higher
diffusion rates and hence crystal growth rate. Figure 4 shows isosurface views of the
reconstructed 3D images of crystal formed after annealing at 750°C. The structure reveals two
distinct regions: a compact, solid core, colored green and shown at a 50% contour level of the
image amplitude (Bragg electron density) and a porous surface-region surrounding it, at a 6%
contour level. The surface region is colored by phase using the color scheme indicated at the
bottom of the figure. Various values of the phase are seen in the porous outer region,
indicating the presence of strains there. The density is connected in a way that resembles a

dendritic outer layer on the exterior of the crystals.

3. Identification of fractal structure

Our BCDI experiment measured the a-Fe crystallites in an intact state grown within an
amorphous MG matrix, through which the 9keV X-rays can penetrate. We note that the

contrast between crystal and less-crystallized material all comes from its crystalline signal in



the Bragg peak. Such imaging would be very difficult by electron microscopy (EM) because the
sample preparation would probably disturb the delicate surface structure of the crystals.
However, the resolution of the reconstructed X-ray images is only around 50nm. At this

resolution level, detailed information on the surface of materials is not available.

The nature of the porous external structure is best seen by further analysis of the curves
in Figure 5. We extracted radial density functions by histogramming the image amplitude in
bins of radial distance, r, from the center of mass of the density, plotted on a log-log scale.
The porous structure at the surface of the nano-crystallites is identified as a linear decay of
density with radius on this log-log plot. Three of the four crystals imaged after annealing at
750°C showed the same equiaxed, compact core of uniform high density surrounded by a
porous network of crystalline structure, resembling a dendrite. The fourth crystal had two
protruded tips and is elongated perhaps by a double nucleation event. All show the same
linear decay of density with radius in the outer porous region, whose slope can be identified

as the fractal dimension (FD) of the dendrite.

As seen in Figure 53, the 3D radial density function has two clear slopes at the surface of
the crystal with the second slope much more gradual than the first one. The sharp slope
probably represents the boundary of the compact core while the gradual slope probably
comes from the porous fractal structure in the surface region surrounding it. Figure 4b and
Table 1 show the FDs (second slope) extracted by least-square procedure. The presence of
systematic error in the FD values can be observed from the fact that the pure fitting errors

listed are smaller than the scatter between the fitted FD values.

The FD values of the four crystals range from 1.79 to 1.85, which is in good agreement

with the predictions of the DLA model [36]. These large and reproducible values of the FD



found are probably connected with the presence of significant surface roughness, which can

be seen also in the real-space image in Figure 4.

To confirm that the fractal structure is isotropic, we extracted 2D radial density functions
by the very same method in Figure 6 and find a similar 2-slope result. The FDs extracted
from the slopes in the x, y and z directions are shown in Table 2. It can be seen that these
crystals have similar FDs in all 3 directions. This demonstrates the spherical symmetry of the
crystals in the reconstructed images, suggesting they are in the same growth mode and have

close to the same growth rate in all directions.

Conclusions

Fe-based amorphous alloy samples with composition Fe49.7CrisMn1.9Mo07.4W16B15.2C3.8Si2.4
were prepared and annealed at 700°C and 750°C. A Bragg Coherent Diffraction Imaging (BCDI)
experiment was carried out to investigate the crystallization behavior and visualize the
nano-sized crystals that formed after annealing. Based on discussion and results above, the

following conclusions can be drawn:

(1) The Fe-based amorphous alloy experiences a two-stage crystallization upon annealing.
The product of primary crystallization is pure a-Fe. The sizes of these crystals were found to
be around 60nm after annealing at 700°C and about 330nm after annealing at 750°C. The
BCDI reconstructed images of the crystals formed after 750°C annealing show a compact,
typically equiaxed central core with an unstrained structure, surrounded by a porous,

strained outer region..

(2) Radial density functions appear to show a solid core and fractal exterior. Fractal

dimensions (FD) could be extracted in the surface regions. In our three-dimensional analysis,



the FDs range from 1.79 to 1.85, and show good fractal behavior as a linear dependence of
density with radius on a log-log plot. Analysis of two-dimensional cross sections showed FDs
ranging from 1.66 to 1.90. Itis believed that these crystals have solid, compact cores and

isotropic fractal surface regions.

(3) The fractal structure observed for the recrystallized amorphous alloy may be
consistent with a Diffusion Limited Aggregation (DLA) description in which an initial nucleus
promotes crystallization of the neighboring regions in a diffusive manner. It may also relate
to the observation of fractal growth kinetics in the time domain, as reported from DSC of CuZr

[47].
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Table 1. Fractal dimensions (FDs) of surface region determined for the four different crystals

shown in Figure 5.

Crystal Start of Fractal End of Fractal FD Error(2) R?
A 221nm 387nm 1.79 0.09 0.9939
B 205nm 383nm 1.85 0.06 0.9973
C 197nm 384nm 1.79 0.06 0.9963
D 197nm 384nm 1.79 0.03 0.9991

Table 2. Fractal dimensions (FDs) of surface region determined for Two-dimensional (2D) slices

across the same four crystals.

Crystal Direction Start of End of FD Error(t) R
Fractal Fractal
A X 226nm 349nm 1.78 0.46 0.9505
Y 226nm 452nm 1.90 0.28 0.9575
Z 226nm 390nm 1.77 0.40 0.9399
B X 246nm 431nm 1.90 0.30 0.9620
Y 205nm 390nm 1.85 0.15 0.9903
Z 205nm 431nm 1.52 0.20 0.9692
C X 230nm 378nm 1.85 0.25 0.9739
Y 214nm 395nm 1.84 0.14 0.9882
Z 214nm 395nm 1.73 0.20 0.9759
D X 230nm 411nm 1.76 0.24 0.9619
Y 214nm 362nm 2.00 0.28 0.9720
Z 247nm 395nm 1.79 0.22 0.9712
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Figure 1. Powder X-ray Diffraction (XRD) scan of the Fe-based amorphous alloy material used for
this study. The sample has a nominal composition of Fesg 7CrisMn; gMo7.4W1 6B152C3.8Si2.4 .
Conventional Cu-K wavelength X-rays (1.542A) were used, for which the first a-Fe (110) Bragg

peak would appear at 45°. Good amorphous sample quality is seen.
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Figure 2. Differential Scanning Calorimetry (DSC) trace of the Fe-based amorphous alloy material
used for this study. The sample has a nominal composition of Fes97CrisMn; sMo7.4W1.6B152C3.8Si2.4 .

Clear exothermic peaks are seen at around 682°C (Tx1) and 774°C (Txy).
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Figure 3. Coherent X-ray diffraction patterns measured from nanocrystallites found after

recrystallization of the amorphous alloy sample at (a) 700°C and (b) 750°C for two hours. The

intensity is deliberately saturated in the centre to show the pattern of coherent diffraction fringes

outside. Horizontal cross sections through the patterns, indicated with lines in (a) and (b), are

shown in (c) and (d). From these sections the nano-crystal sizes have been estimated.
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Figure 4. Isosurface views of the reconstructed image of crystal, annealed at 750°C for two hours.
The isosurfaces have been coloured according to the phase values found for the image,
representing strain. The inner contour shows the compact core of the crystal, while the outer

contour shows the rough shape of the porous surface layer.



10° ¢ . : —
F O o O 0 - O Crystal A
O Crystal B
7 O Crystal C
-~ 10°L & Crystal D
c o o © 0 00gp. = Da=1.79
= Db=1.85
.e De=1.79
(43 ] 104 L Dd=1.79
el -~
W C C Q o 3
- | ]
© T
A q0°
o o 3
fry A ;
— o) ]
m -
c 4
% 10° E
) ]
o0 ]
18] i
T o
10'k .
2 ;
1 UO ; 1 1 1 1 1 1 1 1 l 2 1 1 1 1 1 1 1 1 3
10 10 10

Radial distance from Center of Mass [nm]

Figure 5. (a) Radial histogram of the Bragg density (image amplitude) maps of four reconstructed
crystallites, annealed at 750°C for two hours. The radial distance is plotted from the center of
mass of the crystal averaged over all three dimensions. Log-log plots, offset along the vertical
axis (one order magnitude between each other), are used to show the crossover from the compact
core to the fractal surrounding region. (b) Enlargement of the fractal region showing the best fit

linear regression curves used to extract the exponents.
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Figure 6. Radial histogram of the Bragg density (image amplitude) maps of crystal C, annealed at
750°C for two hours. The radial distance is plotted from the center of mass of the crystal averaged

over two-dimensional slices in the x, y and z directions.
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