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Abstract

Zircaloy-4 is an essential material for cladding structures within fission-based reactors.
To explore the changes in properties measured on differing length scales, FIB-machined micro-
scale tensile tests were performed on both irradiated and control groups of Zircaloy-4. This was
correlated with tensile testing on femtosecond laser-machined meso-scale specimens.
Pronounced size effects were found when varying specimen geometry. Increases in tensile
geometry size were associated with a reduction in measured yield stress for both irradiated and
unirradiated samples. Meso-scale testing found strength and strain values similar to that of bulk-
scale testing.

1. Introduction

Zircaloy-4 is one of the most common cladding materials for fuel rods in nuclear fission
reactors due to its low neutron absorption cross-section, high strength, ductility, and corrosion
resistance at elevated temperatures in light water reactor (LWR) environments. Typical
pressurized water reactor (PWR) Zircaloy-4 tube geometries, which generally have outer
diameters of 5-10mm and wall thicknesses of 0.5mm, offer a unique challenge for standard
mechanical testing techniques. The tubes have a unique mechanical anisotropy introduced via
preferential crystallographic texture of the hexagonal close-packed (HCP) structure and only
material produced in a similar fashion delivers accurate tests. Variables such as wall thickness



reduction ratio, forming, and heat treatment significantly alter the microstructure, so it is
desirable to use realistic cladding tubes to measure mechanical properties. However, tube
geometries present testing challenges compared to flat plates [1]. Common solutions such as the
Axial Tube Tension (ATT) and Ring Hoop Tension (RHT) tests, have been used to reflect
uniaxial components of in-service conditions [2,3]. While these tests were able to produce a
bulk-like response in thin-walled tube materials, they fall short in accurately representing the
state of in-service bi-axial stress conditions [2—4]. These drawbacks can be remedied by utilizing
finite element models which can correlate the results to pressurized tube testing that more
accurately simulates in-service conditions, as demonstrated by Kamerman et al. [5].

The Zircaloy-4 thin-walled tube geometry combined with radioactivity created from
material neutron activation has created a need for bulk-like mechanical property evaluation using
minute radioactive volumes. Macro-scale tensile testing following ASTM E8 guidelines for
metallic materials is the industry standard for mechanical testing [6]. However, these geometries
are often too large for radioactive materials which are both limited in volume due to reactor
irradiation constraints and can exceed worker radiation dose limits. Furthermore a thin-walled
tube does not allow such geometries as presented in ASTM ES8 guidelines. One approach used to
address this challenge is the extrapolation of small-scale mechanical testing (SSMT) results to
the bulk scale.

SSMT on the micro-scale has been employed to study fundamental mechanical behaviors
for decades. With regard to nuclear materials, this length scale is essential due to the low volume
and dosage restrictions. Typical ways to machine micro-scale geometries have included focused
ion beam (FIB) milling, electron beam lithography (EBL), and other lithography techniques
[7,8]. While fundamental insights into isolated material defects like grain boundaries and
precipitates can be gained, extrapolating these results to the bulk-scale has proven to be
challenging [9]. Changes in the deformation mechanism and microstructural effects depending
on the length scale have to be considered for accurate correlations with bulk scale testing [9,10].
Plastic instabilities are especially sensitive to size effects like grain size, testing geometries, and
strain rates [11].

While SSMT samples can be fabricated using FIB or lithography methods, producing
samples at this length scale which capture multiple grains on a cladding tube geometry is simply
cost and time-prohibitive due to the large dimensions needed compared to the low removal rate
of a FIB. Femtosecond laser machining offers a high-throughput method for machining tensile
dogbone specimens for mechanical testing. High ablation rates combined with a <S5um heat
affected zone (HAZ) create suitable conditions for machining defect free structures on the meso-
scale, reducing radioactive exposure doses compared to bulk scale samples [12—14]. While an
ASTM standard geometry has not been developed for this length scale, previous studies
performed by Dong et al., Harvey et al., and Gigax et al. demonstrated that regionally selective
bulk-like properties can be obtained on stainless steel alloys using fs-laser machined meso-scale
tensile bars [10,15,16]. However a common issue with this meso-scale mechanical testing is that
microstructural features such as grain size and micro-texture significantly influence data fidelity



and consistency highlighting a key drawback of this method.

In this work we correlate fs-laser machined meso-scale tensile testing with SSMT data on
industrial Zircaloy-4 cladding. Despite the complicated, highly textured Zircaloy-4 cladding
microstructure with variable grain sizes, we are able to generate useful bulk-like materials
property values using micro- and meso-scale uniaxial tensile testing. This workflow outlines a
path towards conducting similar machining and testing procedures on active irradiated samples
without the need of large hot cell facilities.

2. Experimental Method

Commercial Zircaloy-4 tubes with a diameter of 9.5mm and wall thickness of 0.57mm
were procured with a nominal composition in Table 1. Three tensile geometries were chosen for
this study and their dimensions are shown in Figure 1. These include two sizes of micro-scale
tensile bars along with a meso-scale geometry. Henceforth, the smaller micro-scale geometry,
the larger micro-scale geometry, and the meso-scale geometry will be labeled by their gauge
widths: “2um”, “7um” and “80um” respectively for simplicity. The 2pm, 7um, and 80um
geometries had approximately square gauge cross sections with thicknesses of 2um, 7um and
100pum respectively. The 2um and 7um geometries were prepared in the axial direction using a
gallium ion FIB and plasma xenon FIB with two varying tensile geometries shown in Figure 1. A
total of eight 2um and eleven 7um geometries were FIB produced. In addition to this, four 2um
and seven 7um of the tensile bars were made from an irradiated tube of Zircaloy-4. This
irradiated tube with an ID of “R-05" was part of the Accident Tolerant Fuels 2 (ATF-2)
experiment and was irradiated at the Advanced Test Reactor (ATR) Loop 2A at Idaho National

Laboratory (INL). The rod was loaded with UO, fuel and irradiated during the period of June
2018 to September 2019 with multiple pauses during testing. This rod was able to achieve a
burnup of 9.27 GWd/tHM at temperatures ranging from 250°C to 280°C [2,17,18]. Kamerman et
al. calculates this rod’s fast fluence as 1.98x10%° n/m? using a coupled Monte Carlo N-Particle
(MCNP) and ORIGEN methodology [19]. Rough milling of the SSMT tensile samples was
conducted at 30kV and 60-2000nA while final cleaning used 30kV and 0.5-10nA. Both
geometries were given a small curvature at the bottom and top of the gauge section to mitigate
stress concentration at sharp edges. The final geometry was measured in an SEM to verify
dimension and correct the stress measurement. These tensile dogbones were then tested in-situ
with a Hysitron PI-88 SEM picoindenter equipped with custom FIB-milled tensile shoulder
grippers to fit each tensile geometry. The testing was load-controlled at a rate of 10nm/s and
videos of each tensile test were recorded. For the micro-scale geometries, the load-displacement
data was converted to stress-strain using the final measured gauge dimensions, with no additional
processing being performed.

Zr Sn Fe Cr (0) C H

% Bal. 1.22 0.19 0.11 0.13 0.020  0.0017




Table 1. Nominal composition of Zircaloy-4
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Figure 1. Schematic illustration of all tensile geometries. (a) 2um geometry. (b) 7um geometry.
(c) 80um geometry.

The meso-scale 80um tensile specimens were prepared from a 100um thick foil sample
of Zircaloy-4 tubing which was sectioned using a high-speed diamond saw. The sample surface
on both sides was polished from 600 grit sandpaper to a final solution of 1um diamond
suspension. The foil was machined using an 8W Spirit One fs-laser combined with a Newport
microfabrication workstation to control movement. The laser system was run at a power of 3W, a
laser wavelength of 1040nm, a pulse duration of 332fs, and a repetition rate of 50kHz using a
Mitutoyo NIR 10x objective lens which has a focused spot size of ~10um. A compressed air gas
flow was used to assist in removing ablation particles during cutting. The 80pum tensile geometry
is shown in Figure 1 and the gauge section was machined parallel to the axial direction of the
tube to mimic an ATT test. The tensile bars were given a 0.12mm radius curvature at the top and
bottom of the gauge section in order to mitigate potential fracture sites at sharp corners.
Following laser machining, the tensile bars were quickly immersed in a bath of ethanol in an
ultrasonic cleaner to remove excess ablation particles on the surface. Six 80um geometries were
produced using the fs-laser and each took approximately 3 minutes to fabricate highlighting the
rapid ablation rates that can be achieved with this process. A small taper of approximately 3° was
observed on all the meso-scale tensile bars due to the lasering process creating a slightly
trapezoidal cross-sectional shape which was corrected for in the reported stress. The effect of this
taper on deviations in the uniaxial stress state of the tensile bar was mitigated by using laser-
machined shoulder grippers which had the same tapering angle, meshing them together. The
lasering process also created a small ripple-like texture on the surfaces parallel to the beam
which is not expected to affect results and can be seen in Figure 3 [15]. These tensile dogbones



were tested in a Kammrath-Weiss compression and tension module equipped with custom laser-
machined shoulder grippers. The tensile tests were run in displacement control at a strain rate of
0.1%/s. For the meso-scale testing, direct image correlation (DIC) was used to correlate the
strain and correct for machine compliance. Machine compliance was further corrected by using a
material with a known elastic modulus and adjusting the measured strain values accordingly. A
3D visualization of all tensile geometries is shown in Figure 2 and SEM images are shown in
Figure 3.

Microstructural examination was performed using a Thermo Fisher Scios 2 DualBeam
SEM equipped with an Oxford Symmetry S3 electron backscatter diffraction (EBSD) detector .
Prior to examination the surface was mechanically polished from 600 grit sandpaper to a 0.02um
colloidal silica solution and then cryo-electro polished at 0°C for one minute. Microstructure
analysis and visualization were performed using the ATEX software package [20]. We define the
normal direction (ND) as the radial axis, the transverse direction (TD) as the hoop axis, and the
rolling direction (RD) as the axial axis. The EBSD inverse pole figure (IPF) map was acquired
from the ND showing the RD-TD plane.



Figure 2. Section of Zircaloy-4 tubing with a scaled schematic illustration of all tensile
geometries with EBSD IPF map. A legend color scheme key is presented in the form of a
stereographic triangle in the bottom right corner of the EBSD orientation map. For the color
representation of this figure, pleaser refer to the web version of this paper. [4].
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Figure 3. (a) FIB fabricated 2um tensile bars (left) and 7um tensile bars (right). (b) fs-Laser
fabricated 80um tensile bars

3. Results

The results of the EBSD scan are shown in Figure 2 using a ND-projection IPF
visualizing the texture and grain morphology of the cladding. There is a strong texture in the
grains of the tube with a general preference for the basal plane normal oriented parallel to the
ND (radial) direction of the tubing. This texture is a result of the pilger processing used on the
Zircaloy-4 tubes used to reduce the tube wall thickness. In the paper by Nelson et al. which
analyzed the same Zircaloy-4 alloy batch it was found that the grain sizes of the tubing followed
a bimodal distribution with many islands of fine nanometer scale grains forming within a matrix
of larger grains [4,21]. The area-weighted average grain size is 4.83pum where grains within two
standard deviations fall between 0.44-11.38um. Using this approximation for average grain size,
the 2um, 7um, and 80pum geometries contained approximately 0.2, 2.7, and 436.6 grains within
the gauge area.

The raw load-displacement data for all the tensile testing was converted to stress-strain
curves and is displayed in Figure 5. The strain-to-failure was found by visually inspecting the
recordings of each tensile test and correlating where fracture initiated, which correlated to a large
load drop. From this data, values for 0.2% offset yield stress, ultimate tensile strength (UTS), and
strain-to-failure were calculated and are shown in Table 2.
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Figure 5. Compiled Zircaloy-4 stress-strain curves to failure for all tensile geometries



Tensile Bar Length Gauge Width Gauge Tensile Yield Stress UTS (MPa) + STD Strain to Fracture
Scale and Gauge Length Bars (MPa) + STD (m/m) + STD
Thickness (um) (um) Tested
2um Micro- 2 5 4 946.7 £ 161.2 1069.5 +98.2 0.154 +0.025
2pum Irradiated Micro- 2 5 4 1106.6 + 130.4 1167.9 £82.2 0.133 £0.069
Tum Micro- 7 18 4 737.0 £ 138.8 851.4+138.8 0.195 +£0.047
7um Irradiated Micro- 7 18 7 877.7+56.1 1081.9+110.1 0.082+£0.015
80um Meso- 80 233 6 290.1 +33.0 318.0+6.74 0.157 £0.040
Reference Bulk
Scale (ATT) [2] Bulk- 570 14500 1 262.5 416.74 0.138
Reference Bulk
Scale (ATT) Bulk 570 14500 1 764.5 854.0 0.066

Irradiated [2]

Table 2. Analyzed data for Zircaloy-4 stress-strain curves of all tensile geometries
4. Discussion

Both unirradiated and irradiated 2um geometries deformed with similar strain-to-failures
and yield stresses, however, some differences in the stress-strain curves can be attributed to
irradiation. The yield stress of the irradiation condition is higher, however, both seemed to
deform in a largely ductile manner as evidenced by the comparable strains. Macro-scale testing
on Zircaloy-4 shows a considerable decrease in strain due to irradiation hardening and
embrittlement effects however this trend is not as pronounced [2,22,23].

The deformation behavior of the unirradiated and irradiated 7um tensile bars differed
significantly. In general, for the irradiated condition, plastic deformation occurred in large, single
slip steps seen in Figure 5 and Figure 6 with higher yield stress when compared to the
unirradiated condition. This result correlates well with other mechanical testing on irradiated
materials and can be attributed to typical irradiation hardening behavior [2,22,23]. Upon closer
inspection of the irradiated 7um tensile bars, two distinct behaviors were revealed. For four of
the seven tensile bars we observe larger strain-to-failure and lower yield strengths while the
remaining samples exhibited smaller strain-to-failures, higher yield strengths, and significant
strain bursts compared to each other. This can again be explained through the grain size variance
in Zircaloy-4. The former of the two behaviors could correlate to the tensile bars which had a
finer grain size and were able to serve as effective sinks for radiation defects. The latter of the
two behaviors would correlate to coarse-grained tensile bars which experience a loss of plasticity
in the grain interior and subsequent large slip steps and strain bursts. In the irradiated material,
the presence of a large density of dislocation loops impedes dislocation motion, causing
dislocation pileup, and initiating large slip events that presented strain bursts in the irradiated
material. In contrast, in the unirradiated condition, plastic deformation occurs through multiple



slip steps resulting in a comparatively gradual decrease in load.

The 80um tensile geometry stress-strain curves show a combination of ductile and brittle
deformation with small amounts of necking before failure. The fracture surface shown in Figure
6 shows the mixed ductile-brittle fracture mode. The 80um geometry’s behavior correlates well
with bulk scale ATT tests done by Kamerman e al. on the same batch of Zircaloy-4 as shown in
Figure 7. However, the yield strength of both the 80pm geometry and bulk testing in Kamerman
et al. are low when compared to estimates in other studies. With ATT testing of differing
geometries, Chu et al. measures Zircaloy-4 yield strength to be around 750MPa and Bang et al.
reported a value of around 550MPa, both with similar strain-to-failure values [24,25]. This
difference in measured yield can be attributed to the differing strain rates of testing and
processing conditions of the Zircaloy-4 tubes such as the cold work percentage. Another
discrepancy in the meso-scale testing from the bulk scale testing done by Kamerman et al. is the
lower flow stress measured on the meso-scale as evidenced by the lower UTS [2]. This low flow
stress can be attributed to the differing strain rates used for testing, a lack of statistics on the bulk
scale, and a dramatic decrease in grains sampled on the meso-scale. In particular, the low strain
rate used in this testing is commonly correlated with low flow stresses [26].

Lattice and slip system orientations also appear to affect the results. Figure 6(a) shows
deformation occurring along a nearly ideal plane at 45° from the tension axis, while Figure 6(b)
shows deformation occurring at many angles including normal to the tension axis where very
little resolved shear stress is developed. Variations in slip system orientation could develop
differences in yield and plastic behavior which is especially significant where one grain
orientation provides a majority of the gauge section, such as small gauge sections. This effect is
averaged over many grain orientations in larger gauge sections such as the 80pum gauge sections,
and a more consistent yield is observed for the unirradiated 80um samples compared to the 7um
and 2um samples in Figure 5.

Comparing all the data, a distinct trend in the yield strength of each stress-strain curve
when plotted against tensile bar size shown in Figure 7 is found. There is a clear decrease in the
yield strength and UTS of the Zircaloy-4 when tested on a larger length scale which can be
attributed to a mix of mechanisms. Dislocation motion governs plasticity in most materials and a
reduction in volume of tested material decreases the amount of potential sites for impeded
dislocation motion and the accumulation of stress concentrators. Defect-free nanometer scale
structures exhibit near theoretical strengths due to the lack of these stress concentrators and the
additional energy needed to nucleate dislocations to propagate through the material [9]. Primarily
for this study, the amount of grain boundaries sampled changes drastically for the 2pum, 7um, and
80um tensile bars. The increase in stress concentrators at a larger length scale contributes heavily
to the decrease in observed material strength. These results correlate well with the model
proposed by Hosemann et al. on the yield strength correlation with length scale [9,27]. The
strain-to-fracture found for each length scale was consistent with that of bulk scale testing, but
decreased significantly for the 7um irradiated condition. This trend of a decreasing strain-to-
failure further continues with irradiation on the bulk scale as shown by Kamerman et al. [2]. If



the only difference between the length scales tested is the amount of grains sampled, this
difference in strains suggests that the mechanisms which cause losses in ductility due to radiation
damage are heavily influenced by grain boundaries [28].

While not expected to affect the mechanical data of the meso-scale testing significantly,
the effects of some factors inherent to the femtosecond laser process have not been studied in
depth. These factors primarily include the redeposition of ablation nanoparticles on the surface of
the tensile bars, small ripples formed on the lasered surface, and the development of a small
HAZ due to the laser interaction. It is also noted that the ratios of the gauge width to gauge
thickness and gauge length to gauge thickness are slightly different between the micro- and
meso-scale tensile bars. While this slightly affects the stress state of each tensile bar, it is not
expected to greatly affect mechanical results [29].

Figure 6. SEM images of tensile fracture. (a) Image of irradiated 7um tensile bar showing large
slip step. (b) Image of unirradiated 7 pm tensile bar showing multiple crack nucleation
preferentially at surface. Dots indicate markings intended for Direct Image Correlation (DIC). (c)
80um tensile bar image of fracture surface showing mixed ductile-brittle fracture.
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Figure 7. Final yield stress values for both control and irradiated Zircaloy-4 plotted against
length scale tested with error bars showing standard deviations

5. Conclusion



Tensile testing was conducted on three different length scales and the mechanical
properties were extracted. Irradiated and unirradiated micro-scale tensile specimens were
compared to further observe length scale dependency on mechanical properties. Key findings of
this study were:

e The yield strength of Zircaloy-4 differed when measured on differing length
scales and showed a sharply decreasing trend from micro- to meso-scale. This
decrease plateaued with meso-scale testing showing promise in obtaining bulk-
like property values with a minimal sample volume. This would require
understanding the microstructure of the material and manufacturing tensile bars
that contain enough strength determining features to measure bulk properties.

e [rradiated Zircaloy-4 when tensile tested on the micro-scale shows similar trends
to that of bulk-scale testing with an increase in yield strength and UTS following
irradiation. However for testing the smallest, 2um gauge width, tensile bars, no
loss in ductility was found with a similar hardening effect.

The use of fs-laser machining of meso-scale tensile specimens serves as a unique middle
ground to sampling bulk-like tensile properties while minimizing the volume of material needed
for testing. By reducing the volume of radioactive material needed for testing, this would limit
radiation worker dosages and facilitate sample handling. These findings are useful for the
planning of post-irradiation experiments (PIE) which could sample bulk-scale properties without
the need for large and costly hot-cell facilities.
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