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h i g h l i g h t s

� We find that the {112} plane seems
to be dominant for plasticity,
although previous literature lists
deformation on the {111} plane as
the dominant mechanism for C15
Laves phases.

� We could quantify the CRSS for both
slip systems, namely f111gh11

�
0i and

f112gh11
�
0i, as approximately the

same at � 1 GPa.
� Our TEM investigations confirm the
[1 1

�
0] Burgers vector type by using

the g∙b analysis.
� Together, these insights also allow us
to explain why the crack and slip
trace distribution around
indentations varies systematically
with crystal orientation.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o
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a b s t r a c t

The room temperature plasticity of the cubic C15 CaAl2 Laves phase was investigated using nanomechan-
ical testing and electron microscopy. The correlation between slip traces in the vicinity of nanoindents
and crystallographic orientation data allowed us to gain statistical data on the activated slip and crack
planes for 10 different crystallographic orientations. Slip on {111} and {112} planes was found to be
most favourable for all orientations, whereas cracks predominantly occurred on {112} planes. A constant
hardness of 4.9 ± 0.7 GPa and an indentation modulus of 85.5 ± 4.0 GPa for all investigated orientations
for a constant strain rate and a strain rate sensitivity of 0.028 ± 0.019 were measured. Micropillar com-
pression tests and transmission electron microscopy confirmed slip on {111} and {112} planes with a
Burgers vector of <11

�
0 > type. This allowed to determine the critical resolved shear stresses as

0.99 ± 0.03 GPa for {111}<11
�
0 > and 0.97 ± 0.07 GPa for {112}<11

�
0 > slip.

� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction being ‘‘building blocks” of larger unit cells, such as in the l-
Laves phases are a very common type of intermetallic com-
pound, formed in many binary and ternary systems, as well as
phase, which is a major precipitation phase in steels and superal-
loys [1,2]. Laves phases were discussed as the basis of future high
temperature alloys, and have received recurring attention with a
shifting focus on understanding their fundamental structure, sta-
bility and mechanical properties [3]. As topologically close packed
phases (TCP) with the ideal composition AB2 formed around an
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ideal ratio of the atomic diameters of
ffiffiffiffiffiffiffiffi
3=2

p
, they are also being

studied in colloids in the context of photonic crystals with a tun-
able bandgap [4] and to advance our understanding of amorphous
and crystalline phase and defect formation [5,6].

The Laves phase CaAl2 commonly occurs as precipitates in mag-
nesium alloys containing Al and Ca. Despite its inherent brittleness,
it can positively influence the plastic deformation of the magne-
sium alloys at room and moderately elevated temperatures and
it is for this reason, and to widen our still limited knowledge about
plastic deformation in these brittle crystals, that in this study the
room temperature mechanical properties of the CaAl2 Laves phase
is investigated.

When Mg is alloyed with both Al and Ca, the Ca/Al ratio deter-
mines which intermetallic phase(s) are precipitated and their
degree of interconnectivity formed in the magnesium matrix
[7,8]. Recent work by Zubair et al. [9] revealed that, during tensile
tests, a high interconnectivity provides a preferred growth path for
cracks and thus promotes brittle failure, whereas a low connectiv-
ity results in an improved overall ductility. However, in creep test-
ing [10], a higher degree of interconnectivity was found to yield an
improvement of creep resistance as the intermetallic skeleton hin-
ders dislocation motion [9]. A balance can therefore be struck by
carefully choosing alloy composition and solidification conditions
to balance sufficient ductility and improved creep resistance
depending on the intended technical application. These promising
results indicate that Laves phases are potential candidates to
improve the creep strength of Mg-Al-alloys for applications above
150 �C, where the more commonly introduced Mg17Al12 phase
becomes soft [11].

The intermetallic Laves phases formed in Mg-Al-Ca-alloys are
the cubic CaAl2 (C15 type), the hexagonal CaMg2 (C14 type) and
the hexagonal Ca(Mg,Al)2 (C36 type) phases. The cubic CaAl2 phase
is characterised by its high melting temperature (1079 �C for the
CaAl2 phase as compared to 715 �C for the CaMg2 phase [12])
and its high creep resistance compared to the hexagonal phases
[12]. Creep tests at various temperatures by indentation with a
Vickers indenter tip on the CaAl2 phase have shown that for a hold-
ing time of 30 s, the microhardness only decreased moderately,
from 402 HV to 318 HV and respectively, for a holding time of
3600 s, from 356 HV to 294 HV, with a temperature increase of
280 K from homologous temperatures,TH , of 0.6 to 0.71 �Tm

(Tm=melting temperature in K). In contrast to this, a more pro-
nounced decrease in hardness could be observed for the hexagonal
CaMg2 phase showing a decreasing hardness from 156 HV to 47 HV
for a 30 s holding period and 149 HV to 10 HV for 3600 s at the
same temperature difference [12].

Due to the topologically closed packed structure of Laves
phases, plasticity at ambient temperature is mostly impeded, lead-
ing to a gap of knowledge regarding mechanisms of plasticity at
temperatures below the brittle-to-ductile transition temperature
(BDTT), which was measured for Laves phases lying approximately
between 60 and 71 % of the melting temperature [13–17]. There-
fore, most of the previous literature has investigated Laves phases
in temperature ranges above the BDTT, since macroscopic experi-
mental setups can only introduce plasticity in this temperature
regime. We summarise these studies on the deformation mecha-
nisms of several cubic C15 Laves phases in the next section.

A theoretical approach of the deformation behaviour of Laves
phases by Krämer et al. [16] revealed dislocation motion on the
{111} plane with 1

2h110i perfect dislocations or 1
6h112i partial dis-

locations. Furthermore, possible dislocation motion without disso-
ciation on the {101} plane with h010i perfect dislocations and
1
4h121i dislocations for the cubic Laves phase was observed. Macro-
scopic, experimental tests led to similar results as predicted by
2

Krämer for deformation above the BDTT. Studies on the MgCu2

phase found that in addition to the {111} plane, the {110} and
{100}-planes may act as additional slip planes (380–660 �C,
0.48–0.83 �Tm) [18]. In a temperature range of 400–725 �C, 0.50–
0.91�Tm, other than the (111)[110] slip system, the (111)[112]
twinning system was found [19]. Mechanical twinning was also
the most frequently detected deformation mechanism for HfV2

and HfV2 + Nb for room temperature (RT), 0.02�Tm, deformation
tests [20,21]. Furthermore, perfect dislocations on the {111} plane
with 1

2h101i were found in Fe2(Dy,Tb) (�875 �C, � 0.7 �Tm), HfV2 +-
Nb (RT) and NbCr2 (1300–1400 �C, 0.75–0.81 �Tm), while NbCr2
(1300–1400 �C) also showed dislocations on {111} planes dissoci-
ating into two 1

6h112i Shockley partials [20–24].
Experiments at room temperature were done using micropillar

compression tests to suppress cracking below the BDTT [25], so
that beside the slip system, critical resolved shear stresses (CRSS)
for the observed slip systems could be identified. Micropillar com-
pression studies of NbCr2 and NbCo2 revealed slip on the {111}h
110i slip system for both, with a CRSS of 4.6 GPa for orientations
aligned for single slip and 4.4 GPa (NbCr2) and 3.0–3.1 ± 0.7 GPa
(NbCo2) for orientations aligned for multiple slip [25–27]. More-
over, Korte et al. [28] and Luo et al. [29] found both the activation

of the f111g < 11
�
0 > slip system for NbCo2 and reported a CRSS of

3.1 ± 0.7 GPa and 3.2 ± 0.7 GPa, while Lou et al. [29] also observed

the dislocation motion in the < 112
�
> direction on {111} planes

with nearly the same CRSS of 3.0 ± 0.8 GPa.
The underlying mechanism by which deformation in Laves

phases on these slip systems is often reported to occur is the so-
called synchroshear mechanism on crystallographic planes con-
taining the characteristic triple layer of Laves phases. The triple
layer lies parallel to the {111} plane in the cubic C15 and parallel
to the basal plane in the hexagonal C14 and C36 phases, and also
related intermetallic phases containing Laves phase elements
[30–35]. This mechanism is associated with local phase transfor-
mations from the hexagonal C14 or C36 to the cubic C15 phase
after macroscopic compression tests [36–39], in which case it
enables the transition by a simple restacking along the basal plane
to create the different packings of these phases. The synchroshear
mechanism consists of a synchronous movement of two neigh-
bouring partial dislocations on a triple layer and essentially
reverses the stacking direction within the triple layer, giving a local
transformation between the prototypical phases or rather forming
a stacking fault within the parent structure that corresponds to one
of the other structures [30–32].

As seen above, the application of new testing methods on the
nanoscale, such as nanoindentation and micropillar compression,
now allows us to introduce plasticity in brittle materials below
the BDTT. Here, we exploit these methods in conjunction with con-
ventional transmission electron microscopy (TEM) analysis in
order to gain a deeper understanding of the mechanisms governing
plasticity in Laves phases. For the Mg-Al-Ca system, the hexagonal
C14 Laves phase has already been characterised up to a tempera-
ture of 250 �C and, interestingly, non-basal slip was found to be
predominant at all temperatures in addition to basal slip along
the triple layer [40,41]. In contrast, the low temperature deforma-
tion behaviour of the cubic C15 is still to be unraveled, especially
the qualitative and quantitative determination of the modulus,
hardness, the rate dependence and activated slip systems. With
this study, we aim to close this gap of knowledge by means of a
statistical analysis of slip and crack planes around indentation
deformation zones and evaluate possible slip systems and their
critical resolved stresses by micropillar compression tests. To
achieve a detailed insight into the underlying slip systems and
mechanisms, further conventional TEM was used.
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2. Experimental methods

2.1. Synthesis and microstructure characterisation

The as-cast samples of nominal CaAl2 composition underwent
an annealing procedure in a glass tube furnace under argon atmo-
sphere at 600 �C for 24 h to ensure a homogeneous elemental dis-
tribution and obtain grain sizes in the range of a few hundred
micrometers. Metallographically the samples were prepared as
described in more detail in a previous publication [42]. In a first
step, the samples were ground using SiC paper with a grit size of
1200 to 4000, followed by mechanical polishing steps with dia-
mond paste from 6 lm down to 0.25 lm and ethanol with 5 %
Polyethylene Glycol 400 (PEG) as a lubricant. A final oxide polish-
ing with a grain size of 0.04 lm and cleaning step with soap and
water followed.

Backscattered electron (BSE) imaging in a scanning electron
microscope (SEM) (Helios Nanolab 600i, FEI, Eindhoven, NL) at an
acceleration voltage of 5 kV revealed a two-phase microstructure
with a matrix phase and a secondary phase surrounding the matrix
phase (Fig. 1). Additionally, energy dispersive X-ray spectroscopy
(EDX) measurements were performed in order to reveal the local
chemical composition of the microstructure constituents, by calcu-
lating the chemistry over at least 34 point-measurements for both
phases. The composition of the matrix phase was found to be
66.5 ± 2.5 at.-% Al and 33.6 ± 1.3 at.-% Ca, which corresponds well
to the ideal stoichiometric composition of the CaAl2 phase. The sec-
ondary phase consisted of 80.2 ± 1.1 at.-% Al and 19.8 ± 1.0 at.-% Ca
and is thus attributed to the CaAl4 phase.

The use of electron backscatter diffraction (EBSD) imaging
(Helios Nanolab 600i, FEI, Eindhoven, NL) at an accelerating voltage
of 20 kV and a current of 5.5 nA allowed us to identify the grain ori-
entations of the cubic CaAl2 phase, whereas for the tetragonal
CaAl4 phase, indexing was not possible because of diffuse Kikuchi
patterns. This data was further analysed using orientation imaging
microscopy (OIM) analysisTM (EDAX Inc.) in order to obtain the
Schmid factors for certain slip systems of the CaAl2 grains used
for micropillar compression.
Fig. 1. Backscatter electron image of the microstructure recorded at an acceleration
voltage of 5 kV. The matrix phase corresponds to the C15 CaAl2 phase while the
surrounding corresponds to the CaAl4 phase.

3

2.2. Nanoindentation experiments

Nanomechanical tests were performed using an iNano nanoin-
denter (Nanomechanics Inc., TN, USA) with a diamond Berkovich
tip (supplied by Synton MDP, Switzerland) and a dynamic indenta-
tion unit (continuous stiffness measurement (CSM)). Prior to test-
ing, the diamond area function (DAF) of the indenter tip was
calibrated according to the Oliver and Pharr method [43]. All
nanomechanical tests were conducted in the CaAl2 matrix phase
at least 10 lm away from the CaAl4 phase [44]. The first nanoin-
dentation tests were performed with a constant strain rate of
0.2 s�1 up to a maximum depth of 500 nm. Before unloading, the
indenter had a holding period of 2 s. These experiments were anal-
ysed for the hardness and indentation modulus as well as for slip
traces in the vicinity of the nanoindents. This was done for a total
of 120 nanoindents with 890 slip traces in 10 different crystal ori-
entations by correlating the information from EBSD results and
secondary electron (SE) images of the indents, as shown in [45].

Furthermore, strain rate jump tests (SRJT) in two different ori-
entations were conducted based on the method first mentioned
by Maier-Kiener et al. [46–48] to evaluate the strain rate sensitivity
and activation volume of the CaAl2 phase. These were performed at
different strain rates of 0.1 s�1, 0.04 s�1, 0.1 s�1 and 0.01 s�1 with
jumps taking place every 100 nm starting at 100 nm indentation
depth.

2.3. Micropillar compression experiments

A total number of 15 micropillars with an aspect ratio of
approximately 2.5 (pillar top diameter 2.1 lm/ pillar height
5.2 lm) was milled in seven differently oriented grains using
focused ion beam (FIB) (Helios Nanolab 600i, FEI, Eindhoven, NL)
milling. The compression tests were performed in-situ using an
InSEM nanoindenter (Nanomechanics Inc., TN, USA) in an SEM
(CLARA, Tescan, Brno, Czech Republic) with an approximate strain
rate up to the onset of yielding of 0.1 s�1 and were manually
stopped when a large strain burst was observed. Post-mortem SE
images of the micropillars were taken under a 45� tilt angle using
an acceleration voltage of 5 kV and a beam current of 0.69nA. This
allowed us to identify the slip planes and potential slip directions
for each micropillar. The obtained mechanical data was further
corrected for elastic sink deformation of the tip and substrate using
the Sneddon correction [49]. Subsequently, the stress at the initial
strain burst was converted to the critical resolved shear stress
(CRSS) for each slip system.

2.4. TEM experiments

Two TEM lamellae were cut out from indents using site specific
FIB milling. The lamellae were then analysed using a JEOL JEM-
F200 TEM under different two-beam conditions at 200 kV. A
g � b extinction analysis, with g being the diffraction vector and b
being the Burgers vector allowed us to identify the Burgers vectors
of the dislocations.
3. Results

In order to unravel the mechanical properties and activated slip
systems of the CaAl2 phase at ambient temperature, several
nanomechanical testing methods were applied: (I) nanoindenta-
tion tests to obtain the hardness and indentation modulus, (II)
strain rate jump tests in order to determine the strain rate sensitiv-
ity and activation volume, (III) slip trace analysis in the vicinity of
indents in order to gain a statistical measure of the activated slip
systems and (IV) micropillar compression tests to identify the slip
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planes and calculate the CRSS values using also information from
(V) a consecutive TEM analysis, to determine the Burgers vectors
of the introduced dislocations from the nanomechanical
experiments.
Fig. 3. Hardness and strain rate values over indentation depth for the CaAl2 phase.
The strain rate jump test (SRJT) was performed at different strain rates of 0.1 s�1,
0.04 s�1, 0.1 s�1, 0.01 s�1, which was varied every 100 nm.
3.1. Nanoindentation

The hardness and indentation modulus were calculated from a
continuous stiffness measurement between 350 and 500 nm
indentation depth and resulted in an average hardness of
4.9 ± 0.7 GPa and an average indentation modulus of 85.5 ± 4.0
GPa over all 10 orientations, using a constant Poisson ratio of 0.3.
A representative load-indentation depth curve is given in Fig. 2.
All load-indentation depth curves exhibit serrations, which
became more pronounced with higher indentation depths.

Fig. 3 displays the results of the strain rate jump tests, showing
a representative curve of the hardness change over the indentation
depth with varying strain rate. The average hardness of 5.8 ± 0.8
GPa for the strain rate jump tests agrees, within the standard devi-
ations, with the measured values at the constant strain rate of
0.2 s�1. The averaging over depth for the strain rate jump tests
was done over a depth range of 100 – 500 nm, including all mea-
sured strain rates. For all orientations, the first jump was con-
ducted at approximately 100 nm followed by strain rate jumps
(0.1 s�1; 0.04 s�1; 0.1 s�1; 0.01 s�1) every 100 nm. For the second
jump, the hardness increased slightly whereas it decreased
between 200 and 300 nm at the next jump to slower strain rates.

From this change in hardness with strain rate, the strain rate
sensitivity (m) and the activation volume (V) can be calculated
[46–48,50].

The strain rate sensitivity can be calculated based on equation
(1):

m ¼ d lnHð Þ
d ln _eð Þ ð1Þ

with H the hardness and _e the strain rate. The activation volume
can then be calculated as

V ¼ 3
ffiffiffi
3

p
k T

m H
ð2Þ

with k the Boltzmann constant and T the absolute temperature
in K.

The calculation of the strain rate sensitivity was performed by
evaluating the hardness change at the jumps, taking a total amount
of 600 values, 300 before and 300 after each hardness jump into
account, and calculating the slope of these hardness data before
and after the jump. With the extension of these linear trends from
Fig. 2. Representative nanoindentation load-indentation depth curve at a constant
strain rate of 0.2 s�1 to a maximum depth of 500 nm.

4

each strain rate increment, the hardness difference could be mea-
sured at the point of rate change to calculate the strain rate sensi-
tivity. This led to an average strain rate sensitivity of 0.028 ± 0.019
and an activation volume of 0.530 ± 0.780 nm3, corresponding to
3.75 ± 1.15 b3, calculated with a lattice parameter of 0.80428 nm
and a Burgers vector along the closed packed direction a

2 h110i
(b = 0.5685 nm).

3.2. Slip line analysis

The slip line analysis was performed on 120 indents, corre-
sponding to 10 different crystallographic orientations. The evalu-
ated indents were performed with a constant strain rate. For all
investigated indents, at least one crack was observed to initiate
from one of the indent corners, whereas not all indents were sur-
rounded by visible slip lines.

For the slip line analysis, a MatLab� Code was used [45], which,
together with the orientation data gained from EBSD measure-
ments, (semi)automatically identified the most probable slip plane
from SEM images. For this procedure, a tolerance angle of 3�
between the measured angle of the slip trace with the horizontal
and the identified plane was chosen. Due to the only small angular
deviation in the plane of the sample surface between the {111}
and {112} planes for some orientations, the automatic analysis
has been manually corrected as described in [45] where the angle
between both planes was found to be smaller than 3�. If more than
one slip plane was assigned to the occurring slip plane, both possi-
bilities were counted, so that the overall activation frequency in
this case amounts to more than 100 %. The slip traces around the
indents were then subdivided into three categories according to
their morphology, namely lines, edges and curves, as suggested
by Schröders et al. [51] (Fig. 4). All grain orientations are displayed
in Fig. 4 within the inverse pole figure (IPF) map with a colour code
visualising the morphology of the surface traces and those orienta-
tions in which only cracks were observed. As each indent for which
slip traces were observed also had at least one adjacent crack, they
were not included as an additional category in Fig. 4.

Fig. 5 displays examples of the slip trace analysis. For the iden-
tification of slip planes only straight lines and edges were used.

A total of 890 surface traces, including slip lines and cracks
formed around a total of 120 indentations, were evaluated in order
to obtain a statistical analysis. 625 of these surface traces pertain to
plastic deformation and 265 to cracks, both were analysed sepa-
rately. The corresponding results are depicted in Fig. 6. For the
plastic deformation, 58 % of the resulting slip traces were corre-
lated to {111} planes, followed by the {112} planes with an activa-
tion frequency of 48 % (the total activation frequency reaches over
100 % as a result of double counting of slip planes when the angle
of different candidate slip planes is less than 3�). For the cracks, ori-



Fig. 4. Orientations of all analysed grains for slip line analysis as an inverse pole figure map with corresponding morphology of surface traces, such as in the publication of
Schröders et al. [51], see Fig. 5 for images of the different morphologies here. All indents contain cracks, but with yellow, the orientation is shown, where only cracks were
observed, red shows straight slip lines, blue edges and green rounded surface traces. The orientations labelled (a), (b), (c) and (d) are shown in a detailed slip line analysis in
the corresponding subfigures of Fig. 5. Additionally, the highest Schmid factor for each slip system is given in the table. The Schmid factors were calculated by assuming
uniaxial compression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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entations along {112} and {110} planes were mostly detected
with 37 % and 28 %, respectively. 4 % of slip planes and 19 % of crack
planes could not be assigned to any plane. The comparatively high
number of not indexed crack planes results from the curved crack
path and the changing morphology along the crack, which may
nucleate at small depths and progress outwards as the indent is
pushed further into the surface. In contrast, slip traces form and
are successively flattened by the proceeding indentation, so that
only the final traces remain visible outside the contact zone.
3.3. Micropillar compression

A total of 15 micropillars corresponding to 7 different orienta-
tions were deformed until strain bursts occurred. Representative
micropillars for each orientation are depicted in Fig. 7 a) including
their correspondingly oriented unit cells (Fig. 7 b)) and the engi-
neering stress strain curves (Fig. 8). For slip plane determination,
the 45� tilted SE-images of the micropillar were compared to the
90� tilted unit cell taken from VESTA, to realise the side view
[52]. The slip angles of both images were compared taking the tilt
during imaging of 45� into account using

c90 ¼ tan�1 tan c45ð Þ �
ffiffiffi
2

p� �
. The corresponding slip planes were

again assigned with a tolerance of ± 3�. For the slip direction the
best fitting slip plane and Burgers vector with the highest Schmid
factor were assumed. The slip planes found to show deviation
angles of � 3� were the {111} and {112} slip planes. The distinc-
tion of these planes was not as difficult as in the slip plane analysis
of the deformation zone around indents, as the angular difference
was more clearly visible in the geometry of a micropillar.

The CRSS was determined by taking the engineering stress, at
the point at which the first strain burst happened, multiplied with
the Schmid factor of the determined slip system.

All compressed micropillars are listed in Table 1 including their
identified slip systems, Schmid factors (mS), compression axes,
yield stresses (ry) and CRSS values.

Overall, 10 of the 15 pillars slipped on the {111} planes and 5

on the {112} planes. Slip on the {111}<11
�
0 > slip systems
5

occurred at an average yield stress of 2.96 ± 0.54 GPa resulting in
an average CRSS of 0.99 ± 0.07 GPa (Table 1), whereas slip on the

{112}<11
�
0 > slip systems occurred at a yield stress ranging from

2.67 GPa to 3.69 GPa resulting in an average of 2.94 ± 0.24 GPa
and an average CRSS value of 0.97 ± 0.03 GPa (Table 1). The error
is given as the standard deviation for the specific slip systems.

For micropillar 13 and 14, the CRSS could not be determined
unambiguously, and is therefore marked with a ‘‘*” in Table 1
and not included in the average values given above. This is due
to the activation of two slip systems and the impossibility of
assigning the strain bursts to one of the slip systems. Fig. 9 depicts
the slip events observed for pillar 13. From the front (Fig. 9 a)), only

one slip system, 1
�
21

� �
1
�
01

�h i
, is visible, whereas in the back view

(Fig. 9 b)), two slip systems are visible, both belonging to the {112}

<11
�
0 > slip system.

In Table 2 all measured mechanical properties and their corre-
sponding values are listed.

3.4. TEM

For TEM analysis, a site-specific lamella was lifted out from an
indent for which the {111} and {112} planes could not be distin-
guished by surface analysis alone. Fig. 10 a) displays the alignment
of the lamella, where letters ‘‘A” and ‘‘B” represent the two sides of

the lamella. Additionally, the possible slip planes, ð111
�
Þ, ð211

�
Þ,

ð1
�
11Þ and ð2

�
11Þ, determined by the slip line analysis are shown

in the unit cells. In Fig. 10 b), a scanning transmission electron
microscopy (STEM) image of the deformation zone is shown. Some
clear lines next to the indent at the ‘‘A” side are observed to go
from the bulk material to the surface. In addition, the surface slip
traces were assigned to be the edged lines on the surface and thus
correlated to ductile deformation. Looking at the deformation zone
below the indentation, cracks can be seen emanating from these
edged slip lines.

Fig. 10(c) displays a bright field (BF) TEM image taken along the
[112] zone axis: It can be seen that the deformed microstructure is



Fig. 6. Activation frequency of the slip and crack planes in the vicinity of the
analysed nanoindents.

Fig. 5. Examples of the representation of the slip trace analysis for four different orientations: The traces in the vicinity of the indent are subdivided into the following
categories depending on their morphology: straight slip lines (correlated with their slip plane in the CaAl2 phase using VESTA (Visualization for Electronic and Structural
Analysis [52])), edges marked by yellow circles, and curved lines indicated by white dotted curved lines. The latter were not further analysed. Next to the SE images in a-d),
the top view on the correspondingly orientated CaAl2 unit cell including the observed slip planes is depicted. The compression axes are a) 7

�
0 8

�� �
, b) 1

�
0 1

�� �
, c) 6

�
32 1

�� �
and

d) 6
�
8 5

�� �
. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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not homogeneous. The dislocation density is high under the indent,
which indicates the occurrence of large plastic deformation. Multi-
ple slip systems should have been activated under the indent. The
6

dislocation density is observed to decrease away from the indent.
Slightly away from the indent, deformation is confined within
some bands, which will be named ‘‘slip bands” in the following
sections. At least two sets of slip bands appear in this area. Further
away from the indent, only one set of slip band is observed. How-
ever, the finding that dislocations with different Burgers vectors
exist in the same slip band, makes it more difficult to index the dis-
locations’ Burgers vectors. This is discussed in more detail below.
Similarly, it is noted that horizontally away from the indent, in
the area of low dislocation density, some slip bands can be more
clearly observed and are indicated by white dotted lines in
Fig. 10 c). In order to determine the orientations of these slip
bands, the lamella was further tilted to the [011] zone axis and
the slip bands on both ‘‘A” and ‘‘B” sides are determined to be

ð21
�
1Þ and (211

�
) plane traces, respectively. These slip bands are

also observed to lie parallel to the straight crack planes. Moreover,
the blue dotted rectangle represents the area where slip bands

were observed lying also on the ð21
�
1Þ plane (Fig. 10), which also

can be seen in more detail in Fig. 11. Within the red dotted rectan-
gle, the region where the Burgers vector was analysable is marked
(in more detail Fig. 12), also the yellow rectangle signs the area,



Fig. 7. Images and crystal orientation for selected micropillars. a) SE-images of the deformed micropillars taken under a tilt angle of 45�, b) the correspondingly oriented unit
cell including the identified slip plane and the possible slip direction under 90� tilt angle using VESTA [52].

Fig. 8. Engineering stress - engineering strain curves of the deformed micropillars
shown in Fig. 7.
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where structures can be observed, which can be interpreted as
stacking faults (Fig. 13).

Especially the evidence of dislocations on a {112} plane was
found by rotating the lamella around 180�, shown in Fig. 11, where

slip bands lie parallel to the (2
�
11

�
).

In the area away from the indent marked by a red rectangle in
Fig. 10 c), two slip bands with a high dislocation density were
observed and either one or two sets of dislocations were noticed
within these two slip bands. These two slip bands were further
analyzed under different two-beam conditions (Fig. 12). The left
slip band includes two different parallel dislocation sets lying
7

antiparallel to each other and including an intersection. Both slip
bands were evaluated in more detail for Burgers vector analysis.
For this, dislocations within these slip bands were observed after
tilting to three different zone axes namely [011], [112] and

[111], and six different two-beam conditions, g = ð3
�
11Þ, g =

ð3
�
11

�
Þ, g = ð1

�
31

�
Þ, g = ð2

�
20Þ, g = (224

�
Þ and g = (2

�
2
�
2Þ were applied.

Dislocations within the right slip band are visible using zone axis

[112] and g = (1
�
31

�
Þ (Fig. 12 a)), g = (2

�
20Þ (Fig. 12 b)) g = (3

�
11Þ

(Fig. 12 c)) as well as zone axis [011] with g = (3
�
11

�
Þ (Fig. 12 d)),

whereas these dislocations are invisible under the combinations

of zone axis [111] with g = ð224
�
Þ (Fig. 12 e)) and zone axis

[011] with g = (2
�
2
�
2Þ (Fig. 12 f)).

According to the visibility/invisibility of dislocations under dif-
ferent two-beam conditions owing to the corresponding lattice
strain, the Burgers vector of this set of dislocations can be deter-

mined and it is ½11
�
0�, which lies on the ð111

�
Þ and (111) planes.

However, dislocations with Burgers vector of ½11
�
0� can also slip

on the (112) plane. It is therefore not possible to distinguish
between {111} and {112} planes for the underlying slip planes
from this analysis.

Besides the high dislocation density and the associated disloca-
tions in the slip bands, small straight lines that may be related to
stacking faults have also been observed (indicated by arrows in
Fig. 13). One set of these straight lines were found to lie predomi-

nantly on the 111
�� �

plane, which are marked by a yellow arrow in

Fig. 13. For the other stacking faults the corresponding planes
could not be identified. The presence of stacking faults indicates
that dislocations dissociate into partials leading misfits in stacking



Table 1
Micropillars 1–15 including their compression axes, the observed slip systems, Schmid factors (ms), yield stresses (ry), and CRSS values.

Pillar Pillar axis Slip System mS ry [GPa] CRSS [GPa]

1 1 710ð Þ 1
�
12

�� �
1
�
1
�
0

h i
0.32 3.05 0.98

2 1
�
1
�
2
�� �

1
�
10

h i
0.34 2.67 0.94

3 9
�
111

� �
11

�
1
�� �

110½ � 0.33 3.37 1.11

4–6 1 5
�
9

� �
111

�� �
1
�
10

h i
0.30 3.34 1.02

3.13 0.94
3.22 0.97

7 + 8 6 13
�

21
� �

111
�� �

1
�
10

h i
0.35 2.67 0.93

3.05 1.07
9 13 7

�
21

� �
1
�
11

�� �
01

�
1
�h i

0.36 2.43 0.87

10 111
�� �

1
�
01

�h i
0.30 2.25 0.98

11 2.24 0.97
12–14 12 15

�
7

� �
111ð Þ 01

�
1

h i
0.26 3.88 1.01

1
�
21

� �
1
�
01

�h i
112

�� �
1
�
10

h i
0.46
0.31

3.56 * (1.64/1.10)

1
�
21

� �
1
�
01

�h i
112

�� �
1
�
10

h i
0.46
0.31

3.69 * (1.70/1.14)

15 7
�
1 14

�� �
1
�
1
�
2

� �
11

�
0

h i
0.32 3.11 1.00

Fig. 9. SE-images of pillar 13 after deformation in a) front view including the corresponding unit cell and b) back view including the corresponding unit cell using VESTA [52].

Table 2
Presenting all nanomechanical measured properties
of the CaAl2 Laves phase.

Mechanical properties Measured values

Hardness CSM 4.9 ± 0.7 GPa
Indentation Modulus 85.5 ± 4.0 GPa
Hardness SRJT 5.8 ± 0.8 GPa
Strain rate sensitivity 0.028 ± 0.019

0.530 ± 0.780 nm3

Activation volume 3.75 ± 1.15 b3

CRSS 111f g 1
2 h11

�
0i 2.96 ± 0.54 GPa

CRSS 112f g 1
2 h11

�
0i 2.94 ± 0.24 GPa
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after their motion. Moreover, the occurrence of stacking faults on
one of the triple layers is often correlated with the synchroshear
process, which is thought to take place on the {111} planes.
8

4. Discussion

4.1. Mechanical properties

The measured hardness and indentation modulus at an indenta-
tion depth of 500 nm were consistent over all 10 different crystal-
lographic orientations with a value of 4.9 ± 0.7 GPa and
85.5 ± 4.0 GPa. A recent study by Lou et al. [53] on CaAl2 particles
in a magnesium matrix revealed a hardness of 5.7 ± 0.4 GPa and an
average Young’s modulus of 82.9 ± 1.0 GPa, in good agreement
with the values measured in the present study. The measured
Young’s modulus is also in good agreement with measurements
on macroscopic single crystals by Schiltz and Smith [54], who mea-
sured elastic constants corresponding to a polycrystalline Young’s
modulus of 98 GPa, very close also to that predicted by ab initio
calculations by Yu et al. [55], with an expected Young’s modulus



Fig. 10. A) se-image of a nanoindent including a schematic sketch (dotted orange area), from where the tem lamella was cut out. letters a and b show the orientation of the
membrane and how it was analysed in the further investigations. the slip traces in the vicinity of the indent were furthermore correlated with different planes along with the
unit cell using vesta[52]. b) STEM image of the lamella. c) BF-TEM image taken at [112] zone axis. The blue rectangle highlights the area with a high dislocation density
(Fig. 11), whereas the red rectangle indicates the area where dislocation Burgers vector analysis was performed (Fig. 12) and the yellow rectangle corresponds to the area
where the stacking faults from Fig. 13 were found. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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at 0 K of 92 GPa. Measurements of the microhardness by Rokhlin
et al. [12] for different holding periods (30 s and 3600 s) at
20 �C, resulting in 402 HV for 30 s and 354 HV for 3600 s, show
the presence of creep for this duration and pressure. However,
hardness values from macroscopic hardness measurements can
be converted into values comparable to nanohardness using the
equation from Fischer-Cripps [56,57] where hardness values from
Vickers tests (HV) can be calculated in nanomechanical hardness
(HN) by using the linear fit: HV ¼ 94:5 �HN, resulting in 3.94 GPa
and 3.49 GPa respectively. These values are consistent with the cal-
culated macroscopic hardness from our data using the Nix-Gao
model, giving a value of 3.46 GPa [58].
9

Single crystal measurements of the elastic constants of CaAl2
[54] gave a consistent absence of directional variation with an ani-
sotropy factor of 0.98, i.e. very close to 1. Investigations of the
hardness dependence on the crystal orientation for the NbCo2
C15 Laves phase were performed by Luo et al. [26]. They investi-
gated the hardness dependence on the orientation and stoichiom-
etry applying nanoindentation tests on a diffusion couple and
found that the hardness and the indentation modulus were unaf-
fected by a change in orientation, which is consistent with the find-
ings obtained here. Similar results were obtained by Zehnder et al.
[40] for the hardness and indentation modulus of the hexagonal
C14 MgCa2 Laves phase after nanoindentation tests in different ori-



Fig. 11. TEM BF images showing dislocation substructure under the nanoindent (Fig. 10 a)) under 3 two-beam conditions with the same zone axis (a)). b) shows slip bands g =
1
�
11

�� �
, the yellow dashed line shows the alignment of the 1

�
11

�� �
slip plane. c) displays the dislocation structure with g = 111

�� �
, the green dashed line symbolises the 111

�� �

plane trace and in d) with g = 4
�
22

�� �
the dislocations on the 2

�
11

�� �
plane (blue dashed line) are shown. These images were taken in TEM with a 180� rotation of the lamella

shown in Fig. 10. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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entations, showing a constant hardness and indentation modulus
for all measured orientations.

To compare the mechanical properties with the measured
mechanical properties of Laves phases from previous room tem-
perature deformation studies, the normalised CRSS will be deter-
mined by dividing the CRSS by the shear modulus. To compare
these values, calculations were done analysing deformation along
the planes containing the triple layer, i.e. for the C15 structure
the (111) plane and for the C14 Laves phase the (0001) plane.
For the CaAl2 C15 Laves phase investigated in this study, a CRSS/
G = 0.027 (with G 	 36 GPa) ratio was obtained. For the cubic
NbCo2 Laves phase, the normalized CRSS can be calculated to lie
between 0.027 and 0.033 [28,29], while for the C14 Laves phase
of the Mg-Al-Ca alloy it comes up to 0.023 at ambient temperature
[40]. For the hexagonal NbCo2 phase it results in 0.023, respec-
tively, taking the results by Luo et al. [29]. As the available data
below the BDTT is largely restricted to room temperature, with
the exception of the lowest melting phase, which was also tested
at elevated temperature [40], this comparison is necessary for
slightly varying homologous temperatures. However, the melting
points of the C15 and C14 phases in the Nb-Co system are very
close. The finding that all values lie in the same range, while a
trend to higher values can be observed for the cubic phases when
comparing both structures.

Whether this is in fact the case or a result of a variation in shear
modulus on the active slip plane compared to the isotropic shear
10
modulus [59], could be investigated further by dedicated ab initio
calculations of the triple layer slabs’ stiffness and experiments at
identical homologous temperatures on single crystalline micropil-
lars oriented for slip on the {111} and {0001} planes.

4.2. Active slip systems

The statistical evaluation of the activated slip planes in the
vicinity of the nanoindents (Fig. 6) revealed the activation of four
different slip planes. The predominant slip plane was found to be
the {111} plane (58.1 %), which is consistent with a previous pub-
lication by Paufler et al. [1] and studies [16,18,19] on the cubic
MgCu2 phase at elevated temperatures. However, the activation
of the {112} plane was observed with a frequency of 47.5 %, which
is only 10.6 % less often than the {111} plane.

There are several things to consider in interpreting this data,
most importantly, the chance of double assignment of a slip trace
where the traces of two (or more) planes are identical or very close
to one another. The cubic system exhibits a total of four {111}
planes but 12 {112} planes. This leads to a higher number of
unambiguously identifiable {112} planes than {111} planes.
Therefore, the expectation that those traces counted as a {112}
trace, a greater fraction is in fact uniquely assigned, while many
more {111} assignments also correspond to a possible {112}
plane. A total number of 625 surface traces were correlated with
plastic deformation, whereby the total amount of plane traces



Fig. 12. TEM BF images showing dislocation substructure under the nanoindent (Fig. 10 a)) under different two-beam conditions. The red rectangle indicates the slip band,
where the dislocation Burgers vector was analysed. The dislocation set is visible under a) g = (1

�
31

�
Þ, b) g = (2

�
20Þ and c) g = (3

�
11Þ in [112] zone axis and under d) g = (3

�
11

�
Þ in

[001] zone axis. They become invisible under e) g = (22 4
�
Þ in [111] zone axis and f) g = (2

�
2
�
2Þ in [011] zone axis. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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was summed up to 811, because of double counting for those
planes for which the deviation angle was below 3�. 23 % of the sur-
face traces were counted twice. The double counted slip planes can
be divided in 54 % (101 surface traces) for the {111} planes and
46 % (85 surface traces) for the {112} planes. With this knowledge
about both corresponding to more or less the same number of dou-
ble counting events, a purely geometrical artefact giving rise to the
previously unexpected {112} slip plane can be excluded, because
without double counting 212 surface traces were assigned to the
{112} planes.

Now, a more detailed consideration of the geometry of the crys-
tal and surface slip trace analysis, with its inherent double count-
ing for planes yielding the same surface intersection or trace will
follow. Given the higher probability of double counting for each
of the 12 {112} planes compared to the 4 {111} planes, one might
expect that for an equal division of unique slip traces, the {111}
plane is softer, as it should otherwise only show a third of the num-
ber of traces. However, due to the different inclination of the two
planes, there is also a difference in their likelihood of activation.
While each of the 4 {111} planes possesses 3 independent Burgers
vectors, giving a total of 12 independent slip systems, each of the
12 {112} planes contains only one possible Burgers vector, so that
for a given identifiable plane, the {111} has a three times higher
probability of having a favourably aligned Burgers vector giving a
11
slip system with a high resolved shear stress. Overall, it would
therefore appear that the slip trace analysis suggests no real differ-
ence in activation of the two slip systems on either {111} or {112}
planes. This is in fact consistent with the observation from micro-
compression that there is no significant difference in CRSS between
the two systems for slip on either {111} or {112} planes.

Since it is not possible to unambiguously identify the Burgers
vector from micropillar compression experiments, although it is
needed to estimate a critical resolved shear stress, TEM investiga-
tions were performed on nanoindents with their greater variety of
active slip planes and greater gradient in dislocation density
enabling a better selection of conditions for dislocation strain field
imaging towards the edge of a plastic zone. By conducting a g � b
extinction analysis, the Burgers vector could be identified as

<101
�
>, which is contained in both identified slip planes. Further-

more, besides perfect dislocations, the presence of stacking faults,
especially on a {111} planes, points towards the motion of at least
partly dissociated dislocations by the well-known synchroshear
mechanism in the triple layer [30–33].

The CRSS for plastic deformation on both slip systems in micro-
compression was then found to be 0.99 ± 0.03 GPa for {111}

<11
�
0 > and 0.97 ± 0.07 GPa for {112}<11

�
0 >. There are no other

studies on round micropillars from bulk CaAl2 for a direct quanti-



Fig. 13. Higher magnification TEM BF image showing the area marked by the yellow rectangle in Fig. 10. This image was taken under g vector (022
�
Þ in [011] zone axis.

Stacking faults with different orientations are indicated by arrows with different colours. The yellow ones show stacking faults parallel to the (111
�
) plane trace. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tative comparison with our data, but agreement can be found with
respect to the work on square pillars in CaAl2 precipitates, since
this work must also take into account the effects of stoichiometry
on the plasticity of the Laves phase, which are largely unknown.

A previous study by Luo et al. [53] also reported the {111}

<11
�
0 > slip system in CaAl2 precipitates to represent the major slip

system after performing micropillar compression tests at ambient
temperature. Their measured CRSS value was 164.9 MPa, which is a
factor of 6 lower than measured in our experiments. However, con-
sidering that their micropillars had a square cross-section of
4 lm 
 4 lm compared to our round micropillar with a diameter
of 2.1 lm, the deviation might in part originate from the size effect
on dislocation motion and easier dislocation nucleation at the
edges of square pillars, giving a smaller contribution from nucle-
ation to the overall stress level and a potentially higher dislocation
density, which would lead to a reduction in CRSS in a lattice resis-
tance controlled material. A micropillar study using round and
square micropillars [60,61] showed that for both types, mecha-
nisms of collective cross-slip were observed between two planes
of the same plane family and with the same high Schmid factor,
whereas the measured initial stress was greater for the round
geometry. From the Laue analysis and post mortem SEM, the defor-
mation zone of the square micropillar was found to be more pro-
nounced and showed different activated slip systems.

In addition, a deviation from the stoichiometric composition
may influence the mechanical properties [53], because the C15
Laves phase particles, embedded in a Mgmatrix phase, compressed
by Luo et al. showed a deviation of � 5.7 at.-% for Al and � 2.0 at.-%
for Ca from the ideal composition. However, it is still not clear how
a deviation from the ideal stoichiometry influences the mechanical
properties and therefore how to estimate an expected change in
CRSS with composition. Some studies [1,62,63] suggest a decreas-
ing hardness for a deviation from the ideal composition, whereas
another study [26] reported an increase of the hardness.

On a qualitative level, our detection of {111}<11
�
0 > slip is very

typical for C15 Laves phases at room temperature and in good
12
agreement with previous studies by Luo et al. for CaAl2 [53], Xue
et al. [27] for the CrNb2 phase, Luo et al. [29] and Korte et al. [28].

On the other hand, deformation on the {112} plane has not yet
been reported for intermetallic phases of C15 type at room temper-
ature so far, to the authors’ best knowledge. However, the high fre-
quency and often unique assignment of slip traces to {112}, its
identification by TEM and on the surface of micropillars, prove
the occurrence of slip on {112} planes.

Preferential deformation was expected along the triple layer,
which lies along the {111} planes in the C15 structure, but defor-
mation on non-basal planes, away from the triple layer (along
{0001} planes), has in fact previously been described for hexagonal
Laves phases with the C14 structure in several studies at ambient
and elevated temperature [40,41]. Additionally, micropillar com-
pression tests of the CaMg2 C14 Laves phase at room temperature
have revealed that the CRSS is comparatively low for the 1st order
prismatic slip system [27,40].

For a comprehensive comparison, the CaMg2 Laves phase was
chosen because of its similar structure and also the presence of
similar elements on the A site of the AB2 Laves phase structure.
Additionally, for this phase more data are available in the literature
including the slip line activation on different planes and CRSS
values.

For the evaluation of the {112} slip system, a comparison of the
analysed structure of the cubic C15 and the hexagonal C14 Laves
phases was done. It could be observed that a similar stacking to
the cubic {112} plane can be found in the hexagonal structure
and can be related to previously reported non-basal slip plane. In
Fig. 14 both structures are displayed. The black line shows the
plane along the triple layer (in C15 the (111) and C14 the (0001)
plane) for both packings. The position of three parallel (112)
planes is shown for the cubic C15 Laves phase with pink lines. A
comparatively similar stacking sequence is in fact found along

the {101
�
0} plane (1st order prismatic plane) of the hexagonal

C14 Laves phase (Fig. 14 pink line). Both reveal a triple stacking
with an A-B-A (Ca-Al-Ca or Ca-Mg-Ca) stacking. For the C14 struc-



Fig. 14. Visualisation of the (111) plane (black line) and (112) plane (purple line) in the CaAl2 phase and the (0001) plane (black line) and the (101
�
0Þ plane (purple line) in

the CaMg2 phase by using VESTA, whereby a) and b) displays the different unit cells aligned for a crystallographic comparison for the planes [52]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Interplanar spacing of the triple layers and the (112) and (101

�
0) planes. The

distances were measured along the plane from the center of one atom to the other.

CaAl2 spacing CaMg2 spacing

(111) (0001)
Al $ Ca 3.33 Å Mg $ Ca 3.65 Å
Ca $ Ca 3.47 Å Ca $ Ca 3.82 Å
Ca $ Al 3.33 Å Ca $ Mg 3.65 Å
(112) (101

�
0)

Ca $ Al $ Ca
(spacing in triple
sequence)

3.33 Å Ca $ Mg $ Ca
(spacing in triple
sequence)

3.65 Å

Al $ triple sequence $ Al 7.70 Å Between triple sequences 6.37 Å
Lattice distance 1.64 Å Lattice distance 1.78 Å
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ture these repeat continuously along the prismatic plane, while for
the C15 structure the Kagomé layer is intersected, placing the
repeating unit at some distance and with an Al atom in between.
Considering that the prismatic plane is the easiest slip plane in
the CaMg2 C14 phase, deformation by a similar mechanism on
the {112} plane in C15 does not appear too unreasonable. The
effect of the disturbed repeat unit along the plane on dislocation
glide cannot be readily anticipated as so little is known about glide
on this type of plane. The curved slip lines found frequently at the
indents might be indicative of high cross-slip activity. Cross slip
might be a preferential slip mode due to a reduced confinement
of dislocations to a specific set of parallel {112} planes and a ten-
dency to follow the repeating motif to make the glide path more
similar to the prismatic plane in the C14 phase.

In addition to considering the qualitative possibility of slip on
the {112} planes, the expected quantitative values for the CRSS
can also be compared, at least relatively speaking, based on the
interplanar spacing of the slip plane, which strongly affects the dis-
location width and consequently Peierls stress for a given Burgers
vector [64]. For the triple layer, the CaAl2 phase reveals a closer
interplanar spacing. These values are listed in Table 3 compared
with the CaMg2 phase. The interplanar spacings of both (ideal)
structures are caused by the different constituent atoms and their
atomic radii. Ca possesses the largest radius with 197 pm, followed
by Mg with 160 pm and Al with 143 pm [65,66]. This leads to the
closer interplanar spacing in the triple sequence of the (112) plane

in AlCa2 than for the (101
�
0Þ plane in CaMg2. The difference

between these distances amounts to 0.32 Å. The continuously

repeating triple sequence of the (101
�
0Þ plane in CaMg2 has a smal-

ler interplanar spacing than the distance between the triple
sequence and the intersecting Al atom from the Kagomé layer of
the (112) plane in CaAl2. Additionally, the arrangement of the par-
allel {112} planes repeats continuously, revealing a small overlap
13
from the triple layer on one plane to the triple layer on the next
parallel plane with a lattice distance of 1.64 Å (distance between
the purple lines displaced in Fig. 14). Looking at the alignment of

the (101
�
0Þ plane, there are only two parallel layers, with a lattice

spacing of 1.78 Å, which also is smaller than the full distance to the
next triple layer in the plane.

With the comparison of these planes and the knowledge of the
low CRSS for 1st order prismatic slip systems in C14 Laves phases,
the possibility of the activation of {112} slip cannot be entirely
explained or connected with a distinct dislocation mechanism,
but its occurrence can be rationalised from this comparison.

4.3. Active fracture planes

In contrast, the nucleated cracks could clearly be measured to
be the {112} plane. The identification of the crack planes is clearer
than that of the slip lines due to smaller encountered overlaps in
these cases for the {111} and {112} planes compared to the slip
line analysis. The TEM analysis (Fig. 10) further revealed planar
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cracks within the volume and along slip traces extending from the

volume to the surface on the ð21
�
1Þ and (211

�
) planes. During

indentation, the applied pressure would provide a driving force
for these cracks to open. Therefore, this leads to the assume that
plasticity occurred first on these planes and that upon unloading,
the accumulation of dislocation defects further promoted decohe-
sion along these apparently favourable {112} fracture planes. A
very similar observation has been made by Schröders et al. [51]
during indentation and microcompression of the structurally
related l-phase and crack nucleation at intersecting slip bands in
general is a commonly observed phenomenon at large and small
scales [25,67,68].
4.4. Orientation dependence of slip morphology

Beside the straight lines and edges, which could be used to
clearly identify active slip systems that were confirmed in both
microcompression and TEM, curved traces were also detected
around the indents (Fig. 5), which could not be assigned to individ-
ual underlying slip planes. This occurrence of both curved and
straight slip traces is similar to what was observed by the authors
in deformation of the CaMg2 C14 Laves phase at elevated temper-
atures [41] and also for the Fe7Mo6 l-phase at ambient tempera-
ture [51], but could not yet be assigned to a specific deformation
mechanism beyond speculation that possible reasons may be easy
cross-slip or promotion of cross-slip where slip systems interact.

One might expect these to result in an orientation dependence
in terms of the prevalent slip morphology and this is indeed
observed (Fig. 4). Grains near the [011] direction exhibit edged
and straight lines around the deformation zone, while grain orien-
tations near [111] only reveal cracks. For orientations near [001]
direction straight lines and further curved deformation can be
seen. The orientations between these three directions in the centre
of the standard triangle exhibit all deformation morphologies
concurrently.

This can be rationalise as follows:
For deformation with the major stress along [111] (either as a

close approximation in microcompression of a (111) oriented crys-
tal or a rough approximation for indentation on the same surface
plane), there is no {111} plane with a non-zero Schmid factor as
all planes are either perpendicular to the surface or the Burgers
vector within the surface plane. In case of the {112} planes, there
are three sets of planes, those lying perpendicular to the surface
(one indicated in yellow in Fig. 15), those with the Burgers vector
in the surface plane (red in Fig. 15) and those inclined to the sur-
face at a shallow angle and the Burgers vector also out of the sur-
face plane (grey and violet in Fig. 15). Only the latter achieve a non-
zero Schmid factor. While the first can leave no slip trace, the sec-
ond would be more likely to crack for a favourable fracture plane
and the last are at the very least unlikely to form slip traces unless
slip can very easily expand outwards from the highest pressure
zone to intersect the surface at some horizontal distance away.
For the two identified slip system families and the {112} a favour-
able crack plane, the observed cracks and an absence of slip traces
is therefore consistent with expectations.

In [011] and [001] orientation, straight traces as well as edges
(i.e. very short, connected segments of different orientations) or
curves, respectively, occurred. This can also be rationalised based
on the orientation of the available slip planes. Leaving again those
unconsidered which are unlikely to form slip traces (those {211}
planes with a shallow inclination to a {011} surface plane or those
(nearly) normal to the surface, which would rather serve as frac-
ture planes), suitable slip planes with intermediate Schmid factors
can be found for both the {111} and {211} planes. However, while
in case of a {011} surface these form a twofold symmetry with an
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orientation spread from 4 potential slip planes (a central {111} and
3 {211}) each, in case of a {001} surface these are grouped around
the 4 {111} poles to give a much more continuous orientation
spread. The observation of the more ragged edges in case of the
first case of a {011} surface and more continuously curved traces
in case of the {001} surface is therefore equally consistent with
deformation on the two slip plane families and cross-slip occurring
between them owing to the shared Burgers vector.

Finally, further away from the low index axis orientations,
where both slip systems have systems with high Schmid factors
(Fig. 4) and many differently oriented planes, a mixture of these
regimes is expected and observed.

In addition to dislocation slip, twinning was mostly reported as
occurring deformation mechanism at room temperature for cubic
Laves phases in macroscopic studies [12,13], but was not observed
in our study doing micropillar compression tests or in the analysed
TEM lamella.
4.5. Activation volume

Strain rate jump tests revealed a strain rate sensitivity of 0.02
8 ± 0.019 for the C15 phase and an overall average activation vol-
ume of 3.75 ± 1.15 b3, for a Burgers vector along the closed packed
direction a

2 h110i (b = 0.5685 nm). Due to the close packed structure
of the Laves phases, the intrinsic resistance against plastic defor-
mation is assumed to be comparatively high, especially compared
to metals with a simple face centred cubic structure. Additionally,
the fact of having a BDTT shows the strong influence of thermal
activation for plasticity, and therefore the activation volume
should be comparatively low, as measured in the strain rate jump
test. An activation volume around � 10 b3 is usually correlated
with the mechanisms of overcoming the Peierls barrier, giving rise
to the lattice resistance, by forming and moving kink pairs, in con-
trast to overcoming a field of discrete obstacles like other disloca-
tions or precipitates [70]. However, other mechanisms are
associated with similar activation volumes, particularly cross-slip
and climb. Both are difficult to be observed directly by TEM, but
at least climb, which is based on the diffusion of vacancies to dis-
locations, may be considered unlikely here as experiments were
carried out at low homologous temperatures, where diffusional
processes of flow are not usually dominant. In contrast, dislocation
motion affected by solute drag and the diffusion speed of the
solutes in comparison to the dislocation velocity, is known to lead
to strong experimental signatures in the form of serrated flow.

Serrations have been reported in the loading curves for different
intermetallic phases like the hexagonal CaMg2 as well as for the
cubic Mg17Al12 for nanoindentation tests at room temperature or
50 �C, decreasing with increasing temperature [11,41]. The room
temperature activation volume for the c-Mg17Al12 phase was esti-
mated as 4.8 b3 by Mathur et al. [11], however, the authors could
also not unambiguously assign this volume to either dislocation
motion controlled by overcoming the Peierls barrier or solute drag
effects.

In the literature on high temperature Laves phase deformation
in bulk samples, in particular MgZn2, attempts to provide deforma-
tion mechanism maps suffer from similar limitations [71]. Macro-
scopically, data on yield stresses is only available down to the BDTT
at a homologous temperature of around 0.6. In the plastic regime
(in compression) above this temperature and up to the point of
the onset of dislocation climb at higher temperatures and low
stresses, dislocation glide and climb are thought to be the govern-
ing mechanisms with glide assumed to be rate limiting [71]. Obser-
vations of yield drops support the assumption that such
mechanisms with a strong inverse dependence of the stress on
mobile dislocation density are operating [15,72]. However, the



Fig. 15. A) displays the schmid factor distribution for i. {112}< 11
�
0 > and II. {111}< 11

�
0 > in an IPF map. In b), d), f) the stereographic projection of the b) {111}, d) {001}

and f) {011} traces (in blue) with h211i poles (in pink) is shown using Crystal Maker [69]. c), e), g) visualises [52] the alignment of the {112} planes in the unit cells of the
experimentally found orientations that were the closest to the c) {111}, e) {001} and g) {011} (surface) plane normal (here facing upwards). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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observation of serrations and also immobilisation of dislocations in
interrupted mechanical tests [15], also points to a further role of
point defects in the deformation of Laves phase crystals. Given that
off-stoichiometric composition has been found to lead to softening
in many but not all cases, it can be concluded here that in the CaAl2
C15 Laves phase it is likely that at low temperature the lattice
resistance provides the rate limiting mechanism, but that cannot
infer if or in how far this is also affected by solutes. Additionally,
studies above the BDTT on cubic Laves phases calculated a decreas-
ing strain rate sensitivity and the activation volume with increas-
ing temperature and correlating it also with the overcoming of
the Peierls barrier, which could also be correlated diffusion or
climb processes at these experimental temperatures [73,74].

However, the work presented here and elsewhere on Laves
phases in recent years now puts us into a position to investigate
these effects in more detail and with hopefully more definite con-
clusions. With respect to the CaAl2 phase, future work towards ele-
vated temperatures and also towards off-stoichiometric or alloyed
compositions can follow. Taking into account the new insights on
the active dislocation slip systems and the dependence of likely
cross-slip opportunities on crystal orientation in indentation pre-
sented above, the expectation that work at temperatures between
room temperature and the BDTT as well as on alloys will be able to
draw firmer conclusions on the individual roles of the lattice resis-
tance on individual slip systems and solutes, anti-site defects or
vacancies in governing dislocation motion in Laves phases. In
experiments, the different point defects may not be possible to
control separately, however, in simulations, first efforts are already
being made to explore their role on dislocation motion [75].

5. Conclusions

The plasticity of the CaAl2 C15 phase was investigated at ambi-
ent temperature using nanoindentation in conjunction with a slip
trace analysis, strain rate jump tests, micropillar compression
and TEM analysis. The combination of these testing methods
allowed us to draw the following conclusions:

� The average hardness and indentation modulus are 4.9 ± 0.7
GPa and 85.5 ± 4.0 GPa and do not vary significantly with
orientation.

� Strain rate jump tests reveal a strain rate sensitivity of 0.028 ± 0.
019 and a corresponding activation volume of 3.75 ± 1.15 b3.

� All nanomechanical experiments have shown that the predom-

inate slip systems are f111gh11
�
0i and f112gh11

�
0i and are

activated with more or less the same CRSS of 0.99 ± 0.07 GPa
and 0.97 ± 0.03 GPa, respectively, whereby TEM investigations

allowed to identify the ½11
�
0� Burgers vector type by using the

g � b analysis.
� Cracks at the edge of the indents were found on the {112} plane
for all investigated orientations.

� TEM analysis on a nanoindent allowed to identify dislocation

motion on both ð111
�
Þ and ð2

�
11

�
Þ planes. Stacking faults were

found and could be located on the (111
�
) plane.
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