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The compressive creep behavior of hot-pressedMg1.96Al0.04Si0.97Bi0.03, a promising thermoelectricmaterial, is in-
vestigated at 500 °C. At stress levels between 81 and 212 MPa, dislocation creepwith stress exponent n=7.6 ±
0.3 is observed. No diffusional creep is observed, likely attributable to a dispersion of ~1 μm Bi-, Al-, and O- rich
particles which pin grain boundaries. Mg1.96Al0.04Si0.97Bi0.03 exhibits similar creep behavior to previously studied
silicides, but is significantly more creep resistant than other thermoelectric materials, PbTe and Bi2Te3. This
makes Mg1.96Al0.04Si0.97Bi0.03 an excellent material for thermoelectric power generation systems subjected to
high stresses and temperatures.
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Thermoelectric generators (TEG's) harness the properties of ther-
moelectric materials by converting thermal energy into electrical ener-
gy [1]. TEG's can be used to convert the waste heat from internal
combustion engines [2–4] or industrial processes [5,6] into useful elec-
trical power. During the operation of TEG's, the thermoelectric material
can be subjected, for very long times, to significant thermal stresses due
to the temperature differences between the hot and cold side of the de-
vice, mechanical forces due to the clamping forces used to secure the
materials, and vibrations from operation, e.g., in automotive applica-
tions [7,8]. In addition, these devices often operate at high homologous
temperatures (TH = T/Tm, where Tm is themelting point of the thermo-
electric material), leading to potentially significant creep deformation
over long periods of operation. Therefore, themechanical properties, in-
cluding the creep resistance, of the thermoelectric material are of inter-
est when designing reliable TEG's.

Recently, Mg2Si doped with Bi and Al to a composition
Mg1.96Al0.04Si0.97Bi0.03 has been identified as a promising thermoelectric
material owing to the abundance and nontoxicity of its constituent ele-
ments, low density (2.05–2.1 g cm−3), and ZT value of 1.02 [9,10]. The
thermoelectric properties have been evaluated from 127 to 627 °C,
with the latter temperature at the high end of the likely operating tem-
perature range, corresponding to TH = 0.66 (given themelting temper-
ature of pure Mg2Si of 1090 °C [11]), well within the creep regime [12].
The melting temperature of Mg1.96Al0.04Si0.97Bi0.03 is expected to be
similar to that of pure Mg2Si, as the Al and Bi dopant concentrations
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are low. The crystal structure of Mg2Si is of the antifluorite type, with
an FCC cubic lattice [13]. The bonding nature of pureMg2Si is mostly co-
valent, with an ionicity of 8% [14]. This leads to the brittle behavior and
low fracture toughness observed in Mg2Si and Mg1.96Al0.04Si0.97Bi0.03
[15,16]. However, the material may exhibit more ductile behavior at
high TH.

The creep properties of thermoelectric materials have not been
widely studied and those of Mg1.96Al0.04Si0.97Bi0.03 are unknown. Com-
pressive creep of coarse-grained Bi2Te3 was measured at stress ranges
of 2–16MPa and temperature ranges of 400–500 °C (TH = 0.78–0.90),
exhibiting power-law dislocation creep behavior across all temperatures.
Thematerial behaved in a brittlemanner between 400 and 450 °C, and ex-
hibited anisotropic creep resistance [17]. The creep properties of PbTe
exhibiting a bimodal grain size distributionwere evaluated at stress ranges
of 2–35MPa and temperature ranges of 350–500 °C (TH= 0.52–0.65),
exhibiting diffusional creep at stresses below ~8MPa and dislocation
creep at higher stresses. The material exhibited ductility across all test
temperatures [18].

In this study, the compressive creep behavior of hot pressed
Mg1.96Al0.04Si0.97Bi0.03 is evaluated at 500 °C (TH = 0.56). The likely
creep mechanisms are discussed according to the measured power-
law creep behavior. The creep resistance is compared to those of the
two previously studied thermoelectric materials (PbTe and Bi2Te3) as
well as structural silicides whose behavior is expected to be similar
(i.e. isomechanical) at the same homologous temperature, based on
crystal structures and bonding [12].

Mg1.96Al0.04Si0.97Bi0.03 powders were prepared by solid state reac-
tion as described in a previous study [10]. Polycrystalline samples (25
mm in diameter and 6mm in thickness) were densified via hot pressing
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Fig. 1. (a–b) SEM micrographs showing polished cross-sections of as-pressed
Mg1.96Al0.04Si0.97Bi0.03, displaying a mixture of densified and partially-densified regions,
showing respectively, 10 μm grains and a distribution of ~1–10 μm grains. Bi-, Al-, and
O-rich particles are highlighted with arrows in (a), Bi-, and Al-rich regions are
highlighted in (b). (c–d) Optical micrographs of polished cross-sections of (c) as-
pressed and (d) crept samples of Mg1.96Al0.04Si0.97Bi0.03, after 300 h at 500 °C and 81 to
230MPa. The grain size does not change after creep.
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at 750 °C for 1 h under 70 MPa, resulting in densities between 97 and
99% of the theoretical density.

Creep samples were cut into 6.3 × 5.8 × 13.1 mm tetragonal prisms
using a low speed diamond saw. The samples were placed between
two tungsten carbide platens lubricated with boron nitride and heated
in a three-zone furnace with thermal fluctuations of ±1.5 °C. Compres-
sive stresses were applied to the samples using a Ni-base superalloy
compression cage and hanging dead loads. Sample displacement was
measured using a linear variable displacement transducer (LVDT).
When a steady-state strain rate was achieved for a given stress as mea-
sured from the slope of the strain vs. time curve, the loadwas increased
to obtain an additional steady-state strain rate. Thus, a single specimen
provided severalminimum strain rate vs. stress data points. Testingwas
terminated when the strain of the samples reached 10%.

Samples were polished to a 0.3 μm finish using standard metallo-
graphic procedures. Polished cross-sections were examined using a
Hitachi SU8030 SEM, equipped with an Oxford X-max 80mm detector
for energy-dispersive x-ray spectroscopy (EDS) measurements. EDS
mapping was performed using AZtec Energy software. One sample
each was examined for the as-pressed and crept conditions.

Fig. 1a shows a representative SEM image of the as-pressed micro-
structure of the Mg1.96Al0.04Si0.97Bi0.03 material. The material consists
of ~20–30 μm diameter densified regions surrounded by partially-
densified regions containing ~1–10 μm diameter grains. In addition,
~20–50 μm diameter particles, labeled (i), (ii), and (iii) in Fig. 1a were
observed. EDS analysis shows that particles (i) and (iii) are rich in Bi,
Al, and O, and particle (ii) is rich in Bi and O. These particles are likely
oxides that may have formed during the processing of the powders
and their densification. Fig. 1b shows detail of the microstructure. The
large ~20–30 μm densified regions appear to be composed of several
grains roughly 10 μm in diameter, probably resulting from powder par-
ticles that were consolidated by hot pressing. In the partially-densified
regions between the large ~20–30 μm densified regions, the ~1–10 μm
grains appear to be composed of a mixture of partially-sintered powder
particles. Regions of bright contrast, highlighted with arrows in Fig. 1b,
are evident among the distribution of ~1–10 μm grains. The bright con-
trast suggests concentrations of the higher Z doping elements Al and Bi,
which was confirmed by EDS mapping. EDS mapping revealed that the
regions are also rich in O. These regions of bright contrast are likely due
to Bi- and Al-rich oxides, similar to particles (i), (ii), and (iii) in Fig. 1a,
but smaller. Fig. 1c and d show, respectively, optical micrographs of
the as-pressed microstructure and microstructure after creep at 500 °C
for 300 h. The apparent grain size does not change, and can be consid-
ered constant for the duration of the creep test.

Fig. 2a shows a plot of strain vs. time for the creep test performed at
500 °C. The primary creep regime, identified as the initial region of de-
creasing strain rate, extends to approximately 110 h at the first stress
of 81 MPa and accounts for ~1% total strain. The primary creep regime
is associated with the establishment of a steady-state dislocation struc-
ture within grains and at grain boundaries. In the secondary creep re-
gime, a minimum strain rate is obtained for each applied stress. The
resulting plot of minimum strain rate vs. applied stress is shown in
Fig. 2b. The data in Fig. 2b can described by a power law creep equation
[12]:

_ε ¼ Aσn exp −
Q
RgT

� �
ð1Þ

where _ε is the minimum secondary strain rate, A is a constant, σ is the
applied stress, n is the stress exponent, Q is the activation energy for
creep, Rg is the gas constant, and T is the absolute temperature. A stress
exponent n = 7.6 ± 0.3 was calculated using a power law fit of all
points in Fig. 2b except for the highest stress of 230 MPa. The value of
the stress exponent is indicative of a dislocation creep mechanism.
Compared with other covalently bonded solids such as Si and Ge



Fig. 2. (a) Plot of strain vs. time for compressive creep test performed at 500 °C for a series
of increasing applied stresses, and (b) corresponding plot of minimum strain rates vs.
stress, with value of the stress exponent n shown.
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which have n=5, our measured n is higher, likely due to the differing
crystal structure [12].

Diffusional creep does not appear to be active in
Mg1.96Al0.04Si0.97Bi0.03 at the stress levels and temperature used here,
as there is no region in Fig. 2b where n=1. This is unusual, considering
the presence of small ~1–10 μm grains that are expected to be prone to
diffusional creep. The presence of small ~1 μmparticles rich in Bi, Al, and
O as highlighted in Fig. 1b may pin grain boundaries, preventing grain
boundary sliding and thus effectively suppressing diffusional creep.

After creep testing at 500 °C, the crept sample exhibited signs of
plastic deformation as well as cracking. Cracking is the likely cause for
deviation of the point at 230 MPa from the best-fit line in Fig. 2b. The
presence of cracks suggests that the material would have likely failed
catastrophically had the sample been tested at stresses exceeding 230
MPa. During tests at 400 and 525 °C for which no steady-state strain
rate could be achieved, the samples failed catastrophically after
deforming 2.30 and 5.79% at 156 and 123 MPa, respectively. As the
Mg1.96Al0.04Si0.97Bi0.03 catastrophically failed at 400 and 525 °C but not
500 °C, it is likely that brittle failure is highly sensitive to pre-existing
flaws in the material at those relatively high stresses.

Structural silicides exhibit inherent brittleness due to their low de-
gree of crystal symmetry, low number of independent slip systems,
and high degree of directionality in the metal-Si bonds [19]. These fac-
tors also lead to relatively high ductile to brittle transition temperatures
(DBTT) that often exceed 0.5Tm. For polycrystalline Cr3Si, whose cubic
crystal structure and high degree of covalent bonding closely match
Mg2Si [13,14,20,21], the DBTT is at 0.72Tm [19]. Thus, based on the
observations in the current study, it is likely that the creep test
temperatures of 400, 500, and 525 °C are all below the DBTT of
Mg1.96Al0.04Si0.97Bi0.03.
Fig. 3a shows a plot of minimum strain rate vs. stress for the
Mg1.96Al0.04Si0.97Bi0.03 tested in this study (data from Fig. 2b), along
with previously studied thermoelectric materials (PbTe and Bi2Te3)
and other silicides (MoSi2,V3Si, Cr3Si, TiSi2, Mo5Si3, Ti5Si3, and Nb5Si3),
with test temperatures and grain sizes for each test given in the curve
labels [17, 18, 22–26]. Fig. 3b shows the same data and the homologous
temperature TH for each test, with stress values normalized by the room
temperature Young's Modulus (E). Compared with the other two
thermoelectric materials for which creep data are available,
Mg1.96Al0.04Si0.97Bi0.03 ismuchmore creep resistant at 500 °C,withmea-
surable creep commencing at stresses about ten times higher than
Bi2Te3 (at 500 °C) and PbTe (at 400 °C). When normalized to the
Young's modulus of the materials, Mg1.96Al0.04Si0.97Bi0.03 maintains its
superior creep resistance,making it an attractive thermoelectricmateri-
al in applications where high stresses and temperatures and long creep
times are encountered. The significant difference in high temperature
strength among these thermoelectric materials is likely due to their dif-
fering bonding. Bonding inMg2Si is 8% ionic (mostly covalent), thus it is
expected to be highly creep resistant [12,14]. Bonding in PbTe is 88%
ionic [27], therefore it is expected to be less creep resistant than
Mg2Si. Bi2Te3 exhibits mixed bonding, with ionic and covalent behavior
within five-atom layers of Bi and Te, and Van der Waals bonding be-
tween these layers [28]. The presence of the ionic behavior and especial-
ly theweak Van derWaals bonding lead tomuch lower creep resistance
compared to Mg2Si.

Mg1.96Al0.04Si0.97Bi0.03 deforms at similar rates as the other silicides
tested at similar stresses and values of TH, (Mo5Si3, and Ti5Si3) although
the value of the stress exponent n is higher, likely due to differences in
crystal structure. Mo5Si3 and Ti5Si3 have body-centered tetragonal and
hexagonal crystal structures, respectively, whereas Mg2Si has a cubic
crystal structure [14,19]. The number of independent slip systems is
smaller in the former structures, therefore the dislocation creepmecha-
nism and the value of n are expected to differ for these materials when
compared to Mg2Si. Both Cr3Si and V3Si have a cubic crystal structure
with primarily covalent bonding [20,21], as does Mg2Si. If these mate-
rials were crept at the same stresses but at lower TH, similar to the TH
used in this study, the curves for Cr3Si and V3Si shown in Fig. 3a
would shift to lower strain rates, falling more closely in line with the
creep results for Mg1.96Al0.04Si0.97Bi0.03, which has a similar crystal
structure and bonding. With stress normalized to the Young's modulus,
the creep curves for the silicides roughly group together in regions
depending on the homologous temperatures of the tests, as shown
by the shaded regions in Fig. 3b. Within the low TH region,
Mg1.96Al0.04Si0.97Bi0.03 exhibits a creep resistance superior to Mo5Si3,
similar to Ti5Si3, but slightly lower than Nb5Si3.

The 1–10 μm grain size of the studied Mg1.96Al0.04Si0.97Bi0.03 is the
smallest of all shown silicide data, yet it does not appear to adversely af-
fect its creep resistance (the grain size pertaining to the Mo5Si3 data is
unknown). This is unexpected, as the creep resistance of structural sili-
cides, particularly MoSi2, has been shown to be highly sensitive to grain
size [19]. For example, by increasing the grain size ofMo2Si from4 to 25
μm, its minimum creep rate can be reduced from 6 × 10−5 to 1 × 10−8

s−1 at 1200 °C (TH = 0.64) for a 78 MPa applied stress [25]. The
dispersion of ~1 μm Bi-, Al-, and O-rich particles observed in the micro-
structure of Mg1.96Al0.04Si0.97Bi0.03 likely pins grain boundaries and pre-
vents grain boundary sliding, maintaining good creep resistance even
for small 1–10 μm grains. This suggests that the current processing
methods for Mg1.96Al0.04Si0.97Bi0.03 are capable of manufacturing mate-
rial with high creep resistance.

This study examines the compressive creep behavior of hot-pressed
Mg1.96Al0.04Si0.97Bi0.03. Thematerial has a complexmicrostructure, with
~20–30 μmdiameter densified regions composed of grainswith ~10 μm
diameter, surrounded by partially-densified regions of 1–10 μm grains
which are likely a mixture of partially-sintered powder particles.
There is no evidence of grain growth after creep at 500 °C for 300 h. At
500 °C under applied stresses between 81 and 212 MPa, the material



Fig. 3. (a) Plot of minimum strain rate vs. stress for theMg1.96Al0.04Si0.97Bi0.03 alongwith literature data for other silicides, V3Si, Cr3Si, TiSi2, MoSi2, Mo5Si3, Nb5Si3, and Ti5Si3 (Refs. 22–26),
and thermoelectric materials, PbTe and Bi2Te3 (Refs. 17–18). Creep temperatures and grain sizes are shown for each curve. (b) Plot of minimum strain rate vs stress normalized to the
room-temperature Young's modulus (E, from Refs. 19, 29-31) for each material shown in (a). Homologous temperatures TH are shown for each curve. The creep resistance of
Mg1.96Al0.04Si0.97Bi0.03 is similar to that of the various structural silicides shown, but significantly higher than the two previously studied thermoelectric materials Bi2Te3 (at 500 °C)
and PbTe (at 400 °C).
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exhibits power-law creep with a stress exponent n = 7.6 ± 0.3,
consistent with dislocation creep. No diffusional creep is observed, like-
ly because of a dispersion of ~1 μm Bi-, Al-, and O-rich particles which
pin grain boundaries and prevent grain boundary sliding.
Mg1.96Al0.04Si0.97Bi0.03 exhibits a mixture of brittle and plastic behavior,
with the stress and temperature at which catastrophic brittle failure oc-
curs likely dependent on pre-existingflaws in thematerial. Thematerial
creeps at similar stresses when compared to other studied silicides at
the same homologous temperature, but exhibits a creep resistance
that is much higher than previously-studied thermoelectric materials,
PbTe and Bi2Te3, likely because of the mostly covalent bonding of
Mg2Si. This makes Mg1.96Al0.04Si0.97Bi0.03 a promising thermoelectric
material for power generation systems subjected to particularly high
stresses and/or temperatures.
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