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Abstract Pulsed laser spot welding was developed for the
fabrication of Zircaloy spacer grid assembly in pressurized
light water reactors. The effects of laser welding parameters
on the size of the weld beads were discussed. The influence of
oxygen and hydrogen uptakes during the welding process on
the corrosion resistance was investigated after the corrosion
tests. The results indicate that the optimum weld bead size
could be obtained by adjusting the pulsed laser parameters,
including laser peak power, number of shots, and pulse width.
Pulse width should be taken into consideration to control the
weld width. When the moisture and oxygen contents were
maintained at a low level, i.e., 200 parts per million (ppm) and
30 ppm, respectively, the oxide thickness of specimens
corroded for 120 h was about 0.7 pum compared to
about 1.5 pm at high moisture and oxygen contents
(1,000 and 280 ppm). The combination of the oxidation
and hydriding induced cracking was responsible for the
crack of the specimens welded under high moisture and
oxygen contents, thereby decreasing the corrosion resis-
tance of the welding specimens.

Keywords Spacer grid assembly - Pulsed laser spot welding -
Weld bead size - Moisture and oxygen contents - Corrosion
resistance

1 Introduction
The Zircaloy spacer grid assembly is one of the major struc-

tural components in pressurized light water reactors to support
and maintain the fuel rods laterally and vertically [1-4]. The
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control of the weld bead size is of vital importance, since the
spacer grid assembly is fabricated by welding the intersected
straps at the intersection points. From the structural point of
view, the weld beads of spacer grid assembly are required to
be immune to wear the fuel rods. Besides, flow channels are
provided by the spacer grid assembly between the fuel rods,
which assist the heat radiation from the fuel pellets to the
coolant in the reactor [5]. The size of weld beads should be
small enough to decrease the pressure drop level of the
coolant.

The corrosion is one of the main factors in the degra-
dation of the spacer grid assembly during service, since
the operating condition of the spacer grid assembly is high
temperature and high pressure. The reaction between the
Zircaloy and the coolant in the reactor leads to the oxida-
tion and the hydrogen uptake. It was observed from the
reports that the authors are concentrating on the corrosion
mechanism of Zircaloy [6—11]; therefore, many questions
concerning the corrosion of Zircaloy welded specimens
still remain open. At elevated temperature, zirconium and
its alloy have a high absorption of oxygen and hydrogen
in the atmosphere because of the chemistry activity. Dur-
ing the welding process, the oxygen and hydrogen uptakes
would take place in the weld bead if the moisture and
oxygen contents in the chamber exceed the limits. Conse-
quently, the corrosion resistance of the weld bead is
closely related to the oxygen and hydrogen uptakes men-
tioned above.

In this paper, the formation of the weld bead from the
intersection point was examined. The effects of laser welding
parameters on the weld beads size of spacer grid assembly
were discussed. The welding of the intersection points were
performed in the chamber of different moisture and oxygen
contents. The influence of oxygen and hydrogen uptakes
on the corrosion resistance was studied after the corrosion
tests in the autoclave.
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Table 1 The chemical
composition of Zircaloy Nb Sn  Fe Zr
straps (in mass fraction %)

Zircaloy 1.0 1.0 0.1 Bal.

2 Experimental procedure
2.1 Alloy materials

In the present work, 0.457-mm-thick Zircaloy (Zr-Nb-Sn-Fe)
grid straps were used. The chemical composition of this
material is presented in Table 1. The straps were thinned to
0.457 mm by a series of hot and cold rolling during the
manufacturing process. In accordance with the assembly re-
quirements, the straps with grooves and protruding intersec-
tions were fabricated, as shown in Fig. 1. Before pulsed laser
spot welding process, the straps were cleaned using acetone
for about 30 min by ultrasonic wave cleaner.

Fig. 1 Schematic diagram of the
spacer grid assembly
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2.2 Spacer gird assembly

A spacer grid assembly is an interconnected array of grid
straps fabricated by welding the straps at intersection points,
as shown in Fig. 1. For pressurized light water reactor, Inconel
and Zircaloy spacer grid assemblies are prevailing in fuel
assembly. The former is made of Inconel straps because of
its high corrosion resistance and strength. And, the Inconel
spacer grid assembly could be fabricated by brazing. The latter
is made of Zircaloy straps for its low thermal neutron absorp-
tion cross section, high strength, and good corrosion resis-
tance even at elevated temperature. The Zircaloy spacer grid
assembly could be welded by tungsten inert gas (TIG)
welding, laser beam welding (LBW), and electron beam
welding (EBW). Currently, LBW is the main method for the
manufacturing of Zircaloy spacer grid assembly in the interest
of small weld beads and larger penetration depth [2]. Com-
pared with continuous wave mode lasers, pulsed lasers trans-
fer a minimum amount of energy to workpieces with high

Weld bead
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Fig. 2 Schematic diagram of pulsed laser

precision [12—16], which is particularly suited to the welding
of intersection points of spacer grid assembly.

2.3 Pulsed laser spot welding

A set of fully automatic equipment has been developed for the
welding of spacer grid assembly which integrates the laser
unit, control system, and double chambers. A pulsed Nd:YAG
laser (TRUMPF TruPulse 556) with a maximum peak power
of 10 kW was used. The pulsed Nd:YAG laser with wave-
length of 1,064 nm was delivered to processing head through
an optical fiber of 600-pum diameter. The diameter of the beam
spot was 0.9 mm. The laser beam was irradiated through the
quartz glass on the top of the chamber. The pulsed laser spot
welding process was conducted in a chamber which was
equipped with positioner for the all position welding. Coaxial
charge-coupled device (CCD) was used for points centering
and real-time monitoring during the welding process. The
moisture and oxygen contents in the chamber were monitored
using corresponding analyzers. Pure argon (99.999 %) with a
continuous flow rate of 60 L/min was provided to the chamber
after its vacuum degree was below 40 mbar to control the
moisture and oxygen contents and improve the heat radiation
in the chamber. Numerical control system was adopted to
facilitate automatization during the manufacture of the spacer
grid assembly. A high-speed video (CamRecord 5000-2) with
the frame rate of 5,000 frames per second and semiconductor

Table 2 Specifications of pulsed Nd:YAG laser

Welding parameters Value

Laser peak power P, (W) 2,600-3,100
Pulse width # (ms) 8-10
Number of shots n 4-7

Laser pulse frequency /' (Hz) 17

t+44ms t+103ms

t+221ms t+280ms t+339ms

Fig. 3 The formation of the weld bead

laser source (Cavilux HF) were positioned to monitor the
forming process of weld beads.

In order to obtain a minimum amount of energy to the
intersection points with high precision, pulsed laser in rectan-
gular mode was conducted, as shown in Fig. 2. The pulsed
laser parameters including laser peak power, pulse width, and
number of shots are shown in the schematic diagram. Table 2
shows the specifications of a pulsed Nd: YAG laser used in this
study, and the laser pulse frequency was kept constant at
17 Hz during the whole process.

2.4 Corrosion tests

The corrosion samples were cut from the space grid assembly
at the midpoint of two adjacent intersection joints, as illustrat-
ed in Fig. 1. Before the corrosion tests, the samples were
cleaned using acetone for about 30 min by ultrasonic wave
cleaner. Corrosion tests were performed in 400 °C steam
under the pressure of 10.3 MPa. The tests were operated in a
standard consistent with the ASTM practice for Aqueous
Corrosion Testing of Samples of Zirconium and Zirconium
Alloys (G2-88). The samples were corrosion-tested in auto-
clave for 120 h. The corrosion behavior was evaluated by
examining the amount of hydrides and measuring the oxide
thickness as a function of exposure time after the corrosion
tests.

3.3mm

3.3mm

0.5mm

1.5mm

Fig. 4 The limits of weld bead size
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Fig. 5 Weld bead size as a
function of laser peak power. a
Protrusion or dimple and b weld
width and penetration depth
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2.5 Sample preparation

The standard metallographic preparation procedures were uti-
lized to examine the macrography of weld beads, and the
morphology and distribution of hydrides. Cross-sectional
specimens were grinded, polished, and etched in a solution
of 5 vol% HF+45 vol% HNO;+50 vol% H,O for about
3 min, and then rinsed in cold tap water and alcohol. The
VHX-1000 metallurgical optical microscopy was employed
for the microstructure examination. The weld beads were
measured by the measure tool of the metallurgical microscopy
with an accuracy of 0.1 pm. After the corrosion tests, the cross
sections of the oxides were observed by using S-3400 N
scanning electron microscopy.

3 Results and discussion
3.1 Weld bead formation

Figure 3 illustrates the formation of the weld bead during
the pulsed laser spot welding process. The weld bead was
preformed after the first three laser pulses were irradiated
the intersection point one by one. The protruding intersec-
tion melted at the initial stage of the pulsed laser welding
process, thereby producing sufficient molten metal. The
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molten metal maintained by the laser-induced energy
flowed along the intersection line under the gravity and
surface tension, and then produced the intersection joint of
the straps.

The function of the spacer grid assembly is to main-
tain and support the fuel rods in the reactor. The spacer
grid assembly with unqualified weld bead size gives rise
to the wear of fuel rods and a large pressure drop of the
coolant. Figure 4 indicates that the weld width of the
weld beads should be no more than 3.3 mm. Moreover,
the protrusion or dimple of the weld beads should be
between the convex and depress limits, i.e., 0.5 and
1.5 mm, respectively.

Generally, it is known from the literature that if the
value of the power density is more than 10® W/cm?, the
laser welding could be characterized as keyhole welding
[17]. In this experiment, the power density values which
could be calculated as per the following equation were
varying from 4.08x 10> to 4.87x10°> W/cm?®. Consequently,
it could be expected that the mode of pulsed laser spot
welding would be conduction phenomena rather than key-
hole phenomena.

Power density = Laser peak power (Pp) /Beam spot area

The weld bead sizes were determined by the energy
transferred to the intersection points. In this experiment,

Fig. 6 Weld beads size as a
function of number of shots. a
Protrusion or dimple and b weld
width and penetration depth
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Fig. 8 Optical macrographs of
weld bead. a As-welded and b
corroded

the energy obtained by the intersection points was related
to the parameters, including laser peak power, pulse width,
and number of shots when the laser pulse frequency
remained unchanged:

Energy per pulse = Laser peak power (P,,) x Pulse width(z)

Total energy = Energy per pulse x Number of shots(n)

Obviously, the weld beads size including weld penetration
depth and weld width increased as the welding parameters
increase.

Figure 5a, b shows that laser peak power ranging from
2,800 to 3,100 W was sufficient to produce the weld beads
with required protrusion and weld width, with the pulse width
and number of shots kept as constant, i.e., 9 ms and 4,
respectively. As for the number of shots, the optimum
parameter was ranging from 5 to 7 to meet the weld bead
size standard, as shown in Fig. 6a, b. Figure 7a, b illus-
trates that the weld beads with protrusion below 0.5 mm
could be obtained when pulse width was more than 9 ms;
however, the weld beads with excess weld width made the
spacer grid assembly unqualified. From the ensemble ob-
servations, the qualified weld beads could be derived by
decreasing the pulse width and increasing the laser peak
power or number of shots properly.

Pulse width(ms)

3.2 Corrosion behavior of weld beads

Figure 8 illustrates the appearances of intersected weld bead
before and after the corrosion tests. Compared with the sample
in the as-welded condition (Fig. 8a), black oxides were ob-
served on the sample after the corrosion tests, as shown in
Fig. 8b. Hydrogen and oxygen uptakes occurred during the
corrosion tests of the weld beads. Consequently, the zirconium
was present as ZrO, on the surface of the samples. The
hydrogen was present as zirconium hydrides in the interior
of the weld beads. During the corrosion tests process, the H"
ions was ionized from the corrosion medium. Hydrogen atoms
were formed as the electrons on the surface of the oxides were
captured by the H" ions. Some of the hydrogen atoms diffused
into the metal through the oxide/metal interface. Moreover,
the second-phase particles embedded in the metal matrix and
exposed at the metal/oxide interface could act as a preferred
path for hydrogen uptake [18]. Generally, it was found in the
literature that the limited solid solubility of hydrogen in

Table 3 The moisture

and oxygen contents of Moisture Oxygen
the chamber (parts per
million ppm) #1 1,000 280

#2 200 30
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Fig. 9 Optical micrographs of
hydrides after corrosion tests
a#l and b #2

zirconium alloys was low at the temperatures of 400 and
25 °C, i.e., 200 and 1 pg/g [19]. The hydride precipitation
occurred when the hydrogen contents exceeded the limited
solid solubility.

During the pulsed laser spot welding process, the moisture
and oxygen contents of the chamber exerted significant influ-
ence on the corrosion resistance of the weld beads. In this
experiment, two kinds of welding conditions, as shown in
Table 3, were provided to discuss the effects of moisture and
oxygen contents on the corrosion resistance.

Fig. 10 Electron micrographs of
the oxides formed on the
specimen welded under condition
#1. a Low magnification and b
high magnification

Fig. 11 Electron micrographs of
the oxides formed on the
specimen welded under condition
#2. a Low magnification and b
high magnification
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Figure 9 shows the microstructure of the weld beads among
which the black elongated hydrides were distributed. The
amount of the hydrides in specimens welded under condition
#1 was noticeably larger than that under condition #2. During
the pulsed laser spot welding process, the big thermal gradient
was generated along the radical direction of the points when
the laser acted on the intersection points perpendicularly.
When the welding was performed under condition #1, the
hydrogen ingress was higher during the melting and cooling
processes of the intersection points than that under condition
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#2. Thereby, after the corrosion tests, the hydride precipitation
in the samples increased with the increasing moisture and
oxygen contents in the chamber during the welding process.
Accompanied with the hydrogen uptake, the oxides were
formed on the surface of the weld beads. The areas indicated by
the dotted lines were the oxides, as shown in Figs. 10 and 11,
respectively. It could be observed that the thickness of oxide
film formed on the specimens welded under condition #1 was
noticeably higher than that under condition #2, i.e., about 1.5
and 0.7 um, respectively. Moreover, the cracks basically initi-
ated from the oxide/metal interface and then propagated into the
metal perpendicularly were observed in specimens welded

under condition #1 after the corrosion tests, as shown in Fig. 10.

The different corrosion resistance of the intersected weld
beads were ascribed to the stress at the oxide/metal interface.
The formation of ZrO, film on the weld beads was accompa-
nied with the volume dilatation, thereby resulting in a constraint
in the surrounding of the yet-to-be-oxidized metal. In addition,
the high Pilling-Bedworth ratio (about 1.56 [20]) of ZrO,/Zr
led to the buildup of macroscopic compressive stress in the
oxide film during the corrosion process. Since the pre-oxides
formed due to the high moisture and oxygen contents during
the welding process, the compressive stress of oxide film was
very intense. It was well known that the oxidation of weld
beads takes place at the oxide/metal interface. The oxide film
was subjected to a stress gradient rising from the outer surface
to the oxide/metal interface which gave rise to the tensile stress
in the metal. The microstructural defects (e.g., vacancies and
dislocations) produced by the existence of the stress gave rise to
the trapping effect for hydrogen diffusion [21]. The diffusion of
hydrides exerted a closely influence on the overall hydride
precipitation rate [22]. Besides, the microstructural defects
provided the preferred nucleation sites for hydrides [23]. The
gathered microstructural defects prompted the generation of
micro-cracks in the metal under the stress. The hydride precip-
itation induced by the tensile stress field in the metal occurred at
the micro-crack tips. The enrichment of the brittle hydrides
resulted in the propagation of the cracks. Consequently, the
oxidation of the yet-to-be-oxided metal was aggravated as a
result of the increasing contact area of the corrosion medium
and metal. This will in return induce the stress in the metal.
From the ensemble observations, the combination of the oxi-
dation and hydriding induced cracking was responsible for the
crack of the specimens welded in the chamber with high
moisture and oxygen contents after the corrosion tests.

4 Conclusions

(1) Pulsed laser spot welding has been employed in welding
of the intersection points of spacer grid assembly. The
optimum weld bead size could be obtained by adjusting

the pulsed laser parameters, including laser peak power,
number of shots, and pulse width. Pulse width should be
taken into consideration to control the weld width.

(2) The moisture and oxygen contents of the chamber during
the pulsed laser spot welding process exerted significant
influence on the corrosion resistance of the weld beads.
When the moisture and oxygen contents were main-
tained at a low level, i.e., 200 and 30 ppm, respectively,
the oxide thickness of specimens corroded for 120 h was
about 0.7 um compared to 1.5 pwm of high moisture and
oxygen contents (1,000 and 280 ppm).

(3) The combination of the oxidation and hydriding induced
cracking is responsible for the crack of the specimens
welded under high moisture and oxygen contents, there-
by decreasing the corrosion resistance of the welding
specimens.
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