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A B S T R A C T   

Metals with hexagonal crystal structure are found in many safety-critical applications, from titanium alloy fan 
blades in jet engines to magnesium alloys in the automotive industry. They also exist in nuclear reactors, for 
example hafnium alloy control rods whose structural integrity is critical to nuclear safety. However, mechanistic 
understanding of the micromechanical properties and deformation behaviour of Hf remains elusive. To aid in this 
understanding, we performed in situ scanning electron microscopy single crystal micropillar compression tests of 
a commercial Hf alloy, where the samples were aligned to activate 〈a〉 prismatic and 〈a〉 basal slip systems. We 
then employed transmission electron microscopy to examine the dislocation structure in the deformed pillars. 
These two slip systems exhibited distinctly different behaviour, where prismatic slip is planar and basal slip is 
wavy. Prismatic slip is the easiest deformation mode, while basal slip is at least twice as difficult. Generally, the 
characters of prismatic and basal slip in Hf show similarities to those in some other hexagonal metals such as Ti 
and Zr, except for the higher relative difficulty of basal slip. Our results provide fundamental knowledge and 
parameters that can be used for modelling degradation and predicting performance of Hf, and shed light on the 
general behaviour of basal and prismatic slip systems in low-c/a-ratio hexagonal metals.   

Hafnium is a relatively rare element, often found in association with 
zirconium minerals and primarily obtained as a by-product of zirconium 
refinement [1]. It shares the hexagonal close packed (HCP) crystal 
structure with Zr at room temperature [2]. The two elements are vastly 
difficult to separate mainly because of their chemical similarity [3]. Yet 
for their distinct applications in the nuclear industry, it is crucially 
important to avoid the impurity of one in another. Zr alloys are exten-
sively used as fuel cladding in nuclear reactors due to their low neutron 
absorption cross section [4]. Hf alloys, conversely, show very high 
neutron absorption cross section, and are therefore used as control rods 
[5,6] for modulation of chain reaction rate and prevention of criticality 
accident. The safety of the reactors therefore relies crucially on the 
mechanical stability of the Hf control rods. 

By virtue of their anisotropic mechanical properties inherited from 
the hexagonal crystal structure, plastic deformation of HCP metals/al-
loys, such as Ti in jet engines, Zr and Hf in nuclear reactors, and Mg in 
automotive applications, often involves the co-activation of multiple 
deformation modes at the microscale. This imposes difficulties not only 
in the processing of these materials, but also in understanding and 
predicting their performance. Generally, plastic deformation modes in 
this class of materials include dislocation glide on the basal, prismatic 
and pyramidal planes as well as twinning [7]. 〈a〉 prismatic slip in Hf has 

been observed experimentally [8], and the critical resolved shear stress 
(CRSS) was measured at ~20 MPa at room temperature [9]. While no 
evidence of basal slip has been observed in experimental tests on single 
crystal Hf to our best knowledge, basal dislocations were observed in 
tests on polycrystalline specimens [10–12] and computational work has 
predicted it to be the preferred deformation mode [13]. Basal slip could 
play an important role in the mechanical performance of Hf, in a similar 
way to that in other HCP metals with close c/a ratios such as Ti [14,15] 
and Zr [16]. It could also have implications for hydride embrittlement of 
Hf control rods in hot water during operation, since hydride formation in 
some HCP metals, such as Zr, is achieved through partial dislocation 
glide on basal planes [17–20]. 

Being able to accurately predict the mechanical performance of 
materials in-service essentially relies on the knowledge of their funda-
mental mechanical behaviour and properties such as CRSS. Activating 
targeted slip systems in materials, and measuring their CRSS, require 
testing single crystal specimens with known crystal orientations under a 
well-defined stress state. This can be achieved through micromechanical 
testing as we showed previously on metallic [21–24] and ceramic [25, 
26] materials. Here we employ this approach to investigate:  

1) the relative ease of basal vs. prismatic slip in Hf; 
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2) the CRSS for basal slip, if it does exist;  
3) the slip and dislocation behaviour for these two slip systems. 

The material studied in this work was cut from a drawn Hf alloy rod 
supplied commercially by Goodfellow Cambridge Ltd., and the chemical 
composition and mechanical properties provided are given in Tables S1 
and S2. The samples were annealed at 1000 ◦C for 10 days in Ar at-
mosphere to promote recrystallisation and grain growth (akin to the 
annealing of Zr [27]), thereby forming large equiaxed grains (Fig. 1(a)). 
They were then mechanically ground with SiC abrasive papers, polished 
with colloidal silica, and finally electropolished in 10 vol.% perchloric 
acid (in methanol) at −50 ◦C for 90 s under an applied voltage of 30 V for 
analysis with electron backscatter diffraction (EBSD) and in situ scanning 
electron microscope (SEM) testing. 

We used EBSD to reveal the crystal orientations of the grains, so as to 
select appropriate ones for activating targeted slip systems during sub-
sequent micropillar compression tests. EBSD scanning was carried out 
on a Thermo Fisher Scientific (TFS) Quanta 650 SEM equipped with a 
Bruker eFlashHR (v2) EBSD camera, using a beam voltage of 20 kV and a 
probe current of ~10 nA. 

Micropillar specimens (height = ~15 µm, mid-height diameter =
~5 µm, taper angle = ~2.5◦) were fabricated in two grains showing high 
Schmid factors for prismatic (Grain 1 in Fig. 1(a)) and basal slip (Grain 2 
in Fig. 1(a)) respectively, assuming a uniaxial load perpendicular to the 
sample surface. While the aspect ratio of the pillars should not affect the 
measured strength values for ductile (or non-defect-controlled) mate-
rials, it could affect the shape stability of the samples during the tests. 
Here, the aspect ratio was selected for consistency with our prior work 
[23,24] where stability was achieved. A detailed investigation into its 
effect on the deformation behaviour can be found in ref. [28]. For the 
two grains selected, the highest Schmid factors for all potential slip 
systems of the micropillars under the applied stress are listed in Table 1. 
Micropillars were fabricated via FIB milling on a TFS Helios 5 CX 
DualBeam microscope, using a FIB acceleration voltage of 30 kV. TFS 
Nanobuilder software was employed to automate the milling process. 
Three micropillars were made and tested in each grain. In situ SEM 
micropillar compression tests were conducted using a 

displacement-controlled Alemnis nanoindenter (Fig. 1(b)) on the 
Quanta 650 SEM. The pillars were deformed with a 10 µm-diameter 
indenter tip to achieve a uniaxial stress state for the tests. The loading 
speed was 5 nm/s, which corresponds to a nominal strain rate of 3.3 ×
10−4 s−1. During the tests, there might be radial friction forces between 
the indenter tip and the pillar top surface, which was found to be 
beneficial for the shape stability of the pillars [28]. 

When the in situ micropillar compression tests were complete, some 
electron transparent specimens were extracted from the deformed pil-
lars for analysis with a transmission electron microscope (TEM), in order 
to gain insight into the fine structure of deformation features. This was 
achieved following the FIB lift-out procedure described in detail by 
Giannuzzi et al. [29], on a TFS Helios 5 Hydra CX DualBeam microscope. 
TEM and scanning TEM (STEM) imaging of the samples was conducted 
on a JEOL JEM-2100F TEM equipped with a Gatan 963.J453PTNS STEM 
detector using an acceleration voltage of 200 kV. 

The mechanical behaviour of a micropillar showing high Schmid 
factor for one of the prismatic slip systems (0.50, “Grain 1″ in Table 1) is 
shown in Fig. 2. All the three pillars tested in this grain showed similar 
deformation behaviour, and a video recorded during one test is provided 
in Video S1. The stress-displacement curves for all the six micropillars 
tested are given in Figure S1. During plastic deformation, the applied 
strain was initially accommodated by activation of the prismatic slip 
system with the highest Schmid factor (the blue-coloured crystallo-
graphic plane in the unit cell overlaid on Fig. 2(a) and the 〈a〉 direction 
within it), as evidenced by the discrete slip bands on the pillar (one of 
the slip bands in this group is marked with the blue arrow in the image) 
parallel to the blue-coloured plane. Later in the plastic regime (when 
displacement reaches ~1000 nm), the activation of a second prismatic 
slip system can be observed (the slip band marked with the green arrow 

Fig. 1. (a) EBSD IPF-z map (z-axis points out of the page) of the material showing the as-annealed microstructure. The grains selected for activating prismatic slip 
(Grain 1) and basal slip (Grain 2) are indicated. (b) The Alemnis nanoindentation system used for in situ micropillar compression tests. 

Table 1 
The highest Schmid factors for all potential slip systems of the micropillars under 
the applied stress.   

〈a〉
prismatic 

〈a〉
basal 

〈a〉
pyramidal 

First order 〈c +
a〉 pyramidal 

Second order 〈c 
+ a〉 pyramidal 

Grain 
1 

0.50 0.02 0.44 0.45 0.43 

Grain 
2 

0.26 0.49 0.38 0.37 0.26  

Fig. 2. (a) Post-deformation SEM image of a micropillar in Grain 1 showing 〈a〉
prismatic slip, with an insert of unit cell representation of the crystal orienta-
tion, oriented with respect to the viewing angle. (b) Mechanical response 
((stress-displacement curve) of the pillar in (a) recorded during the test. 
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and those parallel to it, which are parallel to the green-coloured pris-
matic plane in the unit cell). Upon activation of the second slip system, 
an increase in work hardening rate occurred, as highlighted with the 
arrows on the stress-displacement curve in Fig. 2(b). The hardening rates 
are observed on the engineering stress-displacement (rather than true 
stress-strain) response, and we note that care must be taken in inter-
pretation due to the taper of the micropillars and the strain localisation 
at the slip bands. For textured polycrystalline Hf compressed perpen-
dicular to the c-axis where deformation was accommodated mainly by 
prismatic slip, a similar hardening behaviour (low work hardening rate 
at low strains and increased hardening rate at higher strains as the 
dislocations became tangled) was observed [12]. 

Generally, prismatic slip in Hf appears to be highly planar according 
to the post-deformation SEM image, which likely contributed to the 
stress drops on the stress-displacement curve as the dislocations move 
out of the pillar. This is similar to the behaviour of prismatic slip in Ti 
and Zr (planar slip and stress drops) [15,23,30], although the stress 
drops here in Hf are much less significant than those in Zr micropillars in 
our prior work [23]. This implies the existence of a resistance to rapid 
dislocation motion or source activation in the alloy studied, potentially 
induced by the Zr substitutional and/or O interstitial atoms. Note that 
the large stress drop of ~70 MPa soon after yielding in Fig. 2(b) was not 
reproduced on all the stress-displacement curves for the pillars in this 
grain (Figure S1), indicating that it is unlikely caused by a systematic 
artefact such as a FIB-induced surface damage layer (i.e., its origin is 
unlikely different to that of the stress drops later in the plastic regime as 
we discussed above). 

For the three pillars tested, the CRSS values for prismatic slip were 
calculated to be 61 MPa, 66 MPa and 63 MPa respectively. These are 
evidently higher than that measured by Das and Mitchell (~20 MPa [9]) 
using larger scale specimens, which could be a result of different alloy 
compositions and/or specimen sizes. Specifically, the alloy we used 
nominally contains 2.8 wt.% Zr and 150 ppm O (Table S1). The O 
content is comparable to that in the alloy that Das and Mitchell used 
(160 ppm), while the Zr content is nearly twice theirs (1.41 wt.% in their 
material). The Zr atoms may introduce a more pronounced substitu-
tional solid solution hardening in the material we studied, leading to 
higher measured CRSS. The size effect in small scale mechanical testing 
could also give rise to elevated strength values [31]. However, this effect 
is often insignificant in micropillars of over a few microns in size [24, 
32]. In our prior work [24], CRSS values extracted from tests on 5-μm 
pillars in Zr were found comparable to size-independent values that had 
been proved suitable for crystal plasticity modelling of plastic flow in a 
macroscopic textured polycrystal [16]. 

Fig. 3 illustrates the deformation behaviour of a micropillar in Grain 
2 which showed a high Schmid factor for basal slip (Table 1). Two 
intersecting sets of slip bands can be observed on the post-deformation 
image in Fig. 3(a): one parallel to the blue-coloured prismatic plane in 
the unit cell (marked with the blue arrow) and one parallel to the basal 
plane (marked with the red arrow). For the latter, the slip band appears 
to be broad and diffuse. An image of the same pillar viewed from its left 
is given in Figure S2. 

The video recorded during the test (Video S2) was examined to work 
out which slip system was activated first. Some frames are shown in 

Fig. 3. (a) Post-deformation SEM image of a micropillar in Grain 2 showing both 〈a〉 prismatic and 〈a〉 basal slip, with an insert of unit cell representation of the 
crystal orientation, oriented with respect to the viewing angle. An image of the same pillar viewed from its left is given in Figure S2. (b) Mechanical response (stress- 
displacement curve) of the pillar in (a) recorded during the test. (c,d,e) Frames of the video recorded during the in situ test, taken at the points labelled on the stress- 
displacement curve in (b). The slip band parallel to the basal plane in (e) is highlighted in (f). 
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Fig. 3(c-f), which were taken at the corresponding points labelled on the 
stress-displacement curve in (b). No apparent slip band was detected on 
the pillar surface upon yield (Fig. 3(c)). Shortly afterwards, two slip 
bands parallel to the prismatic plane formed (Fig. 3(d)). Evidence of 
basal slip was not observed until the point of Fig. 3(e), where a slip band 
parallel to the basal plane - highlighted in Fig. 3(f) - appeared. It is thus 
clear that prismatic slip occurred prior to basal slip on this pillar during 
deformation, i.e., the pillar yielded by virtue of prismatic slip. This is 
supported by the fact that the resolved shear stress on the activated 
prismatic slip system upon yield is 63 MPa, which agrees well with the 
CRSS for prismatic slip extracted earlier with the pillars in Grain 1. The 
“absence” of plastic deformation feature in Fig. 3(c) could be a result of 
a) dislocation nucleation in the pillar interior, b) technique/microscope/ 
condition not sufficient for detecting very subtle deformation or c) slip 
band formation on the rear side of the pillar. 

It is therefore challenging to determine the CRSS for basal slip 
unambiguously, owing to the difficulty in accurately locating the point 
where it initiated. This should be a general problem for HCP materials 
whose CRSS for basal slip is over ~twice that for prismatic slip, as in 

uniaxial tests it is geometrically impossible to have a crystal simulta-
neously showing high Schmid factor (near 0.5) for basal slip and low 
Schmid factor (≪ 0.2) for prismatic slip [23]. Only a range can be given 
instead: the lower and upper bounds are the resolved shear stresses on 
the 〈a〉 basal slip system with the highest Schmid factor at the yield point 
and at the point where basal slip was first observed (i.e., the yellow and 
the dark blue dots on the curve in Fig. 3(b)), respectively. Averaging 
over the results for the three pillars tested gives a lower bound of ~150 
MPa and an upper bound of ~250 MPa. The high CRSS for basal slip, and 
hence the difficulty in activating it (which requires aligning the crystal 
nearly perfectly as we showed), could be the reason for the fact that 
previously basal slip was never observed in single crystal tests [2] and 
only occasionally in polycrystal tests [10–12]. For example, in ref. [12], 
compression perpendicular to the c-axis (for textured polycrystals) 
triggered prismatic slip and twinning, while compression along the 
c-axis was accommodated mainly by pyramidal slip. Basal dislocations 
were only observed within some of the twins, where abrupt changes in 
orientation could make local stress states favourable for basal slip. 

We have activated the targeted slip systems (the 〈a〉 prismatic and 

Fig. 4. TEM images of thin foil specimens lifted out from deformed micropillars in (a,b) Grain 1 and (c,d) Grain 2. (a) is a STEM image, while (b,c,d) are TEM images. 
All images are bright-field. The serrations on the left of (a) are slip steps on the side surface of the pillar. The orientations of the images with respect to the original 
micropillars for (a) and (b) are sketched in (a), and for (c) and (d) sketched in (c). The zone axes / diffraction vectors are the same for (a) and (b) (on [0001] zone, 
shown in (a)), and the same for (c) and (d) (g = 1120, shown in (c)). 
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the 〈a〉 basal for pillars in Grains 1 and 2, respectively) in the 
compression tests. Here we term these two slip systems as the respective 
“major slip system” for the two sets of pillars. The TEM specimens were 
lifted out such that the slip plane of the major slip system is perpen-
dicular to the foil plane, and the slip direction (hence Burgers vector of 
relevant dislocations) is parallel to the foil plane, Figure S3. 

The dislocation structure in a tested pillar in Grain 1 is shown in 
Fig. 4(a). In general, the sample appears to be relatively “clean” pre-
sumably due to a) the small amount of deformation imposed, b) the lack 
of lateral constraint for the test geometry and c) the highly planar nature 
of prismatic slip, hence the dislocations had left the sample. For 
example, the biggest slip step in the image (~400 nm wide) suggests that 
over 1000 dislocations had moved out of the pillar along that plane. 
Screw dislocations are observed aligned along the slip bands (parallel to 
the trace of the (1010) plane and marked with the red arrows). We note 
that, as the electron beam is parallel to the prismatic planes, the 
apparent straightness of these dislocations along the slip bands in the 
image does not necessarily indicate straightness within the slip plane. 

There are also some curved dislocations in the image (marked with 
the white arrows). Given that the prismatic planes are all perpendicular 
to the image plane and the basal plane was under negligible stress during 
the test (Table 1), these curved segments could either be pre-existing 
dislocations or 〈a〉 dislocations cross-slipped onto the pyramidal plane 
(s). Notably, the two 〈a〉 pyramidal slip systems that share the 〈a〉 di-
rection with the major prismatic slip system exhibit the highest Schmid 
factors (0.44 and 0.43) within their family, indicating the presence of 
potentially sufficient stress for cross-slipping. 

Fig. 4(b) shows the microstructure of a local area where two slip 
bands (for the two activated prismatic slip systems) intersected forming 
a Frank-Read source, from which at least four dislocations (marked with 
the arrows) were emitted. This is consistent with the classic “stage II” of 
single crystal deformation, where a second slip system is activated giv-
ing rise to forest hardening (Fig. 2(b), the increase in hardening rate 
when displacement > ~1000 nm). 

The dislocation structure in a tested pillar in Grain 2 is shown in 
Fig. 4(c,d). The diffraction vector was selected (through tilting the 
sample about the c-axis of the crystal) to maximise the visibility of dis-
locations gliding on the basal plane. Although the screw dislocations 
were broadly aligned with the trace of (0001) plane, they were rarely 
straight and typically contained curved segments bowed out from the 
basal plane (such as the one marked with the arrow in Fig. 4(c)), indi-
cating intensive cross-slip. This is consistent with the broad and diffuse 
character of the slip bands (Fig. 3(a)), and the behaviour of basal slip in 
Zr and Ti where it is never planar [15,24,30]. The origin of such 
intensive cross-slip could be a kink-pair mechanism where screw dislo-
cations extend on the prismatic plane as they glide on the basal plane 
[30]. Akhtar [33] also attributed the wavy nature of basal slip in Zr and 
Ti to cross-slip onto the prismatic plane where dissociation into partials 
is more favoured, and suggested that this might be related to the relative 
ease of basal and prismatic slip. Nonetheless, the origin of such aniso-
tropic slip behaviour in HCP metals remains unclear despite many de-
cades of research indicating its complicated nature, which likely 
involves the effects of Peierls stresses, stacking fault energies and other 
strengthening mechanisms. It is also worth noting that, for both sets of 
samples, no evidence of deformation twinning was observed. 

In summary, we studied the behaviour of prismatic and basal slip in a 
Hf alloy using in situ SEM compression tests of micropillars with selected 
crystal orientations. Prismatic slip is generally highly planar, and the 
CRSS is ~63 MPa. Upon activation of multiple prismatic slip systems, 
blocked slip bands by one another act as Frank-Read sources giving rise 
to forest hardening. Basal slip involves intensive cross-slip. Its CRSS 
cannot be unambiguously determined, as it initiated after prismatic slip 
even for the most favourable orientation. Through examination of in situ 
data, the CRSS for basal slip is estimated to be 150–250 MPa. In general, 
the characters of these two slip systems in Hf resemble those in Zr and Ti, 

where prismatic slip is planar and basal slip is wavy. The CRSSbasal to 
CRSSprismatic ratio for Hf is higher than those for Zr (~1.3 [16,23]) and Ti 
(~1.15 [15]) likely tied to its lower c/a ratio [7]. The fundamental 
properties and behaviour of these two slip systems we report here enable 
the modelling of processes such as polycrystal deformation, hydride 
formation (potentially through the approach used by Kolesnik et al. on 
Zr [19]), or the two combined, for further understanding and/or pre-
dicting degradation of Hf alloy control rods. Furthermore, our results on 
Hf, when compared with those on Ti and Zr, imply a similarity in the 
qualitative behaviour of the studied slip systems while a quantitative 
difference in the relative ease for their activation. The origin of these 
could be further explored experimentally and computationally for better 
understanding the general principle of the micromechanics of HCP al-
loys, thereby ensuring their long-term structural integrity in-service. 
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