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Abstract. In-situ observation of h-BN formation by surface precipitation on the surface of
joined dissimilar steels is presented. Because the substrate consists of two different types of
steels, different growth behaviors can be seen on different sides and also in the middle of
the weld interface. This observation demonstrates that formations of 2D materials can occur
on surfaces of steels under suitable conditions e.g. temperature, microstructures and
concentrations of impurities. Characterizations by electron microscopy and synchrotron
spectroscopy technics confirm that h-BN crystals that appear on the surface after annealing
are of similar quality to those prepared by other methods such as chemical vapor deposition.
Moreover, real-time observation during sample temperature swing above and below the
phase transition temperature of Fe shows that h-BN islands reversibly form and dissociate
on the surface. The results show that the formation of h-BN on steels is reversible and the
analysis suggests that the process is likely affected by structural change of the steels near the
phase transition temperature, which in-turn drives the diffusions of B and N atoms back
and forth between surface and bulk.
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1. Introduction

Two-dimensional materials have attracted interest in
material research communities due to the newly
discovered properties which come from the thickness of
just one or few atomic layers. The extremely small
thickness triggers quantum size effect which strongly
modifies the electronic structures and the carrier
transports of these materials, in many cases resulting in
new unique properties suitable for a wide range of
applications [1]-[5]. The thickness measured in angstroms
which is extremely small in comparison to the lateral size
makes them able to withstand sharp bending while
retaining perfect crystalline structures. This makes most
two-dimensional materials suitable for applications that
requited mechanical flexibility such as for flexible
electronic devices [6]-[8] in which h-BN is a unique choice
to be used as an electrically insulating layer due to its
relatively wide (direct) bandgap of around 5.9 eV [9]. h-BN
can also be potentially used for surface modifications, such
as for corrosion prevention [10], for being a nano-reactor
for confined catalysis [11], and for friction reduction in
lubrication engineering [12]. While fabrication of few-layer
h-BN is conventionally performed by chemical vapor
deposition (CVD) process in which borazine is deposited
on a catalytic surface such as Rh(111) and then
decomposed into h-BN layers by heat [13, 14], or by
exfoliation from a bulk crystal that is suitable for stacking
h-BN on other types of 2D materials [15, 16], h-BN also
forms on surface of some metals or alloys at high
temperature if there are small amounts of B and N
impurities inside the bulk. B and N diffuse and segregate
on the surface to form crystalline h-BN precipitations.
One approach that has recently been developed and shows
promising results for metallurgical applications is to
deposit BN film by magnetron sputtering on one side of a
thin Ni, Fe or Co foils or layers, and then anneal the
samples to drive B and N to the un-deposited side to form
few-layer h-BN [17-19]. In the prospect of surface
modification of alloys that are used as engineering
materials, h-BN has a tendency to perform as a protective
layer, providing inert, low-friction and low-degassing
surface to make the modified metals work more
effectively, for examples, under harsh environmental
conditions. We chose to study formation of h-BN on
welding joint between dissimilar steels as it is expected that
h-BN layer that form may help to reduce the effect of
carbon diffusion and creep failure when the materials are
used under high temperature and pressure where carbon
deposit may occur on the surface due to contact to the
flow of gases or liquids containing carbonaceous
molecules.

With aforementioned methods to create h-BN layers on
surface of metals, there remains the difficulty to control
the coverages, thicknesses and crystallographic
orientations of the h-BN [3]. In this work, we present an
observation of h-BN formation by the surface
precipitation method near the interface region of two

joined steels, each containing different alloy compositions,
to investigate the mechanism that creates h-BN. By using
low-energy electron microscopy (LEEM), we record the
growth of h-BN on the surface at the joined interface in
real-time. The effect of composition gradient on the
diffusion of B and N atoms both vertically between
surface and bulk, and laterally along the interface between
the two alloys are investigated to find major factors that
affect reaction mechanism for h-BN formation by the
precipitation method in this complex alloy system.
Photoemission electron microscopy (PEEM) with
synchrotron radiation was also used to identify chemical
states of h-BN created in the experiment.

2. Materials and Methods

2.1. Sample Descriptions

The samples used in this study consist of 2.25Ct-1Mo
Steel which was overlay welded by ER90S-BY filler metal
and was originally made for a study of welding process that
focused on C migration [20, 21]. The sample was prepared
by joining the two dissimilar metal alloys together by
welding (the schematic diagram of the sample is shown in
Fig. 1 and the composition table describing the atomic
concentration of each alloy is given in Table 1. In the
welding process, the base metal (A) is a Fe alloy with lower
Cr contents (2.25Ct-1Mo) and the weld metal on the other
side (B) is a high-Cr (stainless steel - ER90S-B9). Metal B
was bead-on-plate welded on Metal A. The joined steel
was cut, thinned and then polished to expose the cross-
section near the interface. The final thickness of the
sample was around 200 pm. Three regions from the
welding process were exposed for LEEM observation: the
heat-affected zone on the Metal A side, the weld zone
where metal B melted and then solidify (creating epitaxial
growth of Fe) during the welding process, and the
interfacial zone in between. The sample was mounted on
a sample cartridge of the LEEM/PEEM system which
was capable of heating up by using electron bombardment
from the backside.
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Fig. 1. Schematic diagram of the sample in this work.

The small amount of B was detected inside the sample
as detected by wavelength-dispersive x-ray fluorescence
(XRF) (Fig. 2). N mapping was not shown due to the
detection limit of the XRF measurement setup. After the

82 ENGINEERING JOURNAL Volume 25 Issue 5, ISSN 0125-8281 (https://engj.org/)



welding, the sample was cut to expose the cross-section
containing the Metal A (2.25Ct-1Mo), Metal B (ER90S-B9
filler metal) and the weld interface. The cross-sectioned
sample was then thinned and polished to the mirror-like
finish so that under LEEM, the work function contrast
was clear. With LEEM, the different grain structures of
the weld metal and the heat-affected zone of the base
metal could be easily distinguished. The base metal side of
the sample was also confirmed with a marker made by a
hardness indentation.

Table 1. Composition table of 2.25C4-1Mo (Metal A) and
ER90S-B9 (Metal B).

Type of Chemical composition (wt-%)
e c Mn Si Ni Cr Mo
2.25Cr-1IMo  0.05- 0.30- 0.50 0.25 1.90- 0.87-
(Metal A) 0.15 0.60 2.60 1.13
ER90S-B9 0.08- 1.20 0.20- 0.80 8.00- 0.85-
(Metal B) 0.12 0.50 9.50 1.05
1.0 0.5 0.0 0.5 1.0
2 2.5

-0.5 0.0
o

w
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Fig. 2 The XRF mapping of B on the welded steel sample.
The x and y scale shown on the map is in mm. The weight
ratio of B to (B+Fe+Cr) is approximately 0.0180.

2.2.In-situ Observation During Thermal Annealing
by LEEM and PEEM

LEEM and PEEM were conducted at Beamline
3.2Ub: PEEM at the Synchrotron Light Research
Institute. The end-station is FElmitec SPLEEM-III
equipped with an imaging electron energy analyzer. The
base pressure in the analysis chamber is in the low 10-10
mbar. Before the experiment, the Fe alloy sample was
clean by Ar* sputtering at the energy of 1 kV for 1 hour.
After being introduced into the analysis chamber, they
were heated radiatively from RT to ~500 °C to degas for
several hours. During the h-BN growth, the sample was
further heated by electron-beam bombardment to the
backside. The temperature was measured by a type-C
thermocouple attached to the base metal ring placed under
the sample. For LEEM, LEED and EELS, the LaB6
cathode source is used (the beam energy spread is around
1 eV). For PEEM, an undulator produces a lineat-
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hortizontal photon with the glancing angle of ~17° to the
surface of the sample (s-polarization). The imaging
electron energy analyzer has an energy resolution of
around 0.3 eV in dispersive XPS measurement, with a
selected-area aperture to select the microscopic area (~10
um). Imaging NEXAFS was performed by recording a
series of PEEM images with the change in photon energy
across the absorption edge of selected elements. Image
analyses to determine island sizes and densities were
performed using Image Processing package in Igor Pro
software.

First, for each LEEM image the intensity background
was corrected. Then a threshold image was created under
a defined intensity level (same for all images). A median
convolution filter (5 by 5 pixels) was used three times to
remove noise in the threshold image. Then
ImageParticleAnalysis function in Igor Pro was used to find
statistics of h-BN sizes and island density for each image.
Note that 20% error bars were applied in the average
island sizes to represent possible errors for h-BN islands
that appeared at the edge of LEEM’s micro-channel plate
screen and also ones that were too small or too dark. 10%
error bars were applied for the island density because the
island counts were less susceptible to errors that were
caused by the same reasons.

3. Results and Discussions
3.1. In-situ Growth of h-BN

After being cleaned by an Ar* sputter gun and then

degassed at 300 °C for more than 10 hours, the sample
was introduced to the analysis chamber of LEEM. As the
largest field of view of our LEEM system is around 75 pum,
it was not possible to observe nucleation of h-BN
simultaneously on Metal A, the interface, and Metal B
areas during the annealing. For in-situ observation during
the temperature annealing cycles, we chose to image the
region on Metal A near the interface where the effects
from the diffusion of B and N atoms could be monitored.

When the sample was heated up to around 600 °C, surface
precipitates started to appear under LEEM as shown by
the left-most image in Fig. 3a. While the grain contrast in
LEEM which is normally observed for polycrystalline
samples was not yet seen (because the Ar" cleaning
resulted in the disordering of the crystal structure on the
surface), surface precipitates which nucleated as small dark
domains tended to reside along straight lines which
resembled grain boundaries of the alloys. This contrast
between the surface precipitates and the alloy substrate in
LEEM was due to the difference in work functions [22].
The precipitates became larger and coalesced into each
other to form large dark domains. After the temperature
was further increased to around 650 °C, the dark domains
started to disappear, suggesting that the atoms that formed
the first-stage precipitation dissolved back into the bulk.
The precipitates completely disappeared as the sample
temperature was increased above approximately 700 °C
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(the exact temperature can vary by £ 30 °C because the
thermocouple did not directly touch the surface). After
that, the sample temperature was reduced, resulting in a
formation of triangular-shaped dark h-BN phases in
LEEM in Fig. 3b. In the second precipitation, the
nucleation density was much lower, and the shape and the
orientation were better defined. Within the same grain of
the polycrystalline alloys, many of the h-BN precipitates
share either the same otientation or one with 30° rotation
(Fig. 4). The chemical analysis of this dark triangular phase
was performed to confirm the species as h-BN (the details
are provided in the next section). Note that although the
chemical composition of the first-stage precipitates was
not identified, the contrast between the second triangular
h-BN and the metal alloy appeatred similar to the first-
stage precipitation which suggests that they are the same
species.

1000 T T
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Time (hour)

Fig. 3 (a) Initial stage of formation. (b) Temperature
profile with snapshots of LEEM images (75 pm field of
view) in the same area during the formation of h-BN at
the weld interface by thermal annealing.
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Fig. 4 A snapshot of the in-situ LEEM observation
during h-BN growth (75 um field of view). The video
could be seen from https://youtu.be/pnEAM1KjWKs.
Most of the triangular h-BN islands in the same Fe grains

either share the same orientation or are 30° rotated from
each other.

Time (hour)

Reversibility of h-BN formation was evident when
the temperature was raised one more time up to above 700
°C and the dark h-BN phases disappeated again in a
similar fashion as when the first-stage precipitations had
disappeared before. We experimented with temperature
cycling below and above 700 °C (a video provided in
https://youtu.be/pnEAmMIK|WKSs) and confirmed that
the formation of the triangular h-BN was reversible, i.e.,
h-BN disappeared when the temperature was raised above

700 °C, and re-appeared when the temperatute was
lowered below 700 °C. The nucleation locations of h-BN
islands for each cycle were somewhat unchanged when the
range of the temperature swing was small and was more
random when the range was wider or when the sample was
held above 700 °C for a longer period. This might be the
evidence for the diffusion of B and N in one type of crystal
structure at high temperature and segregation from the
other type. The change in nucleation sites was probably
due to the microstructural changes in the Fe alloy during
the BCC-FCC phase transition which happened at around
the same temperature (so-called A; line in Fe-C phase
diagram). In the final step, the sample temperature was
held at 690 °C for 30 minutes, and then the heater was
immediately shut down to let the sample cool at the rate
of around 100 °C per minute. During the quench, LEEM
showed that the size of h-BN remained constant (at least
within the field of view being observed).

3.2. Characterization of Triangular h-BN Islands

After the sample was cooled down to room
temperature, characterizations of h-BN islands on the
surface were performed using LEEM and low-energy
electron diffraction (LEED), together with
photoelectron spectroscopy (XPS) and near-edge x-ray
absorption fine structure (NEXAFS) using synchrotron
soft x-ray as shown by Fig. 5a-f. A stitched LEEM image
of the surface after the final formation of h-BN along

X-ray

~1400 pm crossing the interface region between Metal A
and B is shown in Fig. 5a. The density and the average size
of the triangular h-BN islands varied greatly across the
joined interface - there were very few h-BN islands on
Metal B and many on Metal A (on the left- and right-hand
sides of Fig. 5a, respectively). The transition region where
low density of h-BN islands formed but the average size
of the islands was significantly larger spanned around the
200 pm into the weld zone in Metal B. High-magnification
LEEM images of one of the large h-BN islands at the start
voltage of 0.22 eV and 19.80 eV are shown in Fig. 5b and
c. For LEEM image at higher electron incidence energy
(19.80 eV in Fig. 5c), there is a strong contrast between
the h-BN flake and the bare metal alloy surface, while at
lower electron incidence energy (0.22 eV in Fig. 5b) the
contrast between the tip and the center area of the h-BN
island shows up.

Selective-area XPS and NEXAFS were used to
determine the composition and the chemical states of the
large h-BN island. XPS with 630 eV photon energy (Fig.
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5g) showed a large amount of N on h-BN in comparison
to on the bare alloy substrate. The difference in B 1s peaks
between h-BN island and Fe alloy substrate could be seen
more clearly in Fig. 5h for XP spectrum with lower
excitation energy at 405 eV where the surface sensitivity
was higher due to smaller escape depth of the
photoelectrons. Imaging N K-edge and B K-edge
NEXAFS scans (Fig. 5d and ¢) of the h-BN island and the
surrounding bare alloy substrate showed not only a clear
difference in the amount of B and N, but also the fine-
structure features which are consistent with NEXAFS of
h-BN reported in literature elsewhere [23, 24]. Note that
in our NEXAFS measurements, the polarization of the
photon beam produced from the planar undulator was
fixed to the linear-horizontal orientation. With the sample
facing down in our PEEM setup, the incidence x-ray was
S-polarized. NEXAFS is angular dependent and, in theory,
may not show molecular orbitals with polarization
perpendicular to the surface. The fact that both ©* and o*
peaks were both present in B K-edge, and N K-edge
spectra in the measurements could mean that the two-
dimensional structure of h-BN was not aligned with the
sample surface, or that the surface of the sample inside
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PEEM chamber itself was not perfectly aligned to the
polarization of the x-ray beam. NEXAFS for the h-BN in
this work showed no sign of hybridization as previously
reported by h-BN grown on a different substrate (Ni foil)
[23] and h-BN grown by CVD [24]. This could be due to
the weaker interaction between h-BN and the Fe alloy
compared to Ni. Sharp hexagonal pattern (Fig. 5f) from
micro-LEED with a 5-pm diameter selected area aperture
confirmed the well-ordered atomic structure of h-BN. The
LEED pattern also showed two different rotating
domains (off from each other by around 15°) on different
parts of the observed h-BN island (not shown). Also seen
from Fig. 5b were the tips of the h-BN island similar to
that reported by Xu et al [18] which suggested higher
concentration of atomic S impurity that is prevalent in
most Fe steels. Work-function mapping in Fig. 6 showed
that the tips with S impurity had the work function around
0.2 eV lower than the center area of the h-BN island.
Higher magnification LEEM image (Fig. 7) also showed
unique structure of the tips with stripe patterns with about

60° different orientation between each other.
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Fig. 5 (a) Stitched LEEM image (start voltage = 5.21 eV) of the surface after forming the triangular phase showing an
area across the welded interface. The right-hand side is the base metal (Metal A) and the left-hand side is the weld metal
(Metal B). h-BN is small with high nucleation density on the base metal side, large with low nucleation density at the
welding interface, and not present at the weld metal side. (b, ¢) LEEM image of a large h-BN island at the start voltages
of 0.22 and 19.80 eV, respectively. (d, €) NEXAFS spectra in the B K-edge and N K-edge regions, respectively. The
spectra were acquired from the red and blue boxes in (c). (f) LEED at 50 eV electron incidence energy. (g) Selected-
area survey XP spectra using the photon energy of 630 eV for h-BN (red) and substrate (blue). (h) Selected-area survey
XP spectra using the photon energy of 405 eV for h-BN (red) and substrate (blue).

The variation of reflected-electron intensity as a
function of the incidence energy in LEEM (LEEM-1V) is
a convenient tool for determining thicknesses of two-
dimensional materials including few-layer h-BN [25, 20].
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As shown in Fig. 8, the IV curves with fine features
originating from the electron interactions with discreet
electronic states of two-dimensional h-BN could be
observed in the incidence energy range between 0 and 20

85



DOI:10.4186/¢j.2021.25.5.81

eV. Similar to graphene where the number of layers shows
up as the oscillation in the IV curves [25] for h-BN the
thickness difference appears as the oscillation in the 0 to 5
eV region [26]. The IV curve could also be used to identify
bare alloy surfaces without h-BN (no peaks at 7 ¢V and 13
eV) [27], allowing for the determination of h-BN coverage.
Figure 8a shows the IV-curve of the large h-BN island at
the interface region (the same island as the one in Fig. 5b
and c). The oscillation suggested the thickness of 3 atomic
layers and no difference between the tip with S impurities
and the center of the h-BN island. In comparison, the
same measurement from the area inside the Metal A (Fig.
8b) showed different shapes of IV-curves suggesting the
thickness varied between 3-4 layers. The ~6 eV bandgap
of the large h-BN flake in Fig. 5¢ was confirmed by micro-
electron-energy loss spectroscopy (EELS) (Fig. 9).

3.3. Discussion

Precipitations of impurities in metal alloys have been
studied extensively by metallurgical engineers for many
decades using conventional material analysis tools such as
x-ray diffraction and transmission electron microscopy.
Most works have focused on precipitations inside the
bulk, mainly happening at the grain boundaries or inside
the grains of metals, as the phenomena strongly affect bulk
mechanical properties when they are used as engineering
materials. Although surface precipitations may seem
somewhat less important in that regard, there have been a
few studies which aim specifically for surface applications,
for examples, to create BN coating on steels to make the
surface more inert to chemical reaction (e.g., oxidation),
and to suppress degassing inside vacuum chambers [28,
29]. Early observations of surface precipitations of BN by
Stulen and Bastasz in 1979 [30] by electron spectroscopy
and microscopy occurred long before the realization of the
quantum size effects in two-dimensional materials [31].

Later on, Minami et al [32] tested the effects of the
bulk concentrations of B and N in steels and found that
the concentration of N needed to be higher than around
0.1 wt% for BN to form on the surface. For B, however,
too high B concentration resulted in BN forming in bulk
instead. In their theoretical model, it was assumed that the
temperature required for the reaction to form BN is 700
°C. In contrast with our LEEM in-situ observation, it
could be seen from repeating cycles of heating and cooling
around the same temperature that the formation of h-BN
did not happen during the temperature rise, but actually
happened during the cool down period, a process which
reduces the solubility of impurity atoms and drives them
from bulk to surface. This means the formation of h-BN
during the annealing was limited by diffusion of atoms
rather than thermal energy. The temperature higher than
700 °C instead dissociated h-BN and drove the atoms
down to the bulk. This argument is supported by the plot
of h-BN island size and temperature as functions of time
from the in-situ observation in Fig. 10a.

0.2
0.0
~0:2
-0.4
-0.6
-0.8

Fig. 6 Relative work function maps of (a) a large h-BN
island on the interface region and (b) many h-BN islands
which formed on the Metal B side.

Fig. 7 High resolution LEEM image of the tip of h-BN
island showing a striped structure.

Some aspects related to h-BN formation mechanism
may be deduced from three main observations in our
LEEM experiments: (1) the appearance and disappearance
of h-BN due to Fe phase transition, (2) the diffusion from
bulk to the surface mainly along the grain boundaries, and
(3) the laterally nonhomogeneous growth of h-BN islands
due to the diffusion across the weld interface between two
different metal alloys. Phase transition of Fe-based alloys
at around 700 °C which causes the grain structure to
change plays a very important role in driving the impurity
atoms to and from inside the bulk. Because the size of
interstitial sites in FCC (the structure of Fe at higher
temperature) is larger than those of BCC (the structure of
Fe at lower temperature), interstitial B and N atoms are
driven out from inside the grains to the grain boundary
first, and then driven to the surface by thermal energy.
Figure 10b shows a histogram of the nearest distance from
each h-BN nucleation site to the grain boundary of the
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steel in the observed field of view of LEEM during the last
temperature swing cycle (the bottom right inset in Fig. 3b).
Large populations of h-BN which nucleated within 3 pm
from grain boundaries suggests that the diffusions of B
and N atoms occur along the grain boundaries prior to h-

BN formations (the average grain size is around 10 um for
near-surface microcrystalline grains on the Metal A side).
The observation in this work is different from that in Xu
et al [17] which do not show preference in precipitation
near grain boundaries. This is probably due to the
temperature difference that may strongly affect the
mobility of B and N atoms on the surface.

Figure 10c demonstrates the inhomogeneity of the
nucleation density and the average island size of h-BN in
the vicinity of the weld interface. Nucleation was relatively
dense in Metal A (HAZ) and became sparser moving
toward Metal B (weld zone). The island size was the largest
at the interface region (at the position of 400 um in the
plot) and became smaller and more uniform around 100
pm away toward Metal A. A combination of factors that
possibly affected the inhomogeneous nucleation and
growth rates includes — (1) the smaller average grain size
in Metal A, (2) the difference in the atomic percentages of
B, N and S impurities between the two metals and (3) the
small difference in the phase transition temperature which
resulted from the different bulk chemical compositions
due to the dilution between base metal (A) and filler metal
(B) from welding process.

The LEEM observation suggested that there should
be more B in Metal A although according to the ASME
standard, B and N contents in the material used in this
study (2.25Cr-1Mo and ER90S-B9) are not specified in
their composition tables. A very small amount of B but
enough to segregate on the surface to form h-BN have
been reported before [33]. Also, it was highly likely that,
similar to S, N was already presented inside most steels,
and both Metal A and B should contain enough supplies
of the atoms. Apart from the amounts of impurities, the
microstructure should be another important factor that
affected the diffusion of the B and N atoms, and the
difference in the sizes and shapes of grains in the two
metals must be taken into account. The I-V curve in
LEEM [34] helped to identify the number of layers of h-
BN [26, 27] to compare the thickness of h-BN in different
areas. It was found form I-V LEEM that most h-BN in
the middle of the weld interface was tri-layer, and in the
Metal A side, there exist multiple h-BN domains with
varying thicknesses between 3-4 atomic layers. This
finding suggested that there were more localized channels
for B and N atoms to diffuse from bulk to surface possibly
via denser grain boundaries/smaller grain size compared
to weld zone and contribute to the thickness increase of
individual multi-layer h-BN and that diffusion from bulk
to surface is fast in comparison to the lateral diffusion of
B and N atoms. While previous reports have mentioned
the difficulties in controlling the thickness of the h-BN in
precipitation method, with some control over the
diffusion of atoms by using metallurgical processes to alter
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the grain sizes, orientations and crystallographic
structures, it should be possible to engineer the growth of
h-BN toward the desired sizes and thicknesses, for
examples, by changing alloying compositions and heat and
mechanical treatments of the metals.

0 5 10 15
Start Voltage (eV)

Fig. 8. IV characteristic of h-BN. (a), (b) single h-BN flake
formed at the interface. (c), (d) multiple h-BN flakes on
the base metal (Metal A) side. The field of view in (a) and

(c) is 25 pm.

Intensity (a.u.)

!

" L " 1 .
0 -10 -20 -30

Energy loss (eV)
Fig. 9. Micro reflective EELS spectra measured on h-BN
in Figure 2¢ showing the bandgap of h-BN of around 6
eV.

The work function difference between the S-rich
corners and the middle point of h-BN flake are shown in
Fig. 6. According to studies from Yoshihara et al, and later
from Minami et al, S impurity limits the growth of surface
BN |29, 32]. More recent characterization of h-BN created
by surface precipitation from Xu et al [17] gives an insight
into the growth mechanism in which the intermediate
layer of the two-dimensional surface structure containing
B, N and S atoms formed before h-BN grows on top.
They also report the cap domains at the corners of
triangular h-BN flakes which contain more S in
comparison to the middle part. This is due to the driving
force to form highly thermodynamically stable h-BN
which pushes S atoms away possibly to the edge and
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corner of the two-dimensional structure. While it was not
yet clear how the S-rich caps affected the growth in this
work, NEXAFS and LEEM-IV measurements from the
cap and the middle area of h-BN did not show the
difference in the chemistry and electronic structure
(although we observed the lamella pattern [35] in the cap
domain sunder high-magnification LEEM as shown in
Fig. 7). This point will be further investigated using real-
time observation of LEEM and PEEM in future work.
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Fig. 10. (a) average island size and temperature of the
sample as a function of time during the temperature ramp.
(b) a histogram showing the nearest distance of the
nucleation points of h-BN islands from the grain
boundaries. (c) nucleation density of h-BN and average
island size as a function of the position across the weld
interface.

4. Conclusions

Reversible formation of h-BN has directly been
observed on the surface of joined dissimilar steels
suggesting the significant role of the structures and
impurities in the metal substrates to the behaviors of the
h-BN growth. When the temperature of the sample was
raised toward the BCC-FCC transition temperature, B and
N diffused inside the metals along the grain boundary.
Once the temperature went above the BCC-FCC
transition, and then subsequently came down for Fe to
change back to BCC, the phase transition drove B and N
to the surface to react and form h-BN. LEEM observation
on many cycles of temperature swing confirmed the
reversibility of the reaction (when the temperature is raised
higher temperature h-BN dissociated and the B and N
atoms diffused back into the bulk metal again). The real-
time imaging during the annealing experiments suggests
that the formation of h-BN was diffusion-limited rather
than reaction-limited. After the sample had been
quenched down to room temperature, the post-annealing
characterization by LEEM and PEEM were performed to
confirm that the resulting few-layer h-BN had similar
chemistry and atomic structure of the h-BN synthesized
by other methods. By understanding the combinations of
effects from crystal and microscopic (grain) structures,
impurities, and especially the phase transition, the
diffusion of B and N atoms can be better controlled so
that the coverage and thickness of h-BN that forms on the
surface can be made suitable for applications such as
protecting the surface of steels under harsh conditions.
Proposed future works may include study of the h-BN
growth on different types of steels which contains
different mixtures of BCC-FCC phases which should
strongly affect how h-BN grows according to our finding
in this work. Further experiments will focus on how much
h-BN can perform to protect the surface in various
simulated environments.
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