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ABSTRACT

This study focuses on TIG (Tungsten Inert Gas) welding of Zircaloy-4, used in fuel rod assemblies for CANDU (Canada Deuterium
Uranium) reactors, to analyze the effect of welding parameters on the microstructural and mechanical quality of end-plug-to-cladding joints.
Despite the extensive use of TIG welding for Zircaloy-4, understanding the induced metallurgical phenomena that affect mechanical
properties remains a major challenge. This study aims at systematic characterization of welding parameter effects on microstructure and
properties of plug-cladding joints, identifying metallurgical zones and correlating operating conditions with final performance. Welds were
produced under various conditions of current intensity and rotation speed and examined using optical microscopy, Scanning Electron
Microscopy (SEM), X-ray Diffraction (XRD), Vickers microhardness, and hydraulic burst tests. The analysis revealed three distinct zones:
fusion zone (FZ), heat-affected zone (HAZ), and base metal (BM) with typical Widmanstéatten structures. A clear correlation was found
between heat input, hardness, and mechanical strength. Hydraulic burst tests confirmed the high performance of optimized welds, showing
failure stresses of approximately 425 + 10 MPa.

Keywords: TIG welding, Zircaloy-4, Fuel rod assemblies, CANDU, Fusion zone, Heat-affected zone, Widmanstétten
structures, Burst test.
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1. Introduction

The nuclear industry relies on a fundamental principle: the absolute integrity of fuel assemblies. This requirement
becomes particularly critical for CANDU reactors, which use pressurized heavy water as moderator and coolant [1]. These
reactors utilize fuel elements consisting of tubular rods manufactured from zirconium alloys, exceptional materials selected
for their remarkable neutronic properties. Zirconium alloys, including Zircaloy-4, are well known for their remarkable
combination of properties : a very low neutron capture cross-section (around 0.18 barn) [2], excellent corrosion resistance
in high-temperature aqueous environments, and outstanding mechanical strength under the severe stresses of the reactor
core. [2]. These properties make it the material of choice for the most demanding nuclear applications. The design of
CANDU fuel elements is based on a meticulous assembly of Zircaloy-4 tubular cladding, hermetically sealed by end plugs.
This tight closure represents far more than a simple mechanical assembly: it constitutes the primary containment barrier,
the ultimate guardian against any dispersion of radioactive material into the reactor environment. TIG welding is the
process of choice for producing these critical assemblies. This method is distinguished by its unique ability to generate
high-quality joints, characterized by their exemplary reproducibility and controlled heat input [3]. This latter property
proves essential for preserving the metallurgical integrity of zirconium, a material particularly sensitive to thermal
transformations.

Echol's research on post-weld heat treatments revealed that treatments at 800°C for 1 hour successfully restore ductility
in TIG-welded joints, increasing total elongation from 12.4% to 16.5%, while prolonged exposure beyond 18 hours induces
detrimental blocky o formation in the HAZ zone [4]. Furthermore, Loucif's investigation of  quenched Zircaloy-4 aging
characterized five distinct microstructural transformation stages between 100°C and 750°C, including Fe and Cr
precipitation and recrystallization processes, defining essential time-temperature relationships that govern phase stability
and mechanical response. These investigations emphasize the sensitivity of Zircaloy-4 microstructure to thermal history
and highlight the importance of controlled thermal processing to ensure weld quality and service performance. [5].

Despite its extensive use, fine understanding of the metallurgical phenomena induced by TIG welding of Zircaloy-4
remains a major scientific challenge. Complex thermal cycles, o« phase transformations, and resulting microstructural
evolutions directly influence the mechanical properties [6] and durability of assemblies. This study aims to improve
understanding of the process by systematically characterizing the effect of welding parameters on the microstructure and
mechanical properties of plug-cladding joints. Particular attention is paid to identifying different metallurgical zones,
characterizing formed structures, and establishing correlations between operating conditions and final performance.

2.  Materials and Methods
2.1. Material

The Zircaloy-4 used in this study was in the form of rods of 14 mm diameter for the end plugs and tubes with outer
diameter of 13.4 + 0.3 mm and inner diameter of 12.3 mm for the cladding. The chemical composition was verified by X-
ray fluorescence spectrometry and compared to the requirements of ASTM B353 standard Grade R60804 [7]. The analysis
results reveal an overall compliant composition with the main alloying elements: Sn 1.54%, Fe 0.142%, Cr 0.231%, and Zr
97.79%. Two notable anomalies were identified: a chromium content slightly above the specified maximum limit of 0.13%,
and the unexpected presence of vanadium at approximately 0.228%. These deviations could be explained by local material
heterogeneity or by the precision limitations of the XRF method employed.

The 50 cm long cladding tubes were cut into 5 to 10 cm segments using a precision cut-off machine. The end plugs were
machined from 14 mm diameter rods. Meticulous cleaning with acetone was performed on all components to remove
grease residues and other impurities that could affect weld quality.
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2.2. TIG Welding Process

Welding was performed on automatic equipment specifically designed for end-plug-to-cladding assemblies, as shown in
Figure 1. The system includes a welding chamber under controlled atmosphere, a vacuum-gas system for evacuation to
0.04 mbar and argon injection, a rotation motor to rotate the sample, and a current source for TIG welding. The electrode
used is 2% thoriated tungsten with a diameter of 2.4 mm, with an arc length maintained at approximately 1 mm. Six series
of welds were produced with variable parameters listed in Table 1 to evaluate the influence of current intensity of 20 A and
30 A and rotation speed between 4.04 and 5.65 mm/s on the final quality of the assemblies.

Fig 1. Automatic TIG welding system showing the welding chamber, rotation motor, and controlled atmosphere setup.

Table 1. Applied welding parameters

Rotation speed

N° Intensity (A) Time (s) (mms)
01 25 10 4,04
02 30 7 5,65
03 30 8,5 5,05
04 30 7,5 5,25
05 25 8 5,05
06 20 7 5,65

2.3 Microstructural Characterization

Axial sections were cut from the welded samples and cold-mounted in epoxy resin. Mechanical polishing was carried out
using abrasive papers of decreasing grit size (180 to 4000), followed by fine polishing with 3 pm and 1 pm diamond pastes.
Chemical etching was performed with a solution of 3% HF, 47% HNO3, and 50% distilled water to reveal the
microstructure. For macrographic examination, two etchants were used: 40% HF and aqua regia (1 part distilled water, 1
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part HNO3 at 69%, and 2 parts HCI at 37%). Etching was applied for 2 minutes to highlight the different zones of the weld
bead.

Microstructural observations were performed using a Carl Zeiss Axio Tech 100 optical microscope and a ZEISS Gemini
SEM 300 scanning electron microscope equipped with an EDS microanalysis system for local elemental composition
identification.

XRD analysis was carried out using a PHILIPS X’PERT PRO MPD diffractometer with CuKa radiation (A = 1.540598
A) at 30 kV and 40 mA. Diffraction spectra were recorded in the 20 range of 20°-100°, with a step size of 0.02° and an
acquisition time of 350 s per step.

2.4 Mechanical Characterization

Microhardness measurements were performed using a Vickers MHT-10 Paar Physica microhardness tester across all
weld zones (BM, HAZ, and FZ). A load of 100 gf was applied for 15 seconds, with indents spaced 200 um apart along the
transverse section. Burst test specimens of 150 mm in length were prepared with flared ends. The internal water pressure
was gradually increased at a rate of 140 + 15 bar/min until failure.

The burst stress was calculated using the formula:

_ PxD
2t

(1

(o3

Where P is the burst pressure, D; the inner diameter, and t the wall thickness. The circumferential strain was determined
by measuring the diameter before and after testing.

3. Results and Discussion

3.1 Visual Inspection and Weld Quality

Visual inspection of the six weld series revealed several typical defects associated with inappropriate selection of
welding parameters. Table 2 presents the different defects observed corresponding to the parameter settings defined in
Table 1.
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Table 2. Visual defects identified in the six weld series

Weld Defects

Observations

No. 1

No. 6

The weld bead does not uniformly cover the entire circumference
of the joint. This defect results from insufficient welding current,
which prevents full fusion of the base metal.

The use of a high current combined with a high travel speed
produced a circular crater at the end of the weld bead. This defect
is typical of excessively rapid cooling.

Regular, homogeneous, and defect-free weld beads were
observed, representing the optimal parameters for this type of
assembly.

Excessive reinforcement due to the combination of a 30 A current
and a travel speed of 5.25 mm/s resulted in an excessive buildup
of molten metal.

Poor weld caused by the condition of the cladding end plug
interface (manufacturing defect in the tube and plug).

3.2 Macrographic Characterization

Figure 2 presents the macrographic examination of the cross-sections, clearly revealing three distinct characteristic zones.
The FZ represents the central region where the metal has completely melted and subsequently solidified, with its width and
depth varying directly with the heat input according to [8] :

I <U

Q=

Where Q is the heat input, | is the welding current,

@

U is the arc voltage, and V is the welding speed.

The HAZ is the peripheral region where the base metal has undergone metallurgical transformations without complete
melting, and its extent strongly depends on thermal diffusion and welding parameters. The BM is the unaffected area that

retains the original microstructure of the material.
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Fig 2. Macrographic examination of TIG welds on Zircaloy-4

Figure 2a presents a comparison of two samples with different parameters, clearly showing the influence of heat input.
An increase in current intensity at constant travel speed results in a proportional increase in power input, leading to a wider
and deeper fusion zone and a larger HAZ. This observation confirms the fundamental relationship: the higher the heat
input, the greater the extent of the affected zones.

3.3 Microstructural Analysis

Microscopic observation reveals a marked difference between the microstructure of the base metal of cladding and that of
the end plug:

- Cladding: Exhibits very fine grains highly elongated in a single direction, resulting from the rolling process. This
controlled plastic deformation generates a characteristic fibrous structure with grains preferentially oriented
along the rolling axis.

- End plug: Shows larger grains with equiaxed morphology, typical of material obtained by machining without
significant plastic deformation. The absence of work hardening explains the larger grain size.

Figure 3 presents the difference in grain size, which directly translates into microhardness variation in accordance with
the Hall - Petch law [9]:

@3

o, =0 +

Kk
~d

(o3

Where oc is the yield stress, c0 is the friction stress representing the intrinsic resistance of the crystal lattice, k is the
Hall-Petch slope, and d is the average grain diameter

The cladding, with its fine grains, exhibits a higher hardness of 233 HV compared to the end plug at 174 HV.
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Fig 3. Microstructure of the base metal of the plug and the cladding

Figure 4 presents SEM analysis coupled with EDS, revealing the presence of intermetallic precipitates of the Zr(Fe,Cr),
type, known as Laves phases [2,10]. These particles, with a hexagonal structure, appear as bright spots dispersed within the
a-Zr matrix. Spot EDS analysis on these precipitates indicates locally elevated iron and chromium contents, confirming
their chemical nature.

Fig 4. SEM micrography of the base metal and EDS analysis of an intermetallic compound

Figure 5 presents the HAZ, which exhibits a gradually modified microstructure depending on the maximum temperature
reached during welding. Several sub-zones can be distinguished:
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Figure 5. Cross-sectional micrograph of a Zircaloy-4 cladding-plug assembly welded by TIG

- Sub-critical zone (450-810°C) [11]: No complete phase transformation. Slight recrystallization of cladding
grains (partial refinement) and initial grain coarsening of the end plug are observed. This zone exhibits
intermediate microhardness of approximately 206 HV.

- Intercritical zone (810-980°C): Partial a— transformation followed by return to o during cooling. This zone is
characterized by the appearance of Widmanstétten structures [8,12], consisting of fine lamellae of a phase
organized according to preferential crystallographic orientations. The formation of these structures results from
diffusion-controlled phase transformation during relatively slow cooling. Microhardness progressively increases
to reach 230-250 HV.

- Overheating zone : Grains become very large due to exposure to high temperatures close to the fusion zone.
Depending on cooling rate and presence of pinning particles, either a basket weave structure or parallel lamellae
are observed [14]. This zone exhibits the highest hardness values (271-290 HV) due to the fine lamellar structure
formed.

The FZ represents the weld core where the metal completely melted and then solidified. Microscopic observation reveals:

- Solidification structure: Very elongated columnar grains oriented perpendicular to the fusion interface, growing
in the direction of maximum thermal gradient. This morphology is typical of directional solidification [13].

- Widmanstitten structures: Marked presence of o lamellae organized according to specific crystallographic
orientations within former P grains. These structures result from P—a transformation during post-welding
cooling.

- Maximum microhardness: The fusion zone exhibits the highest microhardness values of the entire assembly
(>300 HV locally, average 271-290 HV). This high hardness is explained by several factors: (1) complete
a—B—a phase transformation, (2) formation of fine lamellar structure, (3) presence of residual stresses, and (4)
local microstructure refinement.

The Widmanstatten structures observed in the HAZ and FZ deserve particular attention. These characteristic formations
develop during B—a transformation and consist of platelets or lamellae of a phase precipitating according to preferential
crystallographic planes of the parent B phase. Their formation obeys the Burgers orientation relationships : {0001} o //
{110}p and <1120>a // <111>B. The fineness of these lamellae depends essentially on cooling rate: rapid cooling generates
fine lamellae (increasing hardness), while slow cooling produces coarse lamellae. Figure 6 presents relatively fine
structures, indicating moderate to rapid cooling rates. These structures significantly influence mechanical properties: they
increase strength and hardness but can also reduce ductility and promote crack propagation along certain crystallographic
orientations [14,15].
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Fig 6. SEM observation at 3000x of the HAZ and Widmanstatten Structures

3.4 X-Ray Diffraction Analysis

Figure 7 presents the diffractogram obtained on the welded Zircaloy-4 alloy, which reveals:

- Dominant a-Zr phase: High-intensity peaks located at 26°, 35° and 37° correspond to the characteristic
crystallographic planes of the hexagonal a-Zr phase [2,12]. The high intensity of these reflections confirms that
this phase constitutes the major structural component of the sample, both in the base metal and in the welded
zones after complete cooling.

- Intermetallic precipitates Zr(Fe,Cr),: Several low-intensity peaks appear at 26°, 38°, 50°, 70°, and 80°,
attributable to the Laves-type intermetallic phase Zr(Fe,Cr), . The low intensity of these reflections indicates a
minor volume fraction, estimated between 1 and 3%. These precipitates play an important role in improving
corrosion resistance and controlling grain size [2,6].

- Absence of residual B phase: No peak corresponding to the P phase (body-centered cubic) is detected,
confirming complete f—a transformation during post-welding cooling. The o« f transformation temperature for
Zircaloy-4 is around 810-863°C depending on local composition and heating/cooling rate [2].
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Fig 7. X-ray diffraction pattern of Zircaloy-4 alloy
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Quantitative analysis of peak widths suggests a heterogeneous distribution of residual micro-strains, which are more
significant in the fusion zone and HAZ than in the base metal [4,16]. These strains result from thermal gradients during
welding and differences in thermal expansion coefficient between phases.

3.5 Microhardness Profile

Figure 8 presents the transverse microhardness profile, revealing a characteristic evolution across the different weld zones
and allowing quantification of the heat treatment effect induced by welding:

- Zone 1 : Base metal on end plug side (6000-7200 pm): Minimum microhardness of 174 + 8 HV. This low
hardness is explained by the absence of work hardening and relatively coarse grain size (50-80 pm). The
material exhibits a recrystallized equiaxed structure without significant residual stresses.

- Zone 2 : HAZ on end plug side (4500-6000 um): Progressive increase up to 206 + 10 HV. This elevation results
from two phenomena: partial recrystallization inducing slight grain refinement, and homogenization of internal
stresses. The maximum temperature reached in this zone is estimated between 500 and 750°C.

- Zone 3 : Transition zone (2000-4500 pum): Marked increase reaching 230-250 HV. This zone corresponds to
intercritical temperatures (810-980°C) where partial a<>p phase transformations occurred. The transient
presence of B phase, harder than o phase, and the formation of Widmanstétten structures explain this increase
[4,16].

- Zone 4 : Weld core / Fusion zone (800-2000 um): Maximum values locally exceeding 300 HV (average 271-290
HV). This exceptional hardness is explained by: complete a—p—a phase transformation, fine lamellar
Widmanstatten structure, high dislocation density, fine precipitation of intermetallic phases, and significant
residual stresses due to thermal gradients. The maximum temperature in this zone exceeded the local melting
point (1850°C) [2].

- Zone 5 : Base metal on cladding side (0-800 um): Microhardness of 233 + 12 HV, significantly higher than the
end plug. This fundamental difference is explained by the cladding manufacturing process, cold rolling followed
by partial annealing, which generates residual work hardening and a fibrous structure with fine elongated grains
(length 100-150 um, width 10-20 pum).
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Fig 8. Microhardness profile of a TIG welding specimen as function as distance

Hardness gradient and mechanical implications: The observed hardness gradient (126 HV between extreme zones) creates
mechanical heterogeneity that can influence in-service behavior: stress concentration at interfaces between zones of
different hardness, preferential crack propagation in softer zones, and localized plastic deformation under loading [17].
Nevertheless, this gradient is inevitable in any fusion welding process and remains acceptable if its magnitude and spatial
extent are controlled. The relationship between heat input and hardness is clearly established: the higher the heat input, the
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more extensive the high hardness zone (FZ + inner HAZ), confirming the importance of precise welding parameter control.
3.6 Hydraulic Burst Test

The hydraulic burst test constitutes a functional test simulating the extreme pressurization conditions that the fuel
assembly may experience in service. Figure 9 presents the obtained results, revealing mechanical behavior in three distinct
phases:

- Elastic rise (0-300 s): Linear increase in hoop stress with internal pressure, reflecting reversible elastic
deformation of the material according to Hooke’s law. The apparent modulus can be estimated from the slope of
this portion.

- Creep plateau (300-450 s): Stabilization of stress around 420-430 MPa corresponding to the plastic yield limit of
the material. In this phase, the tube undergoes progressive plastic deformation (primary and secondary creep)
with gradual wall thinning. Pressure continues to increase but stress stabilizes because wall thinning partially
compensates for the pressure increase.

- Rupture (450 s): Abrupt drop in stress marking catastrophic tube failure. The ultimate stress reached (430 MPa)
significantly exceeds the conventional yield strength of Zircaloy-4 (240-310 MPa depending on metallurgical
state), confirming significant work hardening capacity before rupture [18].
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Fig 9. Stress evolution as a function of time during the burst test

Figure 10 presents the visual post-burst examination, revealing a clear longitudinal crack oriented along the tube axis.
This morphology is characteristic of ductile rupture by exceeding maximum hoop stresses. The crack propagated
perpendicular to the principal stresses in tangential direction, in accordance with classical tube rupture mechanisms under
internal pressure [19]. The crack edges exhibit significant localized plastic deformation, confirming the ductile nature of the
rupture. No violent fragmentation is observed, indicating good material capacity to absorb deformation energy before final
failure.
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Fig 10. Specimen morphology after burst

Crack initiation does not appear preferentially localized in the welded zone, suggesting that the optimized weld possesses
strength at least equivalent to the base metal. This result validates the metallurgical quality of assemblies produced with the
identified optimal parameters (samples 03 and 05).

Post-burst measurement of diameter reveals permanent hoop deformation of approximately 15-20%, a value characteristic
of significant ductility. This deformation, although highly localized at the rupture zone, confirms the capacity of Zircaloy-4
to accommodate significant plastic deformations before failure [17]. The rupture stress obtained (430 MPa) is consistent
with values reported in the literature for Zircaloy-4 in recrystallized condition (400-550 MPa depending on crystallographic
orientation and surface condition) [19]. This performance validates the conformity of welds to mechanical requirements of
the nuclear field.

4. Conclusion

This study on TIG welding of Zircaloy-4 end plug to cladding assemblies for nuclear applications demonstrates that
current intensity and rotation speed are critical parameters governing weld quality. Optimal welding conditions of 25-30 A
current intensity and 5-5.3 mm/s rotation speed consistently produce defect-free, homogeneous welds. Microstructural
characterization reveals distinct zones featuring Widmanstétten structures that directly influence mechanical properties,
with microhardness values ranging from 174 HV in the base metal to 300 HV in the fusion zone. Hydraulic burst testing
validated the exceptional mechanical performance of optimized welds, achieving rupture stresses of 425+5 MPa that
significantly exceed operational requirements for CANDU fuel assemblies. These findings confirm that properly optimized
TIG welds satisfy rigorous nuclear industry standards, ensuring both structural integrity and long-term reliability in reactor
service conditions.
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