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Zircaloy-4 is widely used as nuclear fuel cladding materials, where it is important to understand the mechanical
properties between room temperature and reactor operating temperatures (around 623 K). To aid in this under-
standing, we have performed compression tests on micropillars aligned to activate <a> basal slip across this tem-
perature range. Engineering analysis of the results indicates that the plastic yield follows a thermally activated

constitutive law. We also observe the nature of the slip bands formed on the side surface of our pillars and see
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characteristic ‘bulging’ that tends to localise as temperature increases.
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Zirconium alloys are used as fuel cladding materials in water-based
nuclear reactors and are often employed at around 623 K[1], and there-
fore the structural integrity of the reactor core depends strongly on the
service temperature mechanical performance of the cladding material.
Like most of other hexagonal close packed (HCP) materials, the
known deformation modes of Zr include plastic slip on the basal, pris-
matic and pyramidal planes as well as twinning [2]. For Zr, <a> prismatic
slip has the lowest critical resolved shear stress (CRSS, Tcrss) at room
temperature and is therefore the easiest deformation mode [3]. Akhtar
[4] measured the CRSS of <a> basal slip in Zr between 873 and 1123 K,
however below this temperature range the deformation of single crystal
samples favourably orientated for <a> basal slip was accommodated in-
stead by prismatic slip and twinning and so variations within this range
were not measured. However, in Zr the activation of <a> basal slip at
room temperature has been observed locally where the stress is concen-
trated and deformation rate is high [5], as well as around Zr hydride
packets in transmission electron microscope (TEM) foils [6,7]. Gong
et al. [3] used microcantilever bending tests to show that the ratio of
CRSS values for <a> prism to <a> basal to <c¢ + a> pyramidal slip is
1:1.3:3.5 and these results were suitable for crystal plasticity modelling
of plastic flow in a macroscopic textured polycrystal. Recent work by
Caillard et al. [7] observed the glide of <a> dislocations on the basal
plane in Zr from room temperature up to 573 K under suitable stress
states through in situ TEM experiments. The influence of stress state
on the basal-prismatic cross slip behaviour indicates that basal slip is
only slightly harder than prismatic slip and is a primary slip system
for Zr at and above room temperature. Furthermore, the increasingly
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rapid motion of screw dislocations on the basal plane with increasing
temperature is indicative of the fact that <a> basal slip is strongly ther-
mally activated and becomes nearly athermal at 573 K.

Attempts have been made experimentally to study the high temper-
ature deformation behaviour of bulk Zr alloys [8-16], and the results are
briefly attributed to two types of mechanisms, including the thermally-
activated dislocation glide and the climb-driven dislocation annihilation
and recovery [17]. Computational modelling was used to evaluate the
effect of temperature on the relative contributions of different deforma-
tion modes to the macroscopic response of polycrystalline Zr [18,19].
However, the lack of high temperature experimental data on the
strength of the slip and twinning deformation modes has restricted
the accuracy of the models in predicting the experimental material re-
sponse. Therefore, knowledge of the properties of single deformation
modes at high temperatures, especially near the service temperature
of Zircaloy claddings, would be advantageous for developing the current
understanding of the deformation of Zr at high temperatures and im-
proving the in-service mechanical performance of the material.

Micromechanical testing (such as micropillar compression and
microcantilever bending) on single crystal specimens fabricated within
individual grains with specific crystal orientations provides the oppor-
tunity of activating and studying a single targeted slip system per test
[2]. Successful implementation of micropillar compression tests on
studying mechanical behaviour of Mg [20-23] and Ti [24-29] alloys
shows the potential of applying this technique to other HCP materials
such as Zr. In the past decade, development of the state-of-art experi-
mental apparatus has allowed micropillar compression tests to be car-
ried out at elevated temperatures. This provides a way of investigating
the high temperature mechanical properties of a wide range of mate-
rials including Ni superalloy [30], nanocrystalline Ni [31], Cu [32], Ta
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and W [33], Cu/TiN multilayers [34], Au-based metallic glass [35], LiF
[36], CrN-based hard coating [37] and MgAl,04 spinel [38]. The capabil-
ity of testing single crystal specimens under a (near) uniaxial stress
state at elevated temperatures has made this technique a promising
method to directly extract fundamental in-service properties of indus-
trial materials employed at high temperatures. The motivation of this
work is to utilise the advantages of elevated temperature micropillar
compression tests and to explore the properties of <a> basal slip system
in Zircaloy-4 and their temperature dependence between room tem-
perature and 623 K, the typical service temperature of Zircaloy fuel
claddings.

Commercial Zircaloy-4 with a nominal chemical composition of Zr-
1.5%Sn-0.2%Fe-0.1%Cr in weight [39] was supplied in the form of rolled
and recrystallised plate with equiaxed grains. The average grain size is
about 11 pum. The texture of the plate is typical of its processing history,
with basal poles tilted +30° from the normal direction (ND) to the
transverse direction (TD). An approximately 10 mm x 10 mm
x 1.5 mm cuboid was cut from the plate and then heat treated for
336 h at 800 °C in Ar atmosphere to produce ‘blocky alpha’ grains
with an average size >200 um [40]. The sample was then ground, me-
chanically polished, and finally electropolished in a solution of 10 vol%
perchloric acid in methanol at —45 °C for 90 s, under 30 V applied volt-
age to remove the surface stress layer.

We selected crystals that would activate <a> basal slip. Electron
backscatter diffraction (EBSD) scanning was carried out on an FEI
Quanta scanning electron microscope (SEM) equipped with a Bruker
eFlash"'P EBSD camera using 20 kV beam voltage. An approximately
0.3 mm? grain with Euler angles [@;,d,0,] = [36°,44°,349°] was found
which has Schmid factors of 0.49, 0.33 and 0.16 for the three available
<a> basal slip systems while the loading axis is perpendicular to the
sample surface. The Schmid factor for the easiest <a> prismatic slip sys-
tem is 0.24, less than half of that for the easiest <a> basal slip system.

o

' C) 0 pum flat punch.

The easiest pyramidal slip system has a Schmid factor of 0.39, however
the high strength of this slip mode has made its activation unlikely to
occur. Square micropillars with 5 um mid-height width and 15 pm
height were hence fabricated within this grain using Ga focused ion
beam (FIB) milling on an FEI Helios Nanolab 600 Dualbeam microscope
(Fig. 1 (a)). Thermo Scientific NanoBuilder software was used to set up
the FIB patterning profile. The acceleration voltage of the FIB was set to
30 kV and a series of FIB beam current from 21 nA down to 1 nA was
used. High current beam was applied to produce a 50 um-diameter
trench around the micropillar in order to achieve in situ visualisation
of the micropillar during the subsequent tests, while low current
beam was used for the final tailoring of the micropillar contour. In situ
SEM micropillar compression tests were carried out using a
displacement-controlled Alemnis nanoindenter coupled with a high
temperature module (as shown in Fig. 1(b)), on the FEI Quanta SEM. A
10 um-diameter circular flat punch indenter was used in order to
achieve a uniaxial stress state for the compression tests (Fig. 1 (c)).
The loading and unloading speed used were 5 nm/s and 50 nm/s, re-
spectively, resulting in a compressive strain rate of 3.3 x 107% s~ ! dur-
ing the tests. Thermal equilibrium between the sample and the indenter
tip at each testing temperature was achieved using a free surface inden-
tation method under pseudo load-controlled mode as described in de-
tail in [41] to minimize the thermal drift.

In situ SEM micropillar compression tests were conducted at five dif-
ferent temperatures: 298 K, 373 K, 473 K, 573 K and 623 K. The tests
were done successively from low temperature to high temperature.
Two micropillars were tested at each temperature and all micropillars
were deformed to a displacement of 1.5 um. The engineering stress-
strain curves obtained for all tests are plotted in Fig. 2 (a). The engineer-
ing stress (Ueng) and engineering strain (€.ng) was calculated by divid-
ing the load value with the mid-height cross sectional area of the
micropillar and dividing the displacement value with the height of the

; , Indenter i i

load a1+ e e

XY~

Positioning
stage

Fig. 1. (a) Secondary electron (SE) image of a micropillar fabricated with FIB, with an insert of the unit cell respenstation of the crystal orientation, (b) high temperature Alemnis
nanoindentation system for in situ compression tests and (c) SE image showing the flat punch indenter and an array of micropillars.
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Fig. 2. (a) Engineering stress-strain curves for micropillar compression tests at various temperatures and (b) post-deformation SE images of the micropillars at each testing temperature, with

arrows highlighting the slip bands. The length of the scale bar is 5 pm.

micropillar, respectively (as per Jun et al. [26,27]). There is good consis-
tency between both micropillars tested for each temperature and signif-
icant variations with temperature.

Fig. 2 (b) shows the SEM micrographs of the micropillars captured
when the compression tests were complete. Dashed lines overlaid on
the images show the theoretical orientation of the <a> basal slip trace
derived from the orientation of the crystal measured by EBSD. Slip
bands could be observed on all micropillars at a similar position on
the pillar body, between the top left corner and the right edge of the
micropillars. The parallel between the observed slip bands and the
dashed lines confirms the activation of <a> basal slip at all testing tem-
peratures, and there was no evidence of the activation of other deforma-
tion modes within the SEM micrographs. Deformation of pillars at room
temperature, 373 K and 473 K tends to result in the formation of multi-
ple closely spaced slip bands on the basal plane, ultimately leading to
several small slip steps at the right edge of the micropillars. As the tem-
perature reaches 573 K, the deformation becomes more heterogeneous.
Further increasing the temperature to 623 K, the plastic strain is highly
localised and only one distinct slip band and a sharp slip step can be ob-
served. The slip step was formed while the slip band reached the edge of
the micropillar during the deformation process, causing the abrupt
stress drops at around 6% to 7% engineering strain on the engineering
stress-strain response (Fig. 2 (a)).

The CRSS for <a> basal slip is then extracted from the engineering
stress-strain curve measured for each test, by multiplying the yield
stress by the Schmid factor for <a> basal slip. Determination of the
yield stress was done by plotting the derivative of Oepg With respect to
€eng AZAINSt €eng, and the first deviation from the elastic plateau was
regarded as the yield point. The CRSS values were then plotted against

temperature in Fig. 3, along with literature results for commercially
pure (CP) Zr [3] and Zr single crystal with unspecified composition [4].
Zircaloy-4 is a dilute Zr alloy and has very similar mechanical properties
to CP Zr (ASTM standards B352/B352M and B551/B551M), therefore
our results from Zircaloy-4 are likely reasonable. The two CRSS values
obtained through micropillar compression tests at room temperature,
178 MPa and 155 MPa, are both well within the 95% confidence interval
of 204 4- 66 MPa which is the size independent CRSS for <a> basal slip in
CP Zr at room temperature. This implies that the size effect is minimised
here by testing relatively large micropillars and therefore the results at
all temperatures should be representative of the macroscopically rele-
vant mechanical properties.

A strong temperature dependence of the CRSS for <a> basal slip could
be seen in Fig. 3 as the CRSS decrease significantly with increasing tem-
perature between 298 and 623 K, revealing the strong thermally activated
character of this slip system. An exponential curve (Tcrss = 11.3 €7%) is
found through least squares fitting to describe the CRSS-temperature
relationship. The gradient of the curve is steep below 473 K, and becomes
gentle above 573 K, where the temperature dependence of the <a> basal
slip strength becomes weak.

A noticeable difference in the strain hardening behaviour of the
micropillars deformed at different temperatures can be observed on
the engineering stress-strain curves (Fig. 2 (a)). For the tests conducted
at between 298 K and 573 K, two strain hardening stages can be ob-
served on each of the engineering stress-strain curves. The strain hard-
ening rates are nearly constant after the yield point until around 6%
engineering strain, and from 6% to 10% engineering strain an increasing
trend of the strain hardening rates can be seen. It has been found that
the engineering stress levels at the points where the changes in the
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Fig. 3. The variation of CRSS for <a> basal slip with temperature [3,4].

strain hardening rate occur are all approximately 1.5 times the yield
stresses, similar to the ratio between the Schmid factors of the easiest
(0.49) and the second easiest (0.33) <a> basal slip systems. It is there-
fore speculated that the observed increase in the strain hardening
rates after 6% engineering strain is due to the activation of the second
<a> basal slip system and the consequent interactions between the dis-
locations with different <a> Burgers vectors gliding on the basal plane.
The strain hardening rate (the derivative of Oeng With respect to €eng)
at 5% engineering strain for each test was extracted and its variation
with temperature is shown in Fig. 4. The strain hardening rates are ex-
tracted from the engineering stress-strain response rather than true
stress-strain response and we note that care must be taken in interpre-
tation due to the taper of the micropillars and the strain localisation
observed.

Broadly, the hardening rate for tests between room temperature and
573 K are approximately half that of the test at 623 K. A similar temper-
ature dependence has been noticed for the extent of strain localisation,
as shown in Fig. 2 (b). It is therefore inferred that the formation of local-
ised slip band is associated with high hardening rate. This has also been
observed for <a> basal slip in a-Ti at room temperature by Jun et al. [27],
and was attributed to strong resistance to dislocation motion from pin-
ning obstacles and complicated dislocation-dislocation interactions. We
see slip is more localised at 623 K and the nature of the slip band/shear

together with the stress-strain response implies that the dislocations
are behaving differently, which could be a result of a change in the op-
eration of <a> basal dislocations or the interaction with dislocations
gliding on other systems. The temperature dependency of <a> prismatic
slip in pure Zr has been found to vary significantly with oxygen content
[42] and is yet to be established in Zircaloy-4. Future investigation into
the change in the CRSS for <a> prismatic slip with temperature in
Zircaloy-4 may help better understand the hardening behaviour ob-
served here.

In summary, compression tests were carried out on single crystal
Zircaloy-4 micropillars between room temperature and 623 K with an
effective strain rate of 3.3 x 107* s~ . Post-deformation SEM micro-
graphs confirmed the activation of <a> basal slip system at all testing
temperatures. The CRSS for <a> basal slip at the testing temperatures
were unambiguously determined and an obvious temperature depen-
dence was found. The variation of CRSS within the testing temperature
range is described well by Tcgss = 11.3 €™, indicating the strong ther-
mally activated nature of the <a> basal slip system. Through comparison
with the size independent CRSS of CP Zr, it has been validated that the
CRSS values extracted in the present work is representative of the mac-
roscopically relevant mechanical properties. The change in slip band
structure with temperature implies a change in the <a> basal slip mech-
anism with temperature. Slip localisation is promoted at elevated
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Fig. 4. The variation of hardening rate at 5% engineering strain with temperature, with an insert showing the extraction of the hardening rate from a stress-strain response.
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temperatures, as observed in the formation of the slip step on the side of
our pillars, a change in hardening, and a reduction in the critical re-
solved shear stress with temperature. Together these imply that the
<a> basal slip mechanism changes with temperature which should be
related to the viscoplastic nature of <a> basal slip in Zircaloy-4. This
could be caused by a change in (time dependant) dislocation mecha-
nism [7], potentially due to dislocation glide, local climb, or cross slip.
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