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ABSTRACT

The effects of pulsed laser processing ( PLP) with different laser power (P, = 10, 20 and 30 W) on the surface mor-
phology, structure and properties of Fe;5SioB,s amorphous ribbon were investigated. It was found that the
circular blobs, convex in perimeter and sunk in middle, distributed regularly on the surface of ribbon after PLP
with P, = 10 W. As P, increased to 20 and 30 W, obvious splashes occurred around the laser blobs. On the surface
of ribbons after PLP, fresh amorphous structures were generated, which were confirmed by small angle X-ray
scattering and transmission electron microscope data. Meanwhile, a small number of nanocrystallines formed
at heat affected zone. The X-ray diffraction results indicated that the transformation from fcc to bee SRO structure
units occurred during PLP, resulting in a lower characteristic distance 6. The pitting resistance, soft magnetic
property and thermal stability of ribbons were enhanced after PLP. Especially, the properties had a significant im-
provement with increasing P, from 10 to 20 W, but had a slight deterioration as Fy increased further from 20 to
30 W. Overall, an optimal laser power of 20 W was obtained for PLP of FegSigB;3 amorphous ribbon in this work.
£ 2018 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The amorphous materials are significantly different from the corre-
sponding crystalline alloys due to their disordered and metastable
structure, rendering superior properties such as high strength, high
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hardness and excellent corrosion resistance [1,2]. Among various kinds
of amorphous alloys, Fe-based amorphous alloys are used widely in
power transformers and magnetic sensors, because of their excellent
soft magnetic properties, outstanding corrosion resistance and ultra-
high strength [3-5].

To further increase the operational efficiency and service life of
equipment such as power transformers, many researchers have made
great efforts on improving the performance of Fe-based amorphous al-
loys. The common post-processing methods include annealing [6,7],
pressure [8,9], electron beam processing [10] and laser processing
[11,12], Compared with the annealing and pressure, electron beam pro-
cessing and laser processing can rapidly treat the material in localized
manner, which are easier to control the crystallization process of amor-
phous. Electron beam processing requires vacuum for operation, but
laser processing can be operated in atmospheric environment, which
is more flexible and easy to operate.

Laser processing utilizes the highly directional, coherent/pulsed, and
monochromatic beam to deliver high energy in a localized region on the
surface of workpiece [13,14]. It is considered to be an interesting and
promising technique for processing amorphous alloys, due to its high
heating and cooling rates (10°-10% K/s), which is significantly higher
than the critical cooling rate required to produce an amorphous struc-
ture for most metallic glasses [15]. In addition, the laser processing is
in a non-contact form which could avoid the possible heterogeneous
crystallization. Moreover, selective laser melting as an advanced 3D
printing technique is particularly attractive owing to its superiority in
fabricating complex geometrical features, which has been introduced
to the field of bulk metallic glasses to overcome the limitation of glassy
forming ability and difficulty in manufacturing [16-19]. During laser
processing, the laser beam acts on the surface of material and generates
a molten pool and a heat affected zone with a large temperature gradi-
ent [20]. The distinct thermal histories could influence the structure
evolution in different zone. It have been reported that laser processed
amorphous alloy exhibits significant structural heterogeneities: fully
amorphous structure in molten pools, whereas a mixture of amorphous
phase and nanocrystals in the heat affected zones [17,21,22].

Furthermore, the laser surface treatment can adjust the microstruc-
ture of material surface and achieve the desired performance [14]. The
research of Joshi [23] was focusing on optimization of laser thermal
treatment of Fe-Si-B metallic glass, using a continuous wave to maxi-
mize ultimate tensile strength and minimize the electrical resistivity.
In Shravana Katakam's research [24], a significant increase in saturation
magnetization was observed for laser-treated Fe-Si-B ribbons compared
to both as-received and furnace annealed samples. The above studies il-
lustrate that laser processing is effective way to modify the structure
and performance of amorphous alloys. Compared to continuous laser,
pulsed laser has much higher peak power density and thus larger
cooling rate. This indicates that pulsed laser may be more suitable for
surface treatment of amorphous alloys. The improvement of mechanical
properties of Zr-based bulk metallic glass by pulsed laser surface treat-
ment has been reported [25-27]. However, there is little research
about the effect of pulsed laser processing on the structural transforma-
tion and corrosion resistance of Fe-based amorphous ribbon.

In the present work, the effects of pulsed laser processing (PLP) with
different laser power (P) on the surface morphology, structural trans-
formation, thermal stability, corrosion resistance and magnetic proper-
ties of Fe;gSigB,3 amorphous ribbon have been systematically studied.
The connections among the laser power, microstructure and properties
have been discussed in this work and an optimal parameter is obtained
for PLP of Fe,gSigB;3 amorphous ribbon.

2. Experimental

The amorphous ribbons with a nominal composition of Fe;5SigB, 5
were prepared by a single-roller melt-spinning technique, and they
were supplied by Qingdao Yunlu Energy Technology Company,

Qingdao, China. The size of the commercial ribbons is 50 mm in width
and 30 pm in thickness and we cut the ribbon in proper size for laser
processing. The ribbons were processed using the Ytterbium MOPA
pulsed fiber laser (TieDan-B50). The type of scanning galvanometer
was SACNcube 111 14, The laser processing parameters including scan
speed, pulse width, power, frequency, track spacing and ring spacing
are shown in Table 1. In the present work, the laser power was set as
the unique variable, and the values were 10, 20 and 30 W, respectively.

The structure of all the ribbons was examined by X-ray diffraction
(XRD, D/Max-rB) with Cu Ka radiation (A = 0.154056 nm). SAXS exper-
iments were conducted Anton Parr SAXSpace with Mo target (A =
0.07117 nm). The sample chamber was evacuated to vacuum before
measurements to reduce the background noise. The scattering patterns
were acquired in transmission geometry by a 2D detector. The 2D im-
ages were integrated azimuthally, corrected for background scattering
and normalized using SAXStreat and SAXSquant software supplied by
the vendor (Anton Paar). The resulting scattering intensity I(Q) was
plotted as a function of the scattering vector Q, For each sample, we ac-
quired 4 frames data and the acquisition time was 1800 s for each frame.
The real space pair distance distribution function p(r) can be obtained
by the equation [28]:

p(r) = (1/(2m?)) x _[Dm 1(Q)Qr sin(Qr)dr (1

The surface morphology of samples was examined by scanning elec-
tron microscopy (SEM, SUPRASS, Zeiss, Germany). The chemical com-
positions of surface was analyzed by energy dispersive spectroscopy
(EDS).Transmission electron microscopy (TEM, JEM-2100) was used
to further observe the microstructure of samples. The amorphous rib-
bons were cut into 3 mm round piece firstly, and then pre-thinned
using a single jet electrolytic with 4% perchloric acid and 96% alcohol
electrolyte at —20 °C until a hole was formed. Lastly, argon ion thinning
was used to obtain the suitable sample for TEM test. The Fourier filtering
for HRTEM images was using DigitalMicrograph software,

The magnetic properties were measured by a vibrating sample mag-
netometer (VSM, JDAW2000D, Yingpu Magnetoelectric Ltd., Chang-
chun, China) under an applied field up to 4000 Oe at room
temperature. In order to ensure the accuracy of the results, the magne-
tization curve measurements were repeated 3 times, The ferromagnetic
resonance (FMR) measurements were performed on JEOL JES-FA200
ESR spectrometer with the frequency of 9.05 GHz, microwave power
0.998 mW and modulation frequency of 100 kHz.

The electrochemical measurements were carried out by CHIG60E ad-
vanced electrochemical workstation with a scanning rate of 1 mV/s at
room temperature. There was a typical three-electrode system in elec-
trochemical measurements: working electrode, platinum counter elec-
trode and reference electrode. The electrolyte was 0.6 M Nacl
+0.12 M NaOH solution with Hg|HgO reference electrode. In order to
ensure the accuracy of the results, the tests were repeated 3 times.

The corroded surface was also analyzed by X-ray photoelectron
spectroscopy (ThermoFischer,ESCALAB 250Xi) using Al-Koe X-ray
(1486.6 eV). The working potential was 12,5 kV and filament current
was 16 mA. The counts were integrated from 10 cycles. The passing en-
ergy was 40 eV and step is 0.1 eV. The binding energy was calibrated by
using carbon contamination with C 1 s peak (284.6 eV).

Table 1
Parameters for pulsed laser processing.
Number  Speed Pulse Power  Frequency  Tracks Ring
(mm/s)  width (W) (kHz) spacing spacing
(ns) (mm) (mm)
1 3000 200 10 20 0.02 0.1
2 3000 200 20 20 0.02 0.1
3 3000 200 30 20 0.02 0.1
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The thermal properties of the ribbons were investigated using differ-
ential scanning calorimetry (DSC, Netzsch DSC404) at the continuous
heating rates of 10, 20, 30 and 40 °C/min under a flow of high purity
argon.

3. Results

3.1. Surface morphologies and microstructure of pulsed laser processed
ribbons

The morphologies of as-quenched and PLP ribbons with different P
are shown in Fig. 1. As can be seen, the surface of as-quenched ribbon is
smooth and flat (Fig. 1a). After PLP, the surface of ribbons has obvious
laser processed trace and the surface morphologies of ribbons after
PLP with different P, show significantly different. For the ribbon after
PLP with P, = 10 W, the circular blobs, which are convex in perimeter
and sunk in the middle, distribute regularly on the surface (Fig. 1b).
The average radius of blobs is approximately 30 pm. For P, = 20 W,
the spreading area of blobs increases and their shape becomes irregular
with some splashes around the marginal of blobs (Fig. 1¢). For P =
30 W, more severe splashes are observed around the laser blobs com-
pared with P, = 20 W (Fig. 1d). The EDS results show that the surface
of as-quenched ribbon contains approximately 2.41 at.% 0, 10.62 at.%
Siand 86.97 at.% Fe. For the ribbons after PLP, O content has a significant
rise (8-15 at.%) compared with as-quenched ribbon. The spatter drop-
lets have a higher O content. Meanwhile, Si content has an increase
after PLP. Especially for P, = 20 W, Si content has an obvious increase
up to 12,99 at.%. In addition, the cross-section images of as-quenched
ribbon and ribbons after PLP are inserted in the Fig. 1a, b, c and d. For
the as-quenched ribbon (left-bottom inset in Fig. 1a), the surface is rel-
atively flat. For the ribbons after PLP (left-bottom insets in Fig. 1b, c and
d), the depressed outline of PLP can be clearly observed. Compared with
the as-quenched ribbon, the trace of shear band matches the depressed
outline of the ribbons after PLP with P, = 10 and 20 W (left-bottom
insets in Fig. 1b and c). Especially, the surface of ribbon after PLP with
P_ = 20 W has an apparent spalling after cutting in SEM specimen prep-
aration. It is speculated that the surface of ribbons after PLP has a layer of
fresh amorphous structure with a high brittleness, which will be

g 20 um

discussed with the other results in subsequent sections. In addition,
the cross-section image of ribbon with P, = 30 W (left-bottom inset
in Fig. 1d) has not the obvious spalling, owing to the severe splashes,
embrittlement and oxidation on the laser processed surface as well as
the removal of spalling in SEM specimen preparation. Furthermore,
the EDS results of cross-section images show that Si element tends to
concentrate toward the laser processed surface, which is consistent
with the EDS result of surface. Moreover, the altitude maps (right-top
insets in Fig. 1b, ¢ and d) show an increase of blob depth with the in-
crease of Pp.

The XRD patterns of Fe;sSisB15 ribbons after PLP with different P are
presented in Fig. 2. Only a broad diffraction peak is observed for all rib-
bons, indicating that the ribbons maintain a high amorphous phase con-
tent after PLP. In order to in-depth analyze the evolution of short range
order (SRO) clusters of Fe-based amorphous alloys during PLP, the dif-
fraction peak is fitted with Gaussian method. The top-right inset
shows the diffraction peaks after Gaussian fitting, and the bottom-
right table lists the center locations 26,,« of the main diffraction
peaks. It can be seen that 26, of PLP ribbons is higher than that of
as-quenched ribbon and increases with increasing Py. Especially, as P
increases from 10 to 20 W their 26,,., increases significantly from
44.62 to 44.74. In addition, the characteristic distance é¢ can be deduced
according to following equation [29]:

with Q, = 4“—5?@ 2

.2
b = a,

Here, Q,, is the diffraction vector of maximum. A is the X-ray wave-
length. As shown in the inset table of Fig. 2, the characteristic distance
fic of ribbons after PLP is lower than that of as-quenched ribbon, More-
over, the height of diffraction peaks of ribbons after PLP is lower than
that of as-quenched ribbon, implying that the amount of SRO clusters
decreases after PLP.

In addition, SAXS was used to study nanoscale structures for
Fe;5SiaB, 5 ribbons after PLP, and the results are shown in Fig. 3a. Scatter
points are the experimental data and the continuous curves are fitting
results, At low @, all curves show a significant increase of intensity,
which is attributed to the scattering from the sample imperfections

Fig. 1. SEM images of FeSisBs ribbons: (a) as-quenched ribbon; (b) 10 W, () 20 W and (d) 30 W of ribbons after pulsed laser processing. The insets at left-battom in (a), (b), (c) and
(d) are the cross-section images. The insets at right-top in (b), {c) and (d) are the altitude maps.
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Fig. 2. XRD patterns of Fe;gSigB, 4 ribbons after pulsed laser processing with different power. The top-right inset shows the diffraction peaks after Gaussian fitting, and the bottom-right

inserted table lists the center locations 26, of the main diffraction peaks.

[30]. The intensity of ribbons after PLP at low Q (<1 nm ') has an obvi-
ous increment compared with as-quenched ribbon, The higher P the
ribbon is treated, the higher SAXS intensity it has. This means that the
ribbons after PLP have a higher degree of nanoscale heterogeneities
compared with as-quenched ribbon. In addition, the p(r) curves were
obtained by indirect Fourier transformation for four ribbons, as shown
in Fig. 3b. With increasing P, the p(r) peaks tend to shift to the left, in-
dicating that the size of clusters in ribbons tends to decrease with in-
creasing Py, In particular, it shifts significantly as Py, increases from 10
to 20 W. However, the ribbon with P, = 30 W has a tendency to recover
toward as-quenched ribbon.

Moreover, the results obtained from SAXS data seem to have a little
difference from that of XRD data, which may be caused by the difference
of experiment principle. The examination of XRD focuses on the surface
structure transformation, but the SAXS test can penetrate the sample to
get the information as a whole, There is a heat affected zone underneath
the molten layer of ribbon during PLP, so the structures at the surface
and interior have a little difference. The detailed information of the het-
erogeneous structure is discussed combined with the TEM results in
subsequent sections.

Fig. 4 shows the TEM results of as-quenched Fe;gSigB;3 amorphous
ribbon and ribbons after PLP with different P.. This contains the
bright-field image, selected-area electron diffraction (SAED) pattern
and HRTEM image. It is known that Fourier filtering can be applied to
highlight the periodicities of certain spacing and direction, and the

ol

() Experimental Fit
S « 0 —)
« 10W —| W
@ 20W 20W
_ 00l + 30W — 0 W
=
=2
S
=
1E-3 4
s
1E-4 .

1
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selected areas in HRTEM images (Fig. 4b, d, f and h) have been Fourier
filtered as shown in the inset, For the as-quenched ribbon, the bright-
field image (Fig. 4a) shows an almost completely disorder structure,
and the corresponding SAED pattern displays the diffused diffraction
rings. Meanwhile, the inset in Fig. 4b shows a labyrinth-shape, which
is typical amorphous structure, This indicates that the as-quenched rib-
bon has a fully amorphous structure. For the ribbons after PLP, the TEM
images can be observed with two types: amorphous structure and
nano-crystalline structure, In the bottom-left parts of Fig.4c, e and g,
the bright field images of the matrix of the ribbon after PLP show a
fully amorphous character. However, the SAED patterns of ribbons
after PLP with P, = 20 and 30 W have an inner halo beside the major
halo (top-left parts of Fig.4e and g), implying that Fe;sSisB;5 glassy rib-
bons form a fresh amorphous structure with more short- (or medium-)
range ordering clusters after PLP. Moreover, the nano-crystallites in the
amorphous matrix are confirmed by the obvious dark regions in bright-
field images and diffraction spots in SAED patterns (right parts of Fig.4c,
e and g). With the increase of Py, both the number and size of nano-
crystalline phases increase, Their size is <20 nm, owing to the very
short laser pulse duration (200 ns). For P = 10 W (Fig.4c), the a-Fe
(Si) nano-crystalline phase is discovered by indexing the SAED patterns.
Meanwhile, the crystalline interplanar spacing in the inserted filtered
lattices (Fig. 4d) is measured as 0.206 nm, which can be labeled as
{110} of a-Fe(Si) phase. For P = 20 W, only the «-Fe(Si) nano-
crystalline phase is discovered in Fig.4e, which is similar to the ribbon
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Fig. 3. (a) SAXS data and fitting results of Fe,sSisB, s amorphous ribbons after pulsed laser processing with different power, (b) Pair distance distribution function p(r) curve deduced from

the SAXS by indirect Fourier transfarmation.
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Fig. 5. (a) Magnetization curves and (b) magnetic hysteresis loop for FeszSiaB, 3 amorphous ribbons after pulsed laser processing. The top-right inset in (a) shows the larger version of the
selected area, and the inserted table in (a) lists the value of saturation magnetization. The inset in (b) shows the larger version of the selected area.

after PLP with P_ = 10 W. The crystalline interplanar spacing in the
inserted filtered lattices (Fig. 4f) is measured as 0.205 nm, which also
can be labeled as {110} of «-Fe(Si) phase. For P, = 30 W (Fig. 4g),
Fe,B crystalline phase can be discovered as well as a-Fe(Si)nano-crys-
talline phases corresponding with two style lattice arrangement in
Fig. 4h. The crystalline interplanar spacings are measured as 0.206 nm
and 0.364 nm, which can be labeled as {110) of «-Fe(Si) phase and
{110} of Fe,B phase, respectively. In addition, the dislocation can be
found in the filtered lattice, which is related to the residual stress and
substitutional solid solution of Si element in «e-Fe phase during PLP.
Apart from the dark nano-crystallites, the amorphous matrix images
of ribbon after PLP have a distinct hybrid structure: gray islands and
bright boundary, which is different from the original amorphous phase.

3.2, Magnetic properties of pulsed laser processed ribbons

Fig. 5 shows the magnetization curves and magnetic hysteresis loops
of as-quenched FegSigB13 amorphous ribbon and ribbons after PLP with
different P. With increasing Py, the M, of samples tends to increase. As
Py reaches 30 W, the M, of sample shows a slight decrement (inset in
Fig. 5a). In addition, the coercive force H. of ribbon after PLP is lower
than that of as-quenched sample (inset in Fig. 5b). These results indicate
that PLP can improve the soft magnetic property of Fe;3SiuB;4 ribbons.

Fig. 6a shows the FMR spectra of as-quenched Fe;5SiqB;3 amorphous
ribbon and ribbons after PLP with different P. The measured spectra
curves show two obvious overlapped resonance peaks, suggesting that
at least two various magnetic phases or clusters exist in the ribbon,
The asymmetry parameter A/B ratio, which reflects the conductivity of
the sample, was estimated through the ratio of the intensity of the
upper part to that of the lower part of the FMR signals. For the low-
conductivity material, the curve is symmetrical with Lorentzian shape
(A/B = 1). However, the high-conductivity material exhibits an asym-
metric FMR curve (A/B > 1). The A/B ratio increases with the increase
of macroscopic conductivity [31]. The A/B ratio of ribbons after PLP is
larger than that of as-quenched ribbon, and it has an increase trendy
with increasing Py, indicating an increase of conductivity after PLP
(Fig. 6a).

The integral spectra of FMR spectra for four ribbons are shown in
Fig. 6b. With increasing P, the integral intensity decrease gradually. Par-
ticularly, it has a drastic decline as P, increases from 10 to 20 W. Mean-
while, the total resonance field H,., i.e., peak position, shift to the left
side. The resonance field and saturation magnetization have an inverse
relationship [32], that is, a lower resonance field means a higher satura-
tion magnetization, which is consistent with VSM results (Fig. 5a).

The Gaussian fitting peaks for FMR integral spectra of as-quenched
sample are shown in top-right inset in Fig, 6b. The fitted Gaussian
peaks are denoted as Py, P5, Py and P,. According to relevant literatures
[33,34], P, is related to unknown phase, P, corresponds to Fe-Si clusters,
P; corresponds to the Fe-B clusters and P, could be considered as a
highly disordered intermediate phase. The Gaussian fitting peaks for
FMR integral spectra of ribbon after PLP are analyzed in the same
method (the curves are not shown here). The resonance field (Hes)
and line-width (AH) of four Gaussian peaks are listed in Table 2. The res-
onance field (H.;) of magnetic phases has a certain shift for different
samples, which is due to the change of the magnetic exchange coupling
that exists among the various magnetic phases [35]. The H,. of P> and P3
has a decrease trend after PLP, confirming a higher saturation magneti-
zation of ribbon after PLP as discussed above. After PLP, the AH of P; and
P peaks has a tendency to increase. Moreaver, the AH of P; peak has a
significant rise as Py increases from 10 to 20 W, but has a slight decrease
as P increases from 20 to 30 W. The linewidth of the peaks (AH) con-
tains information about magnetic inhomogeneities and sample crystal-
linity as well as the intrinsic relaxation processes in magnetic samples
[36].

3.3. Potentiondynamic behavior of pulsed laser processed ribbons

Fig. 7 shows the potentiodynamic polarization curves and parameter
variations of as-quenched Fe;55iaB,3 amorphous ribbon as well as the
ribbons after PLP with different P, in alkaline solution (0.6 M NacCl
+0.12 M NaOH). Each curve has an obvious current plateau which is as-
sociated with the passive film formation during the anodic polarization.
The first transient passive region at relatively low potentials is a pseudo-
passive process, which is related to the active dissolution of metals and
formation of low valence oxide [37]. The effect of OH™ on the anodic po-
larization behavior cannot be ignored due to its strong reactivity even at
such low concentrations. Generally, the hydro-ligand MOH,4 (M repre-
sents a metal) is considered as the precursor in the dissolution process
and the interface/interphase film development process [38). The equa-
tion for the low valence oxide formation reaction can be written as
[39] Fe** 4 20H — Fe(OH), + 2e . The large passive current density
for anodic peaks appear at —0.7 Vigugo in Fig. 7a, indicating the forma-
tion and dissolution of Fe(OH), and it transforms into Fe,04 phase fi-
nally. Moreover, the long passive process at relatively higher
potentials until Eg is related to the formation of a continuous stable
Si0, passive layer [40] Si + 2H,0 — Si0, + 4H" + 4e™. It can be seen
that there is a drastic increase of Ey; as Py increases from 10 to 20 W

(Fig. 7b).

Fig. 4. TEM images and selected-area diffraction patterns of Fe;5SigB, 3 amorphous ribbons: (a) (b) as-quenched ribbon; (c) (d)10W, () (f) 20 W and (g) (h) 30 W of ribbons after pulsed
laser processing. The insets in (b), (d), (f) and (h) are the Fourier transformation images of selected area in HRTEM images.
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Fig. 6. (a) FMR spectra and (b) integral spectra of FMR spectra for Fe,s5iaB4 glassy ribbons after pulsed laser processing. The inset in (b) shows the Gaussian fitting curves for integral

spectra of as-quenched Fe;5SisB) 5 glassy ribbon.

Fig. 8 gives the SEM micrographs of electrochemically corroded sur-
faces in alkaline solution for four ribbons. The surface of polarized rib-
bons has two types of regions: the ring-like, severely corroded region
and bare region. Apparently, the area of corroded regions tends to de-
crease with increasing P, and a drastic drop occurs as P, increases
from 10 to 20 W, which is possibly associated with the larger deposition
rate of Si on the surface. In addition, there are some cracks on the rib-
bons after PLP with P, = 20 and 30 W, but not on the ribbons after
PLP with P, = 0 and 10 W, indirectly reflecting the better pitting resis-
tance of the former.

The X-ray photoelectron spectra of electrochemically corroded sur-
faces in 0.6 M NaCl +0.12 M NaOH solution for as-quenched ribbon
and ribbon after PLP with P, = 20 W are shown in Fig. 9. The shape of
Fe 2p, Si 2p and O 1 s curves has no obvious difference between as-
quenched ribbon and ribbon after PLP with P, = 20 W. The XPS spec-
trum of Si 2p can be decomposed into three peaks: Si, SiO, and Si0,
[41]. The O 1s spectrum can also be decomposed into three peaks, cor-
responding with metal oxide species Fe,0, (such as Fe304, Fe,0), hy-
droxide species Fe(OH)3 and SiO,, respectively [42]. Table 3 shows the
fraction of decomposed peaks from XPS spectra as well as total area of
Si 2p and O 1 s. The total areas of Si 2p and O 1s of ribbon after PLP
with Pp = 20 W are larger than those of as-quenched ribbon, Moreover,
the ribbon after PLP with P, = 20 W has a larger SiO; percentage than
as-quenched ribbon.

3.4. Thermodynamic parameters of pulsed laser processed ribbons

To analyze the effect of PLP on crystallization kinetic, the FesgSigB;3
amorphous ribbons after PLP with different P, were tested using differ-
ential scanning calorimetry (DSC). The DSC curves of as-quenched rib-
bon and ribbons after PLP with a heating rate of 10 “C/min are shown
in Fig, 10. All measured curves involve two exothermal peaks, which
are labeled as Peak 1 and Peak 2, corresponding to crystallization pro-
cesses of a-Fe (Si) and Fe-B, respectively [43]. The inserted table
shows their first onset temperature (Ty;) and peak temperatures (T,
and Ty;3). Here, Tyy, Ty, and T, show an increasing trend with increasing
Py. Furthermore, the Ty, T,y and Ty, at heating rates of 20, 30 and 40 °C/
min have been also measured, but the corresponding curves are not
shown here.

The activation energy E of the crystallization can be calculated by the
Kissinger equation, which can be described as the following [44]:

In(;—;) =g 3)

where (3 is the heating rate, T is the characteristic temperature, R is the
universal gas constant and Cis a constant. Fig. 10 b, ¢ and d show the Kis-
singer plot for calculation of activation energies and the inserted table

shows the value of Ey, E,1 and Epp. It is generally known that the
onset and peak temperatures are related to the nucleation and growth
process, respectively [45], so the activation energy (Ey; and E;) repre-
sents the barriers for nucleation and growth, respectively. With increas-
ing P, the E,,, E,; and Ej;, tend to increase. They have a drastic rise as P,
increases from 10 to 20 W and have a slight decrement as Py increases
from 20 to 30 W, which is similar to the variation of measured satura-
tion magnetization and pitting resistance (Figs. 5 and 7).

4. Discussion

With increasing the laser power density during laser processing, the
general thermo-physical interactions between laser and material
change generally as the following order: (i) laser heating below the
crystallization temperature, (ii) laser melting and rapid resolidification
and (iii) thermal ablation [46]. According to the laser power and surface
morphology (Fig. 1), the process in this work can be classified into the
second category of laser melting and rapid resolidification. As the laser
acts on the surface of Fe-based amorphous ribbons, its energy is rapidly
converted into heat and results in a significant temperature rise. On the
one hand, the amorphous phase on the surface layer can be melted and
form a small melting pool. On the other hand, a slight volume of melt on
the surface layer can vaporize quickly as the temperature exceeds the
vaporization temperature [47]. The metal vapor can trigger a large recoil
pressure on the molten pool, which can force the melt flows toward
pool edge [48]. It can cause the depression of pool center. In addition,
the Marangoni flow induced by the surface tension can take the molten
from periphery to center, which prevents the further depression of mol-
ten pool [49,50]. The hydrostatic pressure also plays an important role
in the morphology evolution, which restraints the fluid collapse [49).
The interaction of above forces during PLP can achieve a dynamic equi-
librium and form the regular coronary morphology as observed in
Fig. 1b for P = 10 W. As P increases to 20 and 30 W, the surface vapor-
ization becomes much tenser, leading to a larger recoil pressure on the
melt pool. This breaks the equilibrium in forces instantaneously, and

Table 2
Resonance field (M) and line-width (AH) for four peaks obtained by calculating FMR ex-
perimental results of Fe,gSigBy5 glassy ribbons after pulsed laser processing with different

power.

Sample Hyes (mT) AH (mT)

Py Pz Ps Py Py Pz Py Py
0 31.0 64.9 98.8 1429 23 35 g9, 113
now 315 61.7 97.9 140.2 25 45 55 107
20w 273 53.2 93.8 156.5 22 42 71 106
30w 325 58.3 94.7 151.5 27 42 65 114
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Fig. 7. (a) Potentiodynamic polarization curves (b) variation of pitting potential in 0.6 M NaCl +-0.12 M NaOH solution of FezgSigB; 3 glassy ribbons after pulsed laser processing with

different laser power.

finally results in the formation of obvious splashes, as can be seen in
Fig. Ic and d.

In laser processed materials, there generally exist three zones: the
molten zone, which has a very higher temperature and bears the most
of the laser beam’s energy; the heat-affected zone, where the material
stays solid with a large temperature gradient; and the unaffected zone
[20,21]. In this work, the material in surface molten zone experiences
a high heating and cooling rate during PLP (-10% K/s |51]), which is sig-
nificantly higher than the critical cooling rate as required for Fe-based
amorphous alloys [52]. This triggers the formation of new amorphous
phase (inset at left-bottom in Fig. 1c). With the increase of depth, the
material may not be completely melted due to a short duration time,
which promotes the heterogeneous nucleation of the nano-crystalline
phase in the re-solidification process. In addition, the crystals can pre-
cipitate from the unmelted amorphous matrix in the heat affected
zone beneath the melt layer where the temperature reaches a value be-
tween the crystallization and melting temperatures of the amorphous
alloy. Meanwhile, the unaffected zone maintains the original

amorphous structure. Hence, the gradient composite microstructure
forms under the distinct thermal histories in different zones induced
by PLP,

Based on the above discussion, the evolution of temperature and
phase for Fe;SisB,3 amorphous ribbon during PLP can be expressed as
a schematic diagram in Fig. 11. Combined with the morphology pictures
in Fig. 1, the cases with low and high P,_can be illustrated in Fig. 11b and
. The top surface of Fe-based amorphous ribbons undergoes the highest
peak temperature accompanied by the highest heating and cooling
rates during PLP. In Fig. 11d and e, the fresh amorphous phase is marked
as blue region. The higher P, is, the larger the blue area is. In addition,
the cooling rate during laser processing is larger than that of single-
roller melt-spinning technique (~10° K/s [53]), so the fresh amorphous
structure generated during PLP has a larger degree of disorder than the
as quenched glass, which is indicated by a lower cluster diameter in
SAXS results (Fig. 3). The increase of fresh amorphous phase can im-
prove the thermal stability of Fe-based ribbons, which is consistent
with the higher T, T2, Epy and Epz of ribbon after PLP (Fig. 7).

Fig. 8. SEM micrographs of electrochemically corroded surfaces in 0.6 M NaCl +0.12 M NaOH solution for FeysSisB; 5 glassy ribbons: (a) as-quenched ribbon; (b) 10 W, (c) 20 W and

(d) 30 W of ribbons after pulsed laser processing.



546 LY. Guo et al [ Materials and Design 160 (2018) 538-548

{a) 0 Fe 2p
Fe2paz

Fe2pin

| ) 20w

Fe 2pin

73 730 725 720 715 710 705

Intensity (a.u.)

Intensity (a.u.)

R T T I 100 98

s 5% s34 S22 530 S8 %6
Binding Energy (eV)

53 536 s s 530 518 5%
Binding Energy (eV)

Fig. 9. X-ray photoelectron spectra of electrochemically corroded surfaces in 0.6 M NaCl +0.12 M NaOH solution: (a) as-quenched ribbon and (b) ribbon after pulsed laser processing with

P=20W.

Moreover, the lower H, of ribbon after PLP (inset of Fig. 5b) can be as-
cribed to the formation of fresh amorphous structures.

In the heat affected zone, the a-Fe(Si) nano-crystalline phases ap-
pear in the amorphous matrix at lower Py as revealed by TEM (Fig. 4),
which are marked as diamond-shape in Fig. 11b and c. The area of
heat affected zone increases with increasing Pi_and its overlap degree
increases simultaneously; meanwhile, the susceptibility to crystalliza-
tion of Fe,4SigBy4 glassy ribbons rises. It can explain the precipitation
of a-Fe (Si) phase at P, = 10 and 20 W, and the formation of Fe-B
phase at P, = 30 W (Fig. 4). Here, Fe-B phases are marked as
pentagram-shape in Fig. 11c.

The variation of magnetic property of ribbons after PLP can be
expressed as follows combined with the structure transformation. Ac-
cording to two-structure model, iron atoms can exist in the amorphous
alloys in the forms of face-centered-cubic/random-closepacked (fcc/
rcp) and body-centered-cubic (bcc) structural units simultaneously
[29,54]. The fcc structure unit has a denser packing degree and a larger
H¢ than bec structure unit [55]. The characteristic distance é¢ of ribbons
decreases after PLP (Fig. 2), indicating that the transformation from fcc
to bee structure units occurs during PLP. On the basis of the Bethe-
Slater model [56,57], a denser packing degree results in a lower satura-
tion magnetization M, so the M; of fcc structure units is lower than bec
units, This argument can explain the relation between M, and &¢ of the
samples. Moreover, Fe-B phases are hard magnetic phases [58], which
significantly degrade the soft magnetic properties, Therefore, it is un-
derstood that the M; of ribbon with P = 30 W is lower than that of rib-
bon with P, = 20 W.

The change of pitting resistance of ribbons after PLP can be ascribed
to the change of element contents on the surface and the formation of
nano-crystalline phase. Si element plays important role in corrosion re-
sistance of Fe;gSigB 3 alloy and it is closely related to the formation of
passive layer [40]. The total area of Si 2p and O 1s of ribbon after PLP
with P, = 20 W is larger than those of as-quenched ribbon, indicating
that there exist more silicon oxides on the surface. Moreover, the ribbon
after PLP with P, = 20 W has a larger SiO, percentage compared with

the as-quenched ribbon, indicating that its protective film of SiO; is
thicker or denser. Combined with EDS results, it indicates that the
higher Si content on surface can form a continuous stable SiO; passive
layer, leading to an excellent pitting resistance, From this point, the
high pitting resistance of the ribbons after PLP can be understood. More-
over, the formation of Fe;B phase at higher P (shown in Fig. 11) can in-
duce the coarsening of the nanocrystals, weaken the Si tunneled effect
and passive film formation, which results in the lower Ep;, of ribbon
with P, = 30 W compared with the ribbon with P, = 20 W.

5. Conclusions

In this work, the effects of pulsed laser processing (PLP) with differ-
ent laser powers (P,) on the surface morphology, structural transforma-
tion, crystallization kinetics, corrosion resistance and magnetic
properties of Fes5SigB;3 amorphous alloy were systematically studied.

As P, = 10 W, the circular blobs, which were convex in perimeter
and sunk in the middle, distributed regularly on the surface of amor-
phous ribbon. As P = 20 and 30 W, obvious splashes were observed
around the laser blobs. After PLP, some new fresh amorphous structures
were generated at molten zone, which was indicated by SAED patterns.
It showed an apparent decrement of the cluster diameter revealed by
SAXS data. In addition, nano-crystallites in ribbons after PLP were

Table 3
The fraction of decomposed peaks from XPS spectra as well as total area of Si 2p and 0 1s
for as-quenched ribbon and ribbon after pulsed laser processing with Fi_ = 20 W.

Sample  Si2p O1s
5i0,  Si0,  Si Total Si0, Fe Fe,0,  Total
(%) % (%) (%) (OH); (%)
(%)
0 120 593 287 6443 205 433 36.2 145,811
20w 175 522 303 8315 405 19.7 39.8 170,809
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Fig. 10. (a) DSC curves for Fe;sSiaB, 5 glassy ribbons after pulsed laser processing with different power at a heating rate of 10 °C/min and the inserted table lists the value of onset and peak
temperatures; In (f3/1%) versus 1000/T curves for (b) onset temperature for first peak, (c) first peak temperature and (d) second peak remperature for Fe;sSisB, 5 glassy ribbons after pulsed

laser processing with different power. The inserted tables in (b), (c) and (d) list the value of

verified by the TEM, Meanwhile, the transformation from fcc to bee SRO
structure units occurred during PLP, which was suggested by a lower
characteristic distance & from XRD parameters. The pitting resistance,
thermal stability and magnetic properties of Fe;gSisB;3 amorphous rib-
bons were improved after PLP, especially as P increased from 10 to
20 W. However, the properties had a slight decrement as Py increased
from 20 to 30 W, which can be ascribed to the precipitation of Fe;B

Temperature

(@)

activation energy.

phase. Overall, 20 W was an optimal laser power during PLP in this
work.
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