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a b s t r a c t

Pulsed laser was utilized to treat a commercial purity Zr (CP Zr) sheet coated with Cr by brush plating to
achieve Cr alloying on its surface. Microstructural characteristics and hardness of the laser-treated sur-
face were investigated by use of electron channeling contrast imaging, electron backscatter diffraction,
energy dispersive spectrometry techniques and microhardness measurement. Results show that after the
laser surface alloying (LSA) with Cr, five zones with distinctly different microstructural characteristics are
presented from the surface to the matrix: two melted zones (MZs), two solid-state phase transformation
zones (SSPTZs) and the unchanged matrix. The MZ-1 and the MZ-2 are featured by equiaxed and
columnar structures with internal substructures inside them, respectively. The SSPTZ-1 is fully comprised
of martensitic plates transformed from complete b domains while the SSPTZ-2 contains both martensitic
plates and bulk a grains due to cooling from aþb domains. The Cr alloying mainly occurs in the two
melted zones (MZ-1 and MZ-2) while essentially not in the SSPTZs. Compared with the initial micro-
structure, many low angle boundaries appear in untransformed bulk a grains in the SSPTZ-2, which is
related to thermal stresses induced by the laser surface treatment. Hardness measurements show that
the LSA with Cr can effectively increase the surface hardness of the CP Zr, with the maximum value (468
HV) to be ~2.4 times that of the matrix. Such hardening could be mainly attributed to solid-solution
strengthening of Cr in a-Zr and significant grain refinement.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Excellent nuclear properties (especially low neutron absorption)
and good mechanical properties have made Zirconium (Zr) alloys
be extensively used in the nuclear industry for many years [1e4].
Most Zr alloys for the nuclear application are fabricated as pressure
tubes and/or fuel claddings, with high surface properties needed
for reliable work. However, wear- and corrosion-resistance of their
surfaces are generally believed to be relatively limited and need to
be considerably improved. To this end, many surface treatment
techniques have been attempted to optimize the surface properties
hai), yuhailiang@csu.edu.cn
of various Zr alloys (e.g. Refs. [5e11]). Among them, laser surface
treatment (LST) has been recognized to be a feasible and effective
method, with several successful examples already reported.
Amouzouvi et al. [12] treated a Zr-2.5Nb alloy by use of a contin-
uous wave CO2 laser and found that its hardness near surface could
be significantly improved. More recently, Chai et al. [13e16]
employed pulsed laser to treat surfaces of a few typical single-
phase and dual-phase Zr alloys and noted that hardening was al-
ways the most effective in places close to the laser beam center,
where the greatest microstructural refinement were found.

In addition to direct LST processing for bare alloys, it was found
that laser surface alloying (LSA) was able to further improve surface
corrosion- andwear-resistance of Zr alloys. Lee et al. [17] and Zhang
et al. [18] reported that the surface hardness and the resistance to
localized corrosion of Zircaloy-4 were significantly improved after
LSAwith Nb. Note that Cr is often regarded as an important alloying
element of Zr alloys and its proper addition can lead to considerably

mailto:chailinjiang@cqut.edu.cn
mailto:yuhailiang@csu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.01.097&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.01.097
https://doi.org/10.1016/j.jallcom.2019.01.097
https://doi.org/10.1016/j.jallcom.2019.01.097


K. Chen et al. / Journal of Alloys and Compounds 784 (2019) 1106e1112 1107
enhanced corrosion-resistance and mechanical properties [19e21].
To date, however, very few attempts have been made to achieve
surface alloying with Cr for Zr alloys. More specifically, in regards to
LSA with Cr on Zr alloys, no results could be found in public liter-
ature despite its expected effectivity.

Therefore, in this study, a commercial purity zirconium (CP Zr)
sheet was subjected to the LSA with Cr. Microstructural character-
istics induced by the treatment were investigated by combined use
of electron channeling contrast (ECC) imaging, electron backscatter
diffraction (EBSD) techniques and energy dispersive spectroscopy
(EDS). Hardnesses before and after the LSA were measured and
correlated with the revealed microstructural characteristics to
explore related surface modification mechanisms.

2. Experimental

The as-received material was a CP Zr sheet after cold rolling and
recrystallization annealing, with few impurities of 1.15 wt.% Hf,
0.15 wt.% O and <0.1 wt.% Fe þ Cr. Its transus temperatures for a, b
and liquid phase were estimated to be ~800 �C, ~960 �C and
~1850 �C, respectively. A specimen with dimensions of 6, 7.5 and
2 mm along rolling, transverse and normal directions (denoted as
RD, TD and ND, respectively) was cut from the as-received sheet.
After careful cleaning, a thin layer of Cr was coated on the RD-TD
surface of the specimen by brush plating at room temperature.
Subsequently, a pulsed Nd: YAG laser device (HWLW-600A-C-
V5.2.01) was utilized to treat the Cr-coated surface. The laser pro-
cessing was conducted at a scanning speed of 8 mm/s along the TD
with beam power of 200 W, energy density of 25 J/mm, beam
diameter of 1 mm, defocusing amount of þ2 mm, pulse width of
5 ms and pulse frequency of 20 Hz. During the laser processing, the
irradiated zones were protected by a continuous flow of Ar gas to
avoid oxidation.

Microstructures of the RD-ND plane of the LSAed specimenwere
mainly characterized by ECC imaging and EBSD techniques in a field
emission gun scanning electron microscope (Zeiss Sigma HD). The
EBSD system had a NordlysMax2 detector (Oxford Instruments)
with Aztec 2.4 and HKL Channel 5 software packages used for data
acquisition and postprocessing, respectively. EDS was also
employed to detect local compositions of the LSAed specimen. In
addition, hardness measurements were performed on the RD-TD
surface using a Vickers indentation tester (HVS-1000) at a load of
100 g for 10 s. The tester was able to accurately locate position
(coordinate) of each indentation so that the hardness could be well
correlated with specific microstructures. Prior to microstructural
examinations and hardness measurements, the to-be-analyzed
surfaces were first mechanically ground using SiC papers and
then electro-polished in a mixed solution of 10 vol.% perchloric
acid, 20 vol.% butyl cellosolve and 70 vol.% methanol at 20 V
and �30 �C for 40 s.

3. Results and discussion

3.1. The un-LSAed specimen

Fig. 1a (ECC image) reveals that the microstructure of the as-
received CP Zr is composed of typical equiaxed grains with a few
randomly distributed second phase particles (SPPs). Such micro-
structural features have often been observed in rolled and fully
recrystallized Zr alloys [22,23]. Average sizes of the grains and the
SPPs are measured to be about 8.3 mm and 0.5 mm, respectively.
Fig. 1b is an EBSD inverse pole figure (IPF) map with black and gray
lines delineating high angle boundaries (HABs, q> 15�) and low
angle boundaries (LABs, 2�<q< 15�), respectively. According to the
standard triangle (the inset in Fig. 1b), most of the grains in the IPF
map are colored near red, suggesting their c-axes to be close to the
ND of the sheet. A misorientation angle distribution histogram
corresponding to Fig. 1b is presented in Fig. 1c, from which the
majority of grain boundaries are seen to be HABs, confirming full
recrystallization for the as-received material.

A cross-sectional view of CP Zr after brush plating Cr is pre-
sented in Fig. 2a, from which the Cr layer and the matrix can be
clearly distinguished. The result of EDS line scanning along the
arrowed path in Fig. 2a is shown in Fig. 2b. One can see that both
the Zr matrix and the Cr coating are rather pure, with a relatively
sharp compositional boundary between them. This indicates that
no Cr alloying should have occurred for the Zr matrix during the
brush plating. From both the microstructural observation and the
composition measurement, the average thickness of the Cr coating
is determined to be about 22 mm.

3.2. Microstructures of the LSAed specimen revealed by ECC

Fig. 3 presents cross-sectional observations (ECC images) and
the EDS line scanning result of the LSAed specimen. From Fig. 3a (a
low-magnification image), five zones with different microstruc-
tural characteristics can be distinguished, as roughly separated by
dashed lines. There are two melting zones (MZ-1 and MZ-2), two
solid-state phase transformation zones (SSPTZ-1 and SSPTZ-2) and
the CP Zr matrix. The maximum width and depth of the laser-
modified regions are measured to be ~1.5mm and ~0.9mm,
respectively. The width and the depth of the MZ are ~1.0mm and
~0.6mm, respectively. A selected region B in Fig. 3a is magnified in
Fig. 3b, revealing that the MZ-1 is composed of structures with
equiaxed morphology. For the MZ-2, however, a closer observation
reveals columnar structures with their length directions always
towards the beam center. Note that both the equiaxed and the
columnar structures should correspond to morphologies of the
high-temperature b phase that is solidified from the liquid phase.
During further cooling, the b phase in either equiaxed or columnar
morphology would usually be transformed into fine a plates, with
the prior b grain boundaries retained though. As for reasons ac-
counting for the formation of equiaxed structures in the MZ-1 and
columnar structures in the MZ-2, a brief analysis is as follows:
during the solidification from liquid phase (L) to b, b nuclei usually
prefer to grow along the direction with the largest temperature
gradient. Since the laser beam will directly work on the MZ-1,
sufficient heat allows melting to occur in this zone and adjacent
regions with similar temperatures between them [24]. As a result,
only small temperature gradients and limited anisotropic growth of
b nuclei could be expected for the MZ-1, leading to the formation of
the equiaxed b grains. In the MZ-2, the temperature of the melts
near the beam center (MZ-1) is definitely higher than that near the
matrix, producing an evident temperature gradient. Therefore,
during solidification, the b nuclei have the highest growth rate
along the direction with the maximum temperature gradient (to-
wards the beam center) and eventually grow into columnar grains.

Fig. 3c presents a magnified observation for the region C in
Fig. 3a, with parts of both the SSPTZs included. From Fig. 3c, one can
see that the SSPTZ-1 is also comprised of coarse columnar struc-
tures (prior b grains) while the microstructure in the SSPTZ-2 is
much finer than that in the matrix. The EDS line scanning result in
Fig. 3d reveals that there exists a large amount of Cr in both the
MZs, confirming that effective Cr alloying has been achieved by the
pulsed laser surface treatment. Along themeasuring path in Fig. 3d,
the content of Cr is found to be decreased significantly in regions
corresponding to the SSPTZ-1. Furthermore, hardly any Cr can be
detected in the SSPTZ-2. This indicates that the Cr alloying is much
less effective in the SSPTZs than in the MZs, which could be
ascribed to limited diffusion of Cr in the SSPTZs with lower



Fig. 1. Microstructural characteristics of the as-received specimen: (a) ECC image with black arrows indicating SPPs; (b) EBSD IPF map with black and gray lines representing HABs
and LABs, respectively; (c) misorientation angle distribution histogram corresponding to (b).

Fig. 2. (a) Cross-sectional view of the specimen after plating Cr; (b) EDS line scanning result along the arrowed path in (a).

Fig. 3. ECC images of the LSAed specimen at different magnifications: (a) cross-sectional view of the laser-modified regions at low magnification; (b) magnified image corre-
sponding to region B in (a); (c) magnified image corresponding to region C in (a); (d) EDS line scanning result along the arrowed path in (a).
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temperatures.
Fig. 4 presents ECC observations of the LSAed specimen at high

magnification. Fig. 4a is a magnified image corresponding to the
boxed region 4a in Fig. 3b. It can be found that inside the equiaxed
structures in the MZ-1, a large number of fine substructures exist
and they probably correspond to ultra fine a plates. Similar sub-
structures are also found in the columnar structures in the MZ-2
(Fig. 4b). Fig. 4c and d correspond to the boxed regions 4c and 4d
in Fig. 3c, respectively. A number of plates in either parallel or
interlaced morphology can be seen in the SSPTZ-1, with most of
their widths at sub-micron level. They are believed to be the
martensitic structures produced by rapid b/a cooling during the
laser treatment [25]. Amixture of plate structures and bulk grains is
noticed in Fig. 4d, suggesting that the SSPTZ-2 should have been
cooled down from aþb domains, i.e., aþb/a transformation. The
plates are transformed from the high temperature b phase while
the bulk grains correspond to the prior a grains.



Fig. 4. ECC images of the LSAed specimen at high magnification: (a) MZ-1 (the boxed region 4a in Fig. 3b), (b) MZ-2, (c) SSPTZ-1 (the boxed region 4c in Fig. 3c) and (d) SSPTZ-2 (the
boxed region 4d in Fig. 3c); arrows in (a) and (b) indicate boundaries of preexisting b phases.
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3.3. Microstructures of the LSAed specimen revealed by EBSD

Fig. 5a and c presents EBSD band contrast maps of the MZ-1 and
the MZ-2. Although their indexing rates are relatively low due
probably to a rather high density of internal defects in both the
MZs, equiaxed and columnar structures can still be observed,
consistent with the morphological features revealed in Fig. 3.
Fig. 5b and d shows that both the MZs have the same
Fig. 5. (a) and (c) EBSD band contrast maps of MZ-1 and MZ-2, respectively; (b) and (d
respectively.
misorientation angle distribution characteristic, namely, the pres-
ence of three major peaks around 10�, 60� and 90�. For Zr alloys,
according to the Burgers orientation relationship (OR) ({0001}a//
{110}b and <11e20>a//<111>b) [26], there are five possible mis-
orientations (10.5�/<0001>, 60�/<11e20>, 60.8�/~<12e31>, 63.3�/
~<44e83> and 90�/~<12e30>) between any two a orientations
generated by the same b parent. After careful comparisons, the
misorientation characteristics presented in Fig. 5b and d are
) misorientation angle and rotation axis distributions corresponding to (a) and (c),
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confirmed to well coincide with those Burgers misorientations. It is
thus known that relatively sufficient b/a phase transformation
should have occurred in both the MZs.

The EBSD characterization results of both the SSPTZs are shown
in Fig. 6. Fig. 6a is an EBSD band contrast map with dashed lines
roughly distinguishing different zones, most of which are found to
belong to the SSPTZ-2 (after the aþb/a transformation). An IPF
map corresponding to Fig. 6a is presented in Fig. 6b, from which
orientations of the plate structures in both the SSPTZ-1 and the
SSPTZ-2 appear to be rather scattered. This is different from the
case that most grains align their c-axes towards the ND in the
matrix (Fig. 1). According to the Burgers OR [27], six different b
orientations can be produced by one a orientation during heating
and one b orientation is able to give birth to twelve different a
orientations during cooling. In other words, 72 different a orien-
tations can be generated from one initial a orientation after an
a/b/a cycle. Therefore, during the laser surface treatment, a
large number of new a orientations are expected to be produced by
the a/b/a transformation, resulting in the scattered orientations
of the plate structures. Fig. 6c and d are the misorientation angle
and rotation axis distributions corresponding to Fig. 6a, respec-
tively. It can be seen that misorientations of most grain boundaries
in this region belong to the aforementioned Burgers mis-
orientations, similar to the cases of both the MZs revealed in Fig. 5.

In addition, it is noticed from Fig. 6b that although those a grains
in the SSPTZ-2 without phase transformation are still in bulk
morphology, there are always many LABs in their interiors. This is
different from the LABs-free case in the starting microstructure.
One of such grains (as arrowed in Fig. 6b) are extracted and
exemplarily analyzed in Fig. 7. Fig. 7a clearly shows that the grain is
divided into several irregular-shaped subgrains by LABs, Moreover,
Fig. 7b reveals that misorientation angles of these LABs are rela-
tively low and focused on 3e5�, with their rotation axes exclusively
concentrated on <0001>. In consideration of slip behaviors of hcp
a-Zr, such misorientations could only be caused by prismatic slip of
<a> dislocations [22,28]. Since the SSPTZ-2 is cooled from the aþb
domains, thermal stresses associated with the formation of plate
structures (martensites) are able to directly act on the neighboring
bulk a grains. As a result, active dislocation movement and rear-
rangement could occur, eventually leading to the formation of the
LABs in Fig. 7. In a recent study on an LSTed dual-phase Zr-2.5Nb
alloy [13], it was found that such thermal stresses could be absor-
bed by soft b films that surround the untransformed a grains and
thus almost no LABs are produced in their interiors, different from
the case here.
Fig. 6. (a) EBSD band contrast map corresponding to SSPTZ and matrix, respectively; (b) IP
distribution corresponding to (a). The color code in (b) is the same as that in Fig. 1b. (For int
Web version of this article.)
3.4. Hardness variation

The hardness variation after the LSA with Cr is presented in
Fig. 8. The surface hardness of the specimen is found to be relatively
uniform for locations far from the laser beam center, which corre-
sponds to the matrix with an average value of 195 HV. For locations
near the beam center, however, significant hardness increase can be
noticed, with the highest value of 468 HV which is ~140% higher
than that of the matrix. This manifests that the CP Zr surface is able
to be remarkably hardened by the LSA with Cr. Fig. 8 also shows
that the width of hardened zones is ~1.0mm which well agrees
with that of the MZs as revealed in Fig. 3, suggesting their corre-
spondence. Based on the above microstructural characterization
made for the laser-modified zones, reasons for the hardness in-
crease can be tentatively analyzed as follows.

Firstly, as verified in Fig. 3d, a considerable amount of Cr is
introduced by the LSA treatment into the CP Zr, which may bring
effective solid-solution strengthening/hardening. According to the
ZreCr binary diagram [29], the maximum solubility of Cr in a-Zr is
less than 0.5 at.%. However, EDS analyses show that the Cr content
in the MZs of the LSAed specimen could be ~4.0 at.%, much higher
than its solubility. As the cooling rates induced by the pulsed laser
are rather high, diffusion behaviors of alloying elements tend to be
suppressed during the phase transformation. As a result, the
enriched Cr should mainly exist in the a-Zr as supersaturated ele-
ments. Yang et al. [30] reported that an increment of ~18.1MPa in
yield strength would be aroused by per 0.1 at.% Cr solid solution in
a-Zr. Then, the total increment of yield strength caused by the Cr
alloying in the present case would at most be ~724.0MPa,
approximately corresponding to a hardness increase of ~219.4 HV
using the empirical equation of syz 3.3 HV [23]. Secondly, the
L/b/a transformation during the LST transforms the prior
equiaxed grains into finemartensitic plates, which allow significant
strengthening/hardening due to grain refinement to be expected.
Although sizes of the transformed plates in the MZs are extremely
small and hard to be measured accurately, they could be roughly
estimated referring to the plate widths in the SSPTZs (~0.2 mm on
average). Since Cr is a typical b-Zr stabilizer and can lower the
starting temperature of martensitic transformation (Ms), more
addition of Cr would produce finer martensitic plates during the
b/a transformation [19]. Clearly, the Cr content in the MZs is
higher than that in the SSPTZs, suggesting a-plate widths in the Cr-
enriched zones to be< 0.2 mm. Such a value is greatly smaller than
the average grain size of equiaxed grains (~8.3 mm) in the matrix
and thus significant Hall-Petch hardening can be produced.
F map corresponding to (a); (c) misorientation angle distribution and (d) rotation axis
erpretation of the references to color in this figure legend, the reader is referred to the



Fig. 7. (a) An extracted grain from the SSPTZ-2 in Fig. 6b (as indicated by the arrow); (b) misorientation angle and rotation axis distributions corresponding to (a).

Fig. 8. Hardness variation across the laser-treated zones on the RD-TD surface; the
horizontal coordinate indicates distances from the exact center of the laser beam. True
morphologies and locations of the hardness indentations are also revealed in the inset
micrograph with dashed lines roughly indicating interfaces between the matrix and
the laser-modified zones.
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Earlier work on an LSTed CP Zr without Cr alloying showed that
hardness of laser-modified zones was ~80% higher than that of the
matrix [14,31]. Besides, for a dual-phase Zr-2.5Nb, its surface
hardness could be increased by ~70e90% after the LST without Cr
alloying [13,32]. Comparatively, the LSA with Cr treatment in the
present work could lead to much more effective surface hardening
with the hardness increase of ~140%.

4. Conclusions

(1) After the LSA with Cr, four laser-modified zones with
different microstructural characteristics are observed from
the surface to the matrix: MZ-1, MZ-2, SSPTZ-1 and SSPTZ-2.
The MZ-1 and the MZ-2 are featured by equiaxed and
columnar structures with internal substructures, respec-
tively. The SSPTZ-1 is fully comprised of martensitic plates
transformed from complete b domains while the SSPTZ-2
contains both martensitic plates and bulk a grains due to
cooling from aþb domains.

(2) The Cr alloying mainly occurs in the twomelted zones (MZ-1
and MZ-2) while essentially not in the SSPTZs with only
solid-state phase transformation.
(3) Compared with conventional laser surface treatments, the
LSAwith Cr is able to more effectively harden the surfaces of
CP Zr and the maximum hardness is ~2.4 times that of the
matrix, which could be mainly attributed to solid-solution
strengthening of Cr in a-Zr and significant grain refinement.
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