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Quasicrystalline materials possess a unique structure that is ordered yet not periodic. Despite their special
configuration and many useful properties, they are typically very brittle at temperatures below ~75% of their
melting points, rendering them difficult to process and often unsuitable for practical implementations. Micro-
compression offers an opportunity to unveil the fundamental mechanisms of quasicrystal plasticity. Here, we
study the mechanical behavior of a typical icosahedral quasicrystal (i-Al-Pd-Mn) using microthermomechanical
techniques over a temperature in the range 25-500 °C. We observe a few interesting phenomena, including
micropillar shrinkage, phase transformations, grain refinement, and thermally induced transitions in deformation
behavior (from brittle fracture at room temperature to serrated plastic flows and then to homogeneous flows at
elevated temperatures). Furthermore, we discuss the multiple underlying mechanisms on the mechanical behav-
ior of the quasicrystal in this temperature regime, exploring surface evaporation/diffusion, diffusion-enhanced
plasticity, dislocation activities, and grain boundary rotation/sliding. Our study bridges the gap between room-
temperature and high-temperature plasticity in quasicrystals, demonstrating an opportunity to study complex

intermetallic phases in broad size and temperature regimes.
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I. INTRODUCTION

Quasicrystals (QCs), or quasiperiodic crystals, are a class
of materials that exhibit long-range order in their atomic ar-
rangement but lack translational symmetry (periodicity) in at
least one dimension [1,2]. QCs can possess fivefold, tenfold,
and twelvefold symmetries that are forbidden according to the
classical theorems of crystallography [3-5]. Conventionally, a
crystal is defined as a regular array of atoms, repeating period-
ically in the space [6], i.e., an infinite 3D periodic arrangement
of identical structure motifs [7]. In reciprocal space, only the
point symmetry between structure factors is maintained, lead-
ing to a crystal definition n > 3 dimensions [7]; quasicrystals
can be described as an n-dimensional periodic structure with
a lattice of higher symmetry in superspace, therefore they can
still be classified as a unique type of crystal, albeit aperiodic
crystals [2]. For example, decagonal QCs show periodically
stacked two-dimensional quasiperiodic layers along tenfold
symmetry [8], while icosahedral QCs contain fivefold sym-
metry axes and show quasiperiodicity in three dimensions [9].
Since the discovery of QCs in the 1980s [1], many QCs were
discovered in laboratories [10—15] through a methodical study
of phase diagrams and guiding principles such as e/a ratio
based on Hume-Rothery laws and atomic size ratios [16].
Some QCs are also found in nature [17,18]. Owing to their
unique quasiperiodic structure, QCs exhibit many interesting
and unusual properties, including high hardness [19,20], low
friction coefficients [21,22], strong light absorption [23], high
hydrogen storage [24], low thermal conductivities [15], and
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many special magnetic and electronic properties [25-28]. De-
spite these useful properties, the practical use of QCs remains
very limited. The main drawback that prevents their broad
application is their brittleness at room temperature (RT) and
elevated temperatures (approximately 25-600 °C) [19,29,30].
Conventionally, steady plasticity in QCs can only be achieved
at high temperatures (above approximately 600 °C, or above
~T75% of their melting temperatures [31,32]) or under con-
fining hydrostatic pressures [33,34]. To date, the mechanical
behavior of QCs in the elevated temperature regime is still
poorly understood—much in contrast to crystalline and amor-
phous solids.

In addition to phonon components in regular crystal dislo-
cations, dislocations in QCs also contain phason components
[35,36], which are supplementary long wavelength excitations
related to the perpendicular subspace of six-dimensional hy-
perspace [37-39], leading to structural and chemical disorder
in physical space [40]. The phason strain is the perpendicular
component of the six-dimensional displacement that causes
matching-rule violations in the corresponding quasilattice,
in which certain atoms disappear and emerge in unexpected
places [39]. Therefore, the discontinuity from phason defects
results in a shift of weaker diffraction peaks away from the
ideal position. The propagation of dislocations in QCs is
significantly hindered by phason strains, resulting in poor
ductility at RT, and even elevated temperatures [37]. At high
temperatures, phason faults become unstable and tend to
vanish rapidly by diffusion [41,42], and the dislocations are
able to overcome the phason drag through thermally activated
processes such as dislocation climb [43—45]. Previous studies
of QC plasticity have concentrated on i(cosahedral)-Al-Pd-
Mn [40,46], i-Al-Cu-Fe [47], and d(ecagonal)-Al-Ni-Co [31].
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FIG. 1. TEM electron diffraction patterns for the i-Al-Pd-Mn crystal along (a),(b) twofold and (c) fivefold symmetry axes [48]; (d) powder
diffraction (Cu, Ko 1) pattern for the as-cast i-Al-Pd-Mn ingot. SEM images of (e) the array matrix of FIB-milled pillars produced in one large
grain; and (f) a micropillar before compression (approximately 1 «m in diameter).

Recently, Zou and his co-workers showed that i-Al-Pd-Mn
[48] and d-Al-Ni-Co [49] QCs could exhibit good plastic-
ity, even at room temperature, when their dimensions are
reduced to the submicrometer scale (<~500 nm) using the
microcompression and microbending methods. This small-
scale mechanical testing technique enables the investigation
of plastic behavior of typically brittle QCs by suppressing
fracture before plastic yielding occurs. Very recently, Zou
et al. [50] also reported on the mechanical properties of a
d-Al-Ni-Co quasicrystal at temperatures up to 600 °C, using
an elevated temperature micromechanical testing system. The
d-Al-Ni-Co quasicrystal showed a clear brittle-to-ductile tran-
sition upon loading within 25-600 °C region and maintained a
stable d-QC structure [50]. However, the mechanical investi-
gation of i-Al-Pd-Mn from 25 to ~500 °C is more challenging
than that of d-Al-Ni-Co. First, to our best knowledge, there
is little knowledge of the phase diagram of the Al-Pd-Mn
system below 650 °C in the literature [51,52]. Second, the
mobility of the constituent atoms, Al, Pd, and Mn, is consider-
ably increased at the elevated temperatures, especially above
~300 °C, resulting in more complex deformation phenomena.
Third, a stable phase can be observed after the deformation
at room temperature to 300 °C [53-55], while the existence
of polycrystalline structure at 480 °C implies the occurrence
of phase transformation [56,57]. Thus, a fundamental ques-
tion arises: What are the mechanical behavior, phase stability,
and corresponding underlying mechanisms of the i-Al-Pd-
Mn deformed at the temperature range from 25 to 500 °C?
In this study, through the microthermomechanical testing of

i-Al-Pd-Mn, we seek to unveil its deformation mechanisms
in the temperature in the range 25-500 °C, providing an im-
proved fundamental understanding of the plastic deformation
of quasicrystals.

II. MATERIALS AND METHODS

A. Sample preparation and characterization

An Al;gPdy; sMng s sample was produced from pure met-
als (99.9999% Al, 99.9% Pd, and 99.95% Mn) by arc melting
and was subsequently heat treated in a quartz capsule under
a protective Ar atmosphere. The heat treatment procedure
was conducted as follows: (1) heating to 1050 °C (above the
melting temperature of Al;gPd,; sMng s); (2) slow cooling to
810°C at a rate of 30°C per hour; (3) annealing at 810 °C
for 150 h; and (4) quenching in water. The QC structure of
the as-prepared i-Al-Pd-Mn ingot was determined by powder
x-ray diffraction (XRD, Panalytical X"Pert PRO) and then
verified by selected area electron diffraction (SAED) in a
transmission electron microscope (TEM, Thermofisher Sci-
entific, Talos F200X), indicating that the ingot consisted of
a few single quasicrystals having an icosahedral structure
[Figs. 1(a)-1(d)], which has been confirmed in our previous
study [48]. Energy dispersive x-ray spectroscopy (EDS) was
performed in a scanning transmission electron microscopy
(STEM, gun lens 6, spot size 4, camera length 0.098 m)
mode of the TEM instrument, which revealed a homogeneous
composition throughout the sample volume.
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FIG. 2. Representative SEM (SE: secondary electron) micrographs of i-Al-Pd-Mn micropillars after compression experiments at (a) 25,
(b) 100, (c) 200, (d) 300, (e) 400, and (f) 500 °C. Panels (g)—(1) show the corresponding stress-strain curves for the pillars deformed in this
temperature range. An initial constant strain rate of 107> s~! was used, and compression was carried out at 200-500 °C at strain rate jumps of

33x10*sland 3.3 x 1073571,

The ingot was polished consecutively using a 3-pum di-
amond paste and a 60-nm colloidal silica suspension, after
which 25 single-quasicrystalline cylindrical pillars of uni-
form size were fabricated in single grain using a focused
ion beam (FIB) system (Helios Nanolab 600i, Thermo Fisher
Scientific). Coarse milling was first performed using steadily
decreasing ion currents down to 80 pA (Ga+ at 30 kV),
followed by final polishing using 7 pA (Ga+ at 30 kV). Both
the undeformed and deformed pillars were imaged using a
high-resolution (HR) scanning electron microscope (SEM)
(Magellan 400, Thermofisher Scientific). Before deformation,
the top diameters of the FIB-milled pillars were approxi-
mately 1 wm with a taper of about 3 ° and an aspect ratio of
about 3—4.5, as shown in Figs. 1(e) and 1(f). TEM specimens
were prepared as TEM lamellae using FIB milling. Prior to
lamellae milling, the pillar surfaces were protected by FIB-
assisted deposition of an amorphous carbon layer. Thinning

down to electron transparency of the lamellae was performed
at 5 kV of Ga+ and 3 kV of the electron source potentials.

B. Micromechanical testing at room and elevated
temperatures (25-500°C)

An in situ nanoindenter (Alemnis, Switzerland) with
a 5-pum-diameter diamond flat punch tip (Synton-MDP,
Switzerland) was used in an SEM (Vega 3, Tescan) to
compress the micropillars using displacement control in the
temperature in the range 25-500 °C under an SEM vacuum
condition (~10~° Pa). The indenter was modified by incorpo-
rating independent tip and sample heating with a water-cooled
frame. Due to the thermally stable system frame and the
precise matching of the sample and indenter temperatures,
the typical thermal drift values were less than 0.02nms™'.
Engineering stresses were calculated based on the top di-
ameters of each pillar. Three to four pillars were tested at
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FIG. 3. SEM micrographs showing the morphologies of un-
deformed pillars after different testing stages: (a) as-milled, (b)
annealed at 300 °C, and (c) annealed at 500 °C. (d) Corresponding
diameters and volumes of the undeformed pillars after annealing.
The average decrease of the pillar volume is 0.14 um?* (4.5%) and
0.42 um? (13.8%) for 300 and 500 °C, respectively. The melting
point (7,) of the i-Al-Pd-Mn is about 950 °C (1223 K).

each temperature (25, 100, 200, 300, 400, and 500 °C), while
five pillars were heated and left undeformed to serve as
comparisons.

Testing was arranged in three stages. The first set of tests
was performed at 25 °C. The second set of tests was performed
at 100, 200, and 300 °C; at each new temperature, the sample
was held for about one hour to ensure the thermal stability (no
thermal drift) before testing. The sample was then removed
from the SEM chamber (Vega 3) after testing at 300 °C and
imaged using an HR SEM (Magellan 400). The third set of
tests was performed at 400 and 500 °C. The holding time for
these tests was extended to 1.5-2 h, and the deformed samples
were again transferred from nanoindenter setup to the SEM
for imaging. The average time for each set of tests at a single
temperature increment (including heating, thermal stabiliza-
tion, and deformation) was about 2.5 h. The initial strain rate
was 1073 s! for all micropillars. To analyze the strain rate
sensitivity (SRS), strain rate jump patterns were adjusted dur-
ing testing at each temperature to accommodate the changes
of flow characteristics: (i) 200 °C: (1, 0.3, 3) x 1073 s~1; (i)
300°C: (1,3.3,13.3) x 107*s7!; and (iii) 400 and 500 °C:

(1,0.33,3.3) x 10~3s~!. Since all the pillars were prepared
from the same bulk QC ingot (within the same large QC grain)
and setting up the elevated temperature microcompression
testing is very time consuming, only the samples tested at
room temperature and 500 °C were characterized in TEM.

III. RESULTS

A. Micropillar compression in the temperature
in the range 25-500 °C

Figure 2 shows the representative SEM micrographs and
corresponding engineering stress-strain curves of the com-
pressed micropillars. At 25 °C, the micropillars underwent
catastrophic failure at about 3% strain without detectable
plasticity [Figs. 2(a) and 2(g)], as the pillars fractured into
several pieces. Rising deformation temperature resulted in
an increase in plasticity. Two types of the deformed pillar
surface morphologies were observed at the test: wrinkles be-
low and at 300 °C, and protrusions at compressions above
300 °C. It is noted, however, that the whole set of samples for
temperature-dependent compressions within the 25-300 °C
range was staying in the SEM chamber on the stage during
all the tests. This could indicate that all wrinkled features in
specimens deformed at 7 < 300 °C might be the consequence
of heating to and holding at 300 °C during the compres-
sion tests. Deformation bands declined at ~45 ° relative to
the loading axis are observed in the pillars tested between
100 and 300°C [Figs. 2(b)-2(d)], while at 400-500 °C the
pillars exhibit no traces of deformation bands but distinctly
rough surface morphology with protruding features about
150 nm in size [Figs. 2(e) and 2(f)]. This morphology tran-
sition between 300 and 400 °C could be correlated to the
phase transformation, indicating a decomposition of the single
QC structure, which is discussed further in Sec. III C 3. The
engineering stress-strain curves exhibit serrated plastic flow
behavior at 100, 200, and 300 °C [Figs. 2(g)-2(i)], in which
obvious displacement burst, a common phenomenon observed
in microcompression of metal [58,59], is also observed in the
stress-strain curves of the pillars deformed at 100 and 200 °C.
The pillars deformed at 400 and 500 °C exhibited relatively
more homogeneous plastic flow and showed the increased
and positive SRS [Figs. 2(k) and 2(1)]. The flow stresses of
the pillars significantly decreased when tested above 300 °C,
implying a transition of deformation mechanism.

B. Annealed (undeformed) micropillars after 300 and 500 °C

To compare thermally and thermomechanically induced
effects, the undeformed pillars were annealed and analyzed
in SEM. Figures 3(a)-3(c) show a substantial decrease in
the pillar volume (shrinkage) with increasing temperature,
a phenomenon that was not reported in the elevated tem-
perature microcompression of d-Al-Ni-Co [50]. Figure 3(d)
shows the corresponding changes in diameters and volumes
of pillars thermally treated at different temperatures. The ap-
proximate volume loss for pillars annealed at 300 and 500 °C
are 0.14 um? (4.5%) and 0.42 um® (13.8%), respectively.
Both the annealed pillars showed a wrinkled surface morphol-
ogy, which is more prominent in the 500 °C annealed pillar.
The micrographs show that the wrinkle pattern is uniformly
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FIG. 4. (a),(b) Representative TEM and (c) HR TEM micrographs, and (d) corresponding elemental maps acquired from compressed pillar
loaded just up to the point of fracture at room temperature. The highly localized slip band in (b) and (c) is at about 45 ° from the loading axis.
The uniformly elemental distribution indicates no phase separation in the specimen.

distributed on the pillar surfaces, suggesting the decomposi-
tion of quasicrystalline structure to polycrystalline form upon
annealing without any mechanical loading.

C. TEM microstructural analysis
1. Micropillars deformed at room temperature

Figures 4(a) and 4(b) show the bright field TEM (BF
TEM) micrographs of a QC pillar compressed at 25 °C. The
dashed line in Fig. 4(a) presents the original shape of the
as-milled pillar before compression. The contrast modulations
in the pillar body are induced by compression rearrangement
of lattice defects that resulted in the formation of the pillar
regions differently oriented towards the electron beam. The
dark area at the bottom of the pillar is too thick to resolve any
microstructure features. The diffraction contrast in Fig. 4(b)
shows a region at the top of the pillar and reveals a slip
band terminating at the surface. The high-resolution TEM
(HR TEM) image in Fig. 4(c) shows that the slip band is
very sharp (about 2-3 nm in thickness) and is oriented at
about 45 ° to the loading direction. This localized plasticity
matches well with the results of bulk i-Al-Pd-Mn specimens
deformed at low temperatures [53-55]. The diffraction pattern
in the inset of Fig. 4(b) confirms that the QC structure of
the pillar remained unchanged upon deformation. Moreover,
the element distribution maps by EDS [Fig. 4(d)] also show
a uniform distribution of Al, Pd, and Mn in the pillar body
with only a minor chemical content modulation at the pil-
lar surface (higher Pd and weaker Al signals) at the pillar
surface. Therefore, no phase transformation occurred during
room-temperature compression of the i-Al-Pd-Mn.

2. Micropillars annealed at 500 °C (undeformed)

Figure 5 presents TEM micrographs of undeformed pil-
lars heat-treated at 500 °C for about 3 h. The high-angle
annular dark-field (HAADF) STEM mode [Figs. 5(a) and
5(c)] demonstrates the elemental content modulations in the
annealed sample: the brighter areas in the HAADF image
show the regions with a heavier element, Pd, whereas the
darker areas correspond to Pd-depleted regions. The EDS
elemental content distribution maps from the same pillar
(Fig. 6) confirm the multiphase state of the annealed pillar.
Furthermore, the contrast modulations (darker and brighter
gray regions) in the BF TEM images [Figs. 5(b), 5(d), and
5(e)] also confirm that the microstructural evolution can be
caused by the heat treatment. These images clearly reveal the
polycrystalline characteristics with average grain size (dayg)
of about 240 nm. The diffraction analyses of the pillar, shown
in the insets of Figs. 5(b) and 5(e), confirm the presence of
non-QC structures. The existence of the Al;Pd, phase (hP5,
SG P-3ml) is verified by the SAED analyses (Supplemental
Material Fig. S1 [60]) and is confirmed by the composition
EDS STEM analyses of the same regions. The analyses of
the fast Fourier transform (FFT) patterns acquired from the
regions in the HR TEM images, for example, Figs. 5(f) and
5(g), also indicate the presence of Al;Pd, (hP5, SG P-3ml)
and AIPd (hR26, SG R-3) phases (Supplemental Material Fig.
S2). The FFT patterns from other regions (Supplemental Ma-
terial Figs. S3 and S4) confirm the presence of AlgMns (hR52,
SG R3m) and remaining icosahedral Aleg 5sPd»».1Mng 4 phases
[61,62]. We conclude that 500 °C annealing of the icosahedral
Al;0Pd;; sMng s alloy results in phase decomposition and the
transformation into a multiphase state.
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BF TEM (e)

FIG. 5. (a),(c) HAADF STEM, (b),(d),(e) BF TEM, and (f),(g) HR TEM micrographs of the undeformed pillar (annealed at 500 °C for
about 3 h). Diffraction patterns acquired from the large pillar area in (b) and the upper part of the pillar in (d) do not show an icosahedral
structure. The fast Fourier transform (FFT) patterns (Supplemental Material Fig. S1) acquired from the HR TEM regions in (f) and (g) confirm

the existence of the Al;Pd, (hP5) phase.

HAADF

FIG. 6. HAADF STEM micrographs of (a) the whole unde-
formed pillar annealed at 500 °C and (b) a higher magnification
region [square region in Fig. 6(a)], with the corresponding EDS maps
showing elemental content distribution.

Compositional analysis of the undeformed pillar annealed
at 500 °C was performed using HAADF STEM in combi-
nation with EDS spectrum imaging. Figure 6 presents the
elemental distribution maps and evidences a nonuniform dis-
tribution of Pd and Mn in the pillar. The Al signal shows
much fewer modulations through the whole pillar. As shown
in Fig. 6(b), Mn-containing regions are also observed within
Pd-rich grains, suggesting that phase separation is not com-
plete. The Cliff-Lorimer evaluation algorithm was used to
estimate the composition of the Pd-rich and Mn-rich grains.
The composition of Mn-rich grains (dark contrast) in Fig. 6(b)
is 58 at. % Al, 35 at. % Mn, and 7 at. % Pd; the Pd-rich
grains are composed of 53 at. % Al, 45 at. % Pd, and 2 at.
% Mn. According to the binary phase diagrams of Al-Pd and
Al-Mn alloys, these compositions correlate to AlgMns (hR52)
in the Mn-rich areas; whereas, in the Pd-rich areas, both AIPd
(hR26) and Al3Pd, (hP5) phases are possible. These potential
phases correspond well to the diffraction patterns and FFT
pattern analyses (Supplemental Material Figs. S1-S3), con-
firming the thermally induced phase separation process and
the existence of multiple binary Al-Pd and Al-Mn phases.

3. Micropillars deformed at 500 °C

Figure 7 presents the TEM micrographs of the pillar
deformed at 500 °C, revealing a segregated microstructure
similar to that observed in the undeformed pillar in Fig. 5.

053602-6
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HAADF STEM  (b)

FIG. 7. (a) HAADF STEM, (b) BF TEM with SAED, and (c),(d) enlarged BF TEM views of a pillar compressed at 500 °C, showing the

phase separation and grain refinement; (d) dislocations array contrast.

Compared with the undeformed sample, the deformed pillar
shows a finer grain size with an average value of day, =
150 nm, shown in the HAADF STEM [Fig. 7(a)] and BF
TEM images [Figs. 7(b)-7(d)]. Again, similar to the unde-
formed material, the pattern analysis confirms the presence
of the icosahedral phase (Supplemental Material Fig. SS5).
However, due to the limited amount of reflections, the SEAD
pattern could match with either i-Al-Mn or i-Al-Pd-Mn sys-
tems. Figure S6 shows the measurement of the grain size
in deformed/undeformed pillars, indicating grain refinement
after compression. The location of segregated grains shows
correspondence to the protruding features in SEM images
[Fig. 2(f)]. Compared with the undeformed pillar showing
a wrinklelike surface [Fig. 3(c)] and large grains (Fig. 5),
the deformed pillar might experience a different phase trans-
formation process with a preferred symmetry change under
compression [63]. A very thin (~2 nm) oxide layer is ob-
served at the pillar surface (Fig. S7), which might result from
the oxidation of aluminum during the sample transfer between
characterization steps. Such a thin layer of oxide is not be-
lieved to affect the deformation significantly.

The EDS maps (Fig. 8) confirm similar, but more refined,
segregation of Mn and Pd in the deformed pillar compared
to the undeformed one. In contrast to the undeformed pillar
(Fig. 6), Mn clusters in the compressed pillar are distributed
more uniformly, forming a large number of fine Mn-rich
grains, suggesting that phase separation is more complete.
In the higher magnification images [Fig. 8(b)], we observe
that fine Mn-rich cluster structures also exist within Pd-rich
grains, comparable to those observed in the undeformed pillar.
Despite the fine Mn-rich structures observed in the Pd-rich
grains, the majority of Mn appears to separate from Pd-rich
grains and accumulate at the grain boundary junctions of
Pd-rich grains to form pure Al-Mn phases (containing no Pd).
This feature indicates that the onset of phase separation may
arise from the precipitation of the Mn atoms from the original
icosahedral phase, forming binary Al-Mn phases. Moreover,

assuming the pattern in Supplemental Material Fig. S5 be-
longs to i-Al-Mn systems such as Al;gMny, or AlgoMny, the
composition of the Mn-rich phase in the compressed pillar
suggests that a small concentration of Mn remains within
the Pd-rich grains in the form of the icosahedral structure.
Hence, the diffusion of Mn may be an important factor in the
deformation of i-Al-Pd-Mn at 500 °C.

FIG. 8. HAADF STEM micrographs of (a) the deformed pillar
annealed at 500 °C and (b) a higher magnification region [the square
region in Fig. 8(a)] with the corresponding EDS color maps showing
compositional distribution.
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TABLEI. Parameters (A, B, and C) in Eq. (2) [66] and calculated
saturated vapor pressures (p°) of Al, Mn, and Pd with corresponding
volume change rates (1y.x) at 500 °C.

Element A B C p° (Pa) imax (um> /h)
Al 9.459 —17342 —0.7927 5.50 x 10~'"  2.03 x 107
Mn 12.805 —15097 —1.7896 1.29 x 1077 2.47 x 1072
Pd 9.502 —19813 —0.9258 1.59 x 107'* 2.62 x 10~°

IV. ANALYSIS AND DISCUSSION
A. Pillar size reduction: Evaporation vs diffusion

As shown in Fig. 3, the pillar size clearly decreased after
the 300 and 500 °C annealing stages. Although the densifi-
cation of the solid due to structural changes, such as phase
separation, may lead to the pillar volume reduction, the degree
of density disparity is estimated to cause a volume change of
less than 1% (calculated from the density of AlgMns, Al;Pd,,
AlPd, and i-Al-Pd-Mn [64]), which is much less than the
measured volume changes. Thus, crystal structural changes
should not be the main reason for the volume changes, and this
shrinkage phenomenon could be associated with two probable
mechanisms: evaporation and diffusion.

Surface evaporation of Mn in Al-Mn-Pd has been observed
in bulk samples, which is reported to produce an enrichment
in Pd in the uppermost surface layer [65]. The vapor pressure
of Mn is much higher than Al and Pd [66], as shown in
Table I, implying Mn evaporates (sublimates) faster than Al
and Pd at high temperatures and low pressure (SEM chamber,
~107®Pa). The corresponding evaporation rate of each
element can be calculated using the Hertz-Knudsen equation
[67,68]:

[70

— = kmolm2s7!, (D
2nMRT

’;lMax =
where p° is the saturated vapor pressure, M is the molecular
weight, R is the universal gas constant, and T is the absolute
temperature (in K) at an evaporating surface. The vapor

pressure for metallic materials at various temperatures can be
calculated as [66]

log,, p(atm) = A + BT ' 4+ Clog,, T, )

where A, B, and C are constants. Table I shows that the evapo-
ration rate of Mn is three orders and seven orders of magnitude
higher than that of Al and Pd, respectively, which could lead to
the depletion of the Mn from the outer layer of the pillar. How-
ever, based on the calculations from Eq. (1), the evaporation
rate is not sufficient to cause the observed decrease in size: it
would take ~20 h at 500 °C to achieve the measured volume
change (~0.42 um?) by evaporation alone, whereas the total
experiment time at 500 °C during testing was about 2-3 h.
It is noted that while intermediate annealing stages at lower
temperatures may have contributed to the volume change, the
rate of evaporation is much less significant at a lower tem-
perature. Even though the effects of evaporation at different
temperatures are accumulated throughout all annealing stages,
it is still lower than the observed volume reduction, suggesting
the evaporation may not be the primary mechanism. Hence,

the secondary mechanism of diffusion is proposed here. The
volume diffusivities (i.e., diffusion coefficients) for Pd [69]
and Mn [70] in i-Al-Pd-Mn are given below:

_2.32eV

Dpg = 1.2 x 1072 exp™ "7 'm?s7!, (3)

1.88eV.
)

Dyin = 3.4 x 107*exp™ % 'm?s7 L. 4)

However, to our knowledge, the diffusivity of Al in i-Al-Pd-
Mn has not yet been determined in this temperature regime. In
a report of self-diffusion of Al in i-Al-Pd-Mn at low temper-
atures, DolinSek ef al. [71] implied that the activation energy
(Q) of Al is close to 1.3 eV. To give the best estimation, we
use this activation energy value here. Since there are several
equations for Al diffusivity [72,73], the one with activation
energy close to 1.3 eV is used [74]:

Dar = 0.1 x 10~ *exp ) m2 57!, 5)
The corresponding diffusivities at 500 °C are calculated
from Egs. (3)-(5) and listed in Table II. However, since the
micropillars have a high surface-to-volume ratio, surface dif-
fusion (which has lower activation energy [75]) must also
be taken into account. For Mn and Pd, the corresponding
activation energies for surface diffusion have been determined
to be 0.2 and 0.64 eV, respectively [76]. However, for Al, it
varies from 0.054 to 0.69 eV [77], depending on the crystal
plane. Here, we use the average of all reported surface diffu-
sivities, as listed in Table II. To calculate the volume change
by diffusion, diffusive flux J; arising from a chemical potential
difference can be expressed as [78]
Dc; 0pu;

J= =22 6
RT ox ©)

where c; is the concentration (mol/m?) and % is the gradient
of chemical potential (J/molm). The as-milled pillars have
high surface-to-volume ratios and therefore higher surface
energy than the substrate, inducing a chemical potential differ-
ence. Based on the surface energy of i-Al-Pd-Mn (28 mJ /m?
[79,80]), the corresponding rates of volume change caused by
the surface diffusion of each element are calculated and listed
in Table I. Mn shows the highest surface diffusivity among
the three elements, and it is estimated to require about 6 h at
500 °C to achieve the observed volume change solely by the
effect of Mn diffusion. It should be noted that this micropillar
shrinkage phenomenon has not been reported in pure Al pil-
lars or other Al-based metallic systems that do not contain Mn
[50,81]. This is because the difference in activation energies
for volume and surface diffusion in Al is relatively small, and
thus preferential diffusion of Al along the surface does not
noticeably occur.

Combining the effects of evaporation and diffusion, the
total volume change rate at 500 °C (~0.1 wm?/h) corresponds
to an annealing time of ~4 h for the measured shrinkage.
Since all the pillars experienced the heating processes at el-
evated temperatures, i.e., 100-500 °C, the volume changes at
the previous annealing steps should be taken into account
in addition to the effects of evaporation and diffusion at the
testing temperature. These combined effects were calculated
and are listed in Supplemental Material Table SI [60] and
shown graphically in Fig. 9, in which we assume a 2.5-h
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TABLE II. Volume and surface diffusion energies and coefficients (diffusivities) of Al, Mn, and Pd and the corresponding volume change

rates at 500 °C.

Volume activation Volume Surface activation Surface Volume change
Element energy (eV) diffusivity (m?/s) energy (eV) diffusivity (m?/s) rate (um?/h)
Al 1.26 [74] 6.12 x 1071 [74] 0.054-0.69 [77] 472 x 1078 [77] 1.82 x 1073
Mn 1.88 [70] 1.89 x 10716 [70] 0.2 [76] 1.69 x 1073 [76] 6.85 x 1072
Pd 2.32[69] 9.04 x 10718 [69] 0.64 [76] 8.08 x 1077 [76] 7.85 x 1073

holding time at each temperature. In Fig. 9(a), faster shrinkage
occurs at higher temperatures, in which the total rates are
calculated as (2.94, 10.7, 25.1, 47.0, 103) x 1073 /un3/h for
100, 200, 300, 400, and 500 °C, respectively; the effect of
diffusion is more significant than that of evaporation in all the
temperature regimes, especially for the diffusion of Mn along
the pillar surface, in which the contribution of Mn diffusion
(in the orange solid line) is above 90% of the total diffusion
volume change rate (in red dashed line). For example, the
rate of volume change due to the Mn diffusion is ~9 and
~38 times faster than those caused by Pd and Al at 500 °C,
respectively. Figure 9(b) shows the cumulative volume change
at each temperature: the effect of evaporation (in the blue
meshed histogram) is apparent only at 500 °C, because the
rate of evaporation is negligible below this temperature [in
blue dashed line in Fig. 9(a)], corresponding to 13.0% of total
volume change; the influence of prior annealing (in the grey
meshed histogram, an iteration of the cumulative values at
lower temperatures), which is attributed mainly to diffusion,
becomes significant at higher temperatures, accounting for
21.6%, 35.2%, 45.1%, and 45.5% of total shrinkage at 200,
300, 400, and 500 °C, respectively. There is good agreement
between the calculated volume changes (~0.10 um? at 300 °C
and ~0.47 um? at 500 °C) and the measured values (0.14 pm?
at 300 °C and 0.42 um? at 500 °C).

B. Phase separation and grain refinement:
Coupling of temperature and stress

According to the trends in the reported phase diagrams
[52], the i-Al-Pd-Mn phase may become increasingly unstable

with decreasing temperature. A polycrystalline structure has
been observed in bulk i-Al-Pd-Mn compressed at 480 °C [56].
At relatively low temperatures (such as 25 °C), the phase
separation might occur too slowly due to the low reaction
kinetics, while higher temperatures (such as above 300 °C)
may allow the sample to overcome the kinetic limitation,
resulting in the phase separation being thermodynamically fa-
vorable. The onset of phase transformation above 300 °C was
observed in previous studies reported in the literature [61,82].
However, the process may not have been completed due to
our short testing time. The incomplete phase transformation
is also evidenced by the XRD pattern (Supplemental Material
Fig. S8) and SEM characterization (Supplemental Material
Fig. S9) of the annealed sample at 300 °C for 2 h. In Fig.
S8, the main peaks still represent the icosahedral phases; the
existence of AlIPd (hR26) indicates that the onset of the phase
transformation process in the quasicrystal occurs at 300 °C.
The existence of Pd-rich grains also demonstrates the occur-
rence of incomplete phase transformation after annealing at
300 °C for 2 h (Fig. S9). Whereas when the QC sample was
annealed in the elevated temperature regime above 300 and
up to 500 °C, the formation of AIPd (hR26), Al;Pd, (hPY),
and AlgMns (hR52) was observed along with the remaining
icosahedral QC phase (Figs. 5 and 6, and Figs. S1-S4 of the
Supplemental Material).

The statistical analysis of the grain size distribution in
undeformed and compressed pillars in Fig. 10 reveals that daye
in the compressed pillar (145 &+ 75 nm) is smaller than that in
the undeformed one (240 £ 83 nm). Such grain refinement can
be explained by dynamic recrystallization: when the pillar is
compressed, defects (primarily dislocations) are introduced,
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0.3 0.4 mi  {0i5 0.6 0.3 0.4 ™ 0.5 0.6
0.12 T T T T T T T T
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£ 010} --a--Diffusion - E 0451 Evaporation 1
OE =-- Total Q o040t Diffusion o
2 08l 5 0.35 %23 Previous Heating Process
% +— Diffusion (Mn) 'LC) =T ]
% 0.06 - 0 0.30 | ]
=) 5 0251 E
S G
c  0.04f > 020} ]
(@] [}
) = 0151 ]
E o002} - M ®
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FIG. 9. (a) The calculated volume change rates attributed to the evaporation and surface diffusion of all three elements at different
temperatures. (b) The cumulative volume change with the corresponding effects of evaporation and diffusion for 2.5 h testing at each
temperature from 100 to 500 °C, composing the volume change due to evaporation, diffusion, and the value of the volume changes in the
previous annealing steps. The experimental results for the pillar volume change at 300 and 500 °C are also shown.
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FIG. 10. The grain size distribution of (a) undeformed (annealed) and (b) compressed i-Al-Pd-Mn pillars at 500 °C. The average grain
sizes are 240 £ 83 nm and 145 =+ 75 nm for undeformed and compressed pillars, respectively.

which can rearrange to form cells, subgrain boundaries, and
grain boundaries [83], and can be accompanied by subgrain or
nanograin rotation [84]. Such a mechanism can be accelerated
at higher temperatures by diffusion-enhanced dislocation mo-
tion [85]. Hence, the combination of mechanical and thermal
energies at 500 °C would facilitate the formation of refined
grains, likely producing the features protruding from the pillar
surface, as shown in Fig. 2(f), with similar size to the grain
size (~150 nm).

As compression can induce defects that rearrange into
grain boundaries, the grain size can be reduced under com-
pression [86-88]. Generally, the diffusivity through grain
boundaries and/or dislocations is much higher than that
through the bulk due to the lower activation energies required
[75,89]. Via spinodal decomposition, Mn, with its higher vol-
ume diffusivity than Pd, will segregate first, diffusing through
low-energy pathways and accumulating to form small grains
[90,91]. As such, most of the Mn-rich grains at the inter-
faces of Pd-rich grains exhibit a more uniform distribution
in the compressed pillar than the annealed one, as shown in
Fig. 8. However, Mn entrapped within the Pd-rich grains has
a much lower diffusivity than along interfaces, resulting in the
precipitation of fine Mn-rich clusters within Pd-rich grains.
Therefore, the deformation of the micropillar deformed at
500 °C enhances both the grain refinement and phase sepa-
ration, while some quasicrystalline phases still remain after
compression (Figs. 7, 8, and S5).

C. Deformation mechanisms of the QC
micropillars at 25-500 °C

The stress-strain curves of the i-Al-Pd-Mn pillars com-
pressed at 25 °C [Fig. 2(g)] show almost no plasticity, and the
sample morphology [Fig. 2(a)] confirms the brittle fracture
behavior. The pillars compressed at higher temperatures ex-
hibit obvious plastic flows with serration behavior, especially
below 300 °C [Fig. 11(a)]. Within the temperature in the range
100-300°C, the flow stress remains roughly constant, but
the dynamic flow behavior varies as temperature increases.
Above 300 °C, a clear reduction in flow stress is observed. To
examine the underlying mechanisms of the serration behavior,
we performed a statistical analysis on the force drops of the

(a) ———
" Serrated Flow
s 100 °C
i f <t wfé,'.:}‘g ﬁﬂﬂwﬁfé sz, o9
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FIG. 11. Statistical analysis of the serration behavior during mi-
cropillar compression: (a) illustration of the effect of temperature
on the flow behavior. The segments of the stress-strain curves are
extracted from Fig. 2. (b) The serration frequency distribution is
plotted on logarithmic scales; o refers to the scaling exponent in
Eq. (8).
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serrations during compression, following a similar procedure
to what has been performed on d-Al-Ni-Co [50]. In displace-
ment control, force drops occur when a deformation event
relieves strain and elastically unloads the sample [92]. Under
a fixed strain rate, the stress drop Ao or force drop AF is
proportional to the velocity of the dislocations, vg;s:

AF & Udis - (7)

Annealing of the bulk sample to 810°C for 150 h during
sample preparation would have yielded a very low initial
dislocation density. The serrated plastic flow observed during
compression must, therefore, consist of dislocation nucle-
ation, propagation, and annihilation processes.

The number of force drops n(AF) vs the force drop mag-
nitude |AF| from 100 to 300 °C is plotted in Fig. 11(b). These
data follow a power-law scaling relationship with a scaling
exponent « and a constant C:

n(AF) = C|AF|™, (®)

where « is related to the probability of a force drop at a certain
magnitude: lower « indicates a higher chance of occurrence
of large force drops. Based on Eq. (7), the scaling exponent is
thus linked to vgis. Generally, vg;s increases as the temperature
increases, and therefore o decreases.

From Fig. 11(a), the frequency of the flow serration de-
creases from 100 to 200 °C and increases from 200 to 300 °C.
Additionally, the amplitude of the force drops at 300 °C is
much lower than at 200 °C as the serration behavior begins
to smooth out, closely resembling the 400 and 500 °C curves.
This pattern contradicts most observations in which the force
drops increase as temperature increases due to higher vg;s. The
o values were measured from Fig. 11(b) to be 1.20, 0.76,
and 1.13, at 100, 200, and 300 °C, respectively. These results
are comparable to previous observations in metal pillars [93],
indicating that plastic flow in this temperature range is con-
trolled by dislocation nucleation and propagation. However,
the fact that o at 300 °C is much larger than at 200 °C also
goes against the trend of decreasing o with increasing temper-
ature as previously reported [50]. These results suggest that
multiple deformation mechanisms, in addition to dislocation
motion, are at play at 300 °C. The stress-strain curves and
deformation morphology at 300 °C [Figs. 2(d) and 2(j)] are
thus representative of a transition from serrated flow at rela-
tively low temperatures (100-200 °C) to homogeneous flow at
higher temperatures (400-500 °C), which matches well with
the occurrence of phase transformation.

To elucidate the dominant deformation mechanisms at each
testing temperature, strain-rate jump tests were employed to
measure the strain rate sensitivity (SRS), m, represented by
[94]

dlno
m= .9
dlné

C))

where o is the flow stress and ¢ the strain rate. The relation
between m and the apparent activation volume V, is shown as
[94]

KT

3—, (10)
mo

V, =

TABLE III. Calculated strain rate sensitivities (m) with cor-
responding activation volumes (V,) at various temperatures (b =
0.183 nm [44]).

Temperature Strain rate

°O) sensitivity (m) Activation volume (V,)

200 0.0194+0.015 0.1434+0.065nm*> 24 + 115
300 0.036+0.011 0.096+0.017nm*® 16 + 35°
400 0.137 £ 0.035  0.056 % 0.009 nm? 9 +2p
500 0.3654+0.036  0.084 +0.008nm*> 14 + 25°

The activation volume can then be correlated to specific
deformation mechanisms generally subdivided into various
regimes: diffusion-controlled deformation within the range
~0.1 to 1b% Peierls mechanism from ~10 to 10053;
dislocation-solute interactions from 100 to 10004%; and a
forest mechanism beyond ~1000 b* [85,94]. b is the Burgers
vector. Diffusion-based jog dragging, however, can exist over
a wide and overlapping range of V, (10 to 10005°) [85].

The average values of m were determined from Fig. 12(a)
and are presented in Fig. 12(b) and Table III, along with
their associated activation volumes. The activation volume at
200 °C has a relatively large range due to its low m value
and relatively large error. Nevertheless, the activation volume
at 200 °C is close to the bulk value, which ranges from 40
to 2456 (640-830°C, b = 0.183 nm) [44], suggesting that
dislocation activity is the dominant deformation mechanism.
The activation volumes at higher temperatures (300-500 °C)
share similar values, indicating that they have similar defor-
mation mechanisms. Obviously, the change of the serrated
flow and activation volume at 300 °C suggests that the icosa-
hedral quasicrystal structure is no longer stable and transitions
into a regime with new deformation mechanisms. However,
as mentioned above, several different mechanisms can exist
in a given range V,, and as such, activation volumes are
nonspecific indicators and are not sufficient to pin down defor-
mation mechanisms in complex situations [85]. For the single
dislocation glide mechanism, V, increases with increasing
temperature due to larger dislocation arms/loops; for the tran-
sition from dislocation glide to diffusion-based mechanisms,
V, may decrease or even remain constant, but that corresponds
to a giant increase in activation energy [95]. The activation
volume for dislocation glide can also decrease in small-scale
specimens due to dislocation arm truncation by the size effect
[96]. Thus, the apparent activation energy Q should also be
considered to evaluate the corresponding deformation mecha-
nisms at different temperatures.

Q is a parameter devoid of any stress dependence [97],
often found in the Arrhenius formulation:

& = Ac"exp "Y/RD), (11)

where A is a pre-exponential constant and n is the creep stress
exponent. For multiple deformation mechanisms, the one with
the lowest Q will control deformation [98]. Based on the
studies of Sherby and Armstrong [99], the following equation
can be derived from Eq. (11):

o = (Aflé)l/nexp(Q/nRT). (12)
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FIG. 12. (a) The flow stress at 5% strain as a function of strain
rate, (b) corresponding strain rate sensitivity (m) and activation vol-
ume (V,) for the pillars deformed at 200, 300, 400, and 500 °C,
and (c) apparent activation energy (Q) calculated from (flow stress)
vs (1000/T) plots. The stress exponent n equals 22 and 4.8 for the
deformation temperature below and above 300 °C, respectively.

Therefore, the apparent activation energy for deformation can
be calculated from the slope of an In(o) vs (1/7) plot, ex-

pressed as

0

In(c) =B+ T’ (13)
where B = %ln(A‘lé). Unfortunately, the n value in i-Al-Pd-
Mn varies greatly across the literature (from 1 to 6) [43,100—
102]. The stress exponent n increases with decreasing de-
formation temperature [43,102], because the n values are
calculated using the following equation: n = ?“1% [43]. Here,
we obtain the average n values of 22.0 and 4.8 for the de-
formation temperature below and above 300 °C, respectively,
indicating totally different mechanisms in the quasicrystalline
and the transformed materials.

Figure 12(c) presents the calculated activation energies,
showing two distinct temperature regions. Between 100 and
300 °C, the i-Al-Pd-Mn pillar shows activation energy of ~9.8
kJ/mol, which dramatically increases to ~150 kJ/mol between
300 and 500 °C. These two regions clearly demonstrate two
deformation mechanisms, in contrast to what was predicted
from the activation volume alone. However, to our knowledge,
the activation energies associated with different deformation
mechanisms in i-Al-Pd-Mn have not been fully reported.

To categorize the mechanisms, we compare the calculated
data with the known activation energies of Al, as Al is homo-
geneously distributed throughout the pillars and is the element
experiencing the highest homologous at temperatures. The
low-temperature value of 9.8 kJ/mol correlates to the range
for Peierls’ stress-dependent or lattice-controlled dislocation
glide (7 kJ/mol), which is consistent with the slip offsets
observed in Fig. 2 and the measured activation volume. In
the high-temperature range, the Q value of 150 kJ/mol aligns
with lattice diffusion in Al (142 kJ/mol), corresponding to the
Nabarro-Herring creep mechanism [95]. However, we cannot
ignore that the presence of Mn and Pd certainly influences
the dominant mechanism, even if no activation energy data
exist in the literature. Our TEM observations of the pil-
lar compressed at 500 °C (Figs. 7 and 8), show that both
dislocation motion and Mn interface diffusion affect defor-
mation, evidenced by the presence of dislocation arrays and
grain boundary segregation of Mn, respectively. It should be
noted that the grain-boundary segregation and phase separa-
tion at higher temperatures (>300 °C) result in complicated
co-deformation mechanisms, including dislocation activities
of different intermetallic phases, grain-boundary sliding, and
diffusion-enhanced plasticity. It is difficult to speculate about
the contribution of each possible activity to plasticity. Hence,
it is reasonable to believe that dislocation glide is the dominant
deformation mechanism at lower temperatures (100-300 °C),
while diffusion-enhanced plasticity is the dominant mecha-
nism at higher temperatures (300-500 °C), in which grain
boundary rotation/sliding and dislocation motion are also in-
volved. Further, the deformation behavior at 300 °C suggests
that both lower and higher temperature mechanisms coexist
through this transitional temperature regime.

Figure 13 summarizes the yield stress as a function of
temperature for i-Al-Pd-Mn, filling the former gap in data
between 25 and 500 °C and demonstrating the deformation
mechanisms at elevated temperatures. From RT to 300 °C,
the micropillars were still in the QC phase; the deforma-
tion of pillars presented a transition from brittle fracture to
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FIG. 13. Yield strength as a function of temperature for the mi-
cropillars analyzed in this study (pillar diameter ~1 pm), previous
studies (pillar diameter ~500 nm at RT) [48], and the bulk materials
reported in the literature [40,56]. Three temperature regimes are
identified: (i) brittle fracture, (ii) serrated plastic flow, and (iii) ho-
mogeneous plastic flow. Phase transformations occur in small-scale
samples in the temperature range of approximately 300-500 °C, in
which the sample is no longer fully quasicrystalline.

serrated plastic flow. From 300 to 500 °C, the micropillars ex-
perienced phase transformation into polycrystalline periodic
phases [AlPd (hR26), AlsPd; (hP5), and AlgMns (hR52)]; the
homogeneous plastic deformation results from a combination
of dislocation, diffusion, and grain boundary rotation/sliding.

Thus, three temperature regimes are identified: (i) brittle
fracture, (ii) serrated plastic flow, and (iii) diffusion-enhanced
homogeneous flow:

(1) 25°C (brittle fracture): QC micropillars exhibited pri-
marily brittle fracture, with only minimal, localized plasticity.

(i) 100-300°C (serrated plastic flow): Plastic deforma-
tion occurs via dislocation mechanisms during compression
with serrated flow characteristics.

(iii) 300-500 °C (homogeneous plastic flow): Phase seg-
regation occurs above 300°C, and the effect of diffusion
is significant. The deformation is characterized not only by
dislocation activity but also increasingly by diffusion as tem-
perature increases.

V. CONCLUSIONS

In this study, we have explored the deformation behavior of
a typically brittle icosahedral quasicrystal, i-Al-Pd-Mn, using
elevated temperature microcompression in the previously un-
investigated 25-500 °C temperature range. The main findings
are presented as follows:

1. Phase separation and grain refinement are observed
in both annealed (undeformed) and compressed micropillars
tested above 300 °C. Above 300 °C, the single-quasicrystalline
i-Al-Pd-Mn micropillars transformed into polycrystalline
structures with multiple, complex phases, including AlPd
(hR26), Al3Pd, (hP5), and AlgMns (hR52). External stress
induced additional defects into the micropillar, resulting in
further grain refinement (from ~250 to ~150 nm in aver-
age grain size) and phase separation through stress-assisted
diffusion of Mn along grain/phase boundaries. As such, appli-
cations that seek to use i-Al-Pd-Mn for its strength must limit
their operating temperatures to below 300 °C.

2. In the temperature range from 25 to 500 °C, clear tran-
sitions in deformation behavior were observed. From room
temperature to 300 °C, our observed mechanical behavior is
based on the quasicrystalline Al-Pd-Mn phase; from 300 to
500 °C, the mechanical behavior is based on the transformed
polycrystalline intermetallic phases. (i) At room temperature,
the i-Al-Pd-Mn micropillars exhibited brittle fracture with
very localized plasticity. (ii) From 100 to 300 °C, the micropil-
lars exhibited serrated plastic flows, suggesting their plastic
deformation is dominated by dislocation motion. (iii) From
300 to 500 °C, the single-quasicrystalline phase transformed
into ultrafine grains with complex intermetallic phases; their
homogeneous plastic deformation occurred by a combination
of mechanisms including diffusion, dislocation activity, and
grain boundary rotation/sliding.
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