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Solid state heat pumping using latent heat from first order ferroic phase

transitions is a promising green alternative to traditional vapor compression
technology. However, the intrinsic phase transition hysteresis poses a limita-
tion on heat pumping energy efficiency. Here, we propose heat pumping using
reversible heat from anhysteretic elastic deformation in martensitic phase of
ferroelastic alloys. Conventionally, this thermoelastic effect (TeE) is con-
sidered too weak to be practical. But we find that in [100]-textured Ti;gNb,,
martensitic polycrystals, the TeE can produce a large adiabatic temperature
change (AT,y) of 4-5K at 413-473 K due to macroscopic large linear thermal
expansion (a;=107*/K). This large TeE not only far exceeds those of ordinary
metals (AT ,; ~ 0.2K) but also brings a material-level energy efficiency that
reaches about 90% of the Carnot theoretical limit. In other ferroelastic mar-
tensitic alloys with larger intrinsic a; (up to 5.4 x 10™*/K), the TeE is predicted to
bring an even larger AT, (up to 22 K) while maintaining relatively high effi-
ciency. Our findings offer a non-phase-transition-based way for high efficiency
solid state heat pumping.

M Check for updates

About half of the energy produced globally is consumed for heating.
This involves district heating (usually below 353 K) in the building sector
and process heating (mostly within 373—-503 K) in industrial sectors**. At
present, the global heat demand is still dominantly supplied by burning
fossil fuels, which is both emission-intensive and energy-intensive. A
more energy-efficient way is to use heat-pumping based on vapor
compression (VC) as it can recover industrial waste heat or ambient heat
at low energy costs. However, the refrigerants used in VC heat-pumping
have raised widespread concern due to their high global-warming
potential>>. There is an urgent demand for energy-efficient and eco-

Among green alternatives, solid-state heat-pumping using first-
order phase transition of shape memory alloys (SMAs) has attracted
much attention®*. Various high-performance heat-pumping
devices have been developed using SMAs with large adiabatic
temperature changes (AT,4)** %78, Nevertheless, the energy effi-
ciency of SMAs only reaches about 50%-70% of the Carnot theo-
retical limit, significantly lower than those of VC-based refrigerants
(-90%). Higher material-level efficiency is critical since it stands for
the upper limit of the device-level energy efficiency. However, this

goal is difficult to achieve in SMAs due to intrinsic hysteresis
13,19.

friendly heat-pumping technologies™. associated with the first-order phase transition™"; exploring
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anhysteretic non-phase-transition pathways may open a new
way out.

In this study, we propose solid-state heat pumping using AT,
from anhysteretic linear elastic deformation (Fig. 1(a)), or thermo-
elastic effect (TeE), in martensitic phase of ferroelastic alloys. In physics,
the TeE has long been established as a fundamental caloric effect of
linear-elastic solids by Kelvin®, Joule’ and Duhamel®. Regrettably, this
age-old effect is generally considered too weak (AT,4 = 0.2K for most
metals™***°) to be practical. Efforts to enhance the TeE, especially in
metals, have been scarce over the last two centuries. Here, guided by
thermoelasticity theory, we discover that [100]-textured Ti;gNby,
martensitic polycrystals can exhibit a large TeE with AT,; of 4-5K (at
413-473K) due to the macroscopic large linear thermal expansion
(o;=94 x107¢/K). Moreover, such a large TeE brings a material-level
high energy efficiency, reaching -90% of the Carnot theoretical limit. In
many other martensitic ferroelastic alloys with larger intrinsic a; (up to
5.4 x107*/K), the TeE is predicted to bring an even larger AT, up to
22K in their respective martensitic temperature regions. The dis-
covered large TeE opens the possibility for elasticity-based heat
pumping, which complements the prevailing phase-transition-based
ways for ecofriendly and energy-efficient heat supply.

Results

Theoretical foundation for large TeE in martensitic phase of
ferroelastic alloys

According to thermoelasticity theory, the TeE of solids is related to
intrinsic thermal expansion®**’?%, For anisotropic solids, the AT, upon
rapid uniaxial loading can be quantified as?>*" >’

oa;

AToq= — Tamp 1 1)

where T ., and o are ambient temperature and applied uniaxial stress;
A and a; are the heat capacity per unit volume and coefficient of
intrinsic linear thermal expansion (CTE) along the loading direction
(see Egs. (S1) and (S2) in Supplementary information for definition of
ay). Equation (1) can be derived from Maxwell thermodynamic relation,

as demonstrated by Kelvin® for isotropic solids and by Biot” for ani-
sotropic solids, or from the Helmholtz free energy function of linear-
elastic solids, as demonstrated by Landau®®. According to Eq. (1), at a
given T, and o, AT, is fully determined by the material properties
of 1 and a;. Given the small difference in A among metals, the key to a
large AT, in metals under a moderate ¢ is a large intrinsic a;, as
schematically shown in Fig. 1(b).

The martensitic phase in ferroelastic alloys possesses
temperature-dependent intrinsic a; following a unique scaling law**~**
(see explanation in Note 1 of Supplementary Information):

1

&y o —e—, @
Tc - Tamb
and thus
T amp0
ATad X Tambalo X T ambT B (3)
¢ "amb

where T, is the absolute instability temperature of the martensitic
phase and can be approximated as the starting temperature (4, point)
for the martensite > austenite transition. It is seen from Egs. (2) and (3)
that the martensitic phase is expected to exhibit large a; and conse-
quently a large AT,, under a moderate uniaxial stress o near 7.

In experiment, the scaling law in Eq. (2) is supported by the
thermal-expansion data of the martensitic lattice in many ferroelastic
alloys (Supplementary Figs. 1 and 2); large negative or positive CTEs
that are 10 to 50 times those of common metallic materials have been
observed along [100] or [001] crystallographic directions in alloys such
as TizgNb,,, Mng;Cuy; and MnggGa, (see Fig. 1(c) and Supplementary
Table 1). Such lattice intrinsic |a/ is expected to bring a macroscopic
large || and consequently a large TeE in [100] or [001]-textured
martensitic polycrystals. In the following, to demonstrate the large TeE
enabled by large |a/, we will fabricate [100]-textured Ti;gNb,, mar-
tensitic polycrystals by plastic deformation. The macroscopic a;
elastic behavior, TeE, and heat-pumping energy efficiency of this
material will then be examined.
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Fig. 1| Key idea and candidate materials for obtaining large thermoelastic
effect (TeE). a schematic illustration of the TeE of a solid possessing positive
thermal expansion; within linear elastic regime (see blue line), the solid warms (or
cools) when compressed (or stretched); the resulting adiabatic temperature
change AT, is schematically shown using different colors. b schematic diagram
showing large TeE (i.e., large |AT,4l from elasticity) enabled by a large coefficient of
linear thermal expansion |a,|; according to Eq. (1), the |AT,4l is linearly proportional

to applied stress; a large |/ causes a steep slope and thus a large |[AT,,| under a
moderate stress level. ¢ Orientation-dependent intrinsic &, of the martensitic lattice
in TizgNb,,, Mng;Cuy3 and MngoGa,g alloys (see Supplementary Table 1 for data of
more alloys); large intrinsic |a,| exists along [100] or [001] crystallographic direc-
tions, indicating a large macroscopic |a; and thus large TeE in the [100]/[001]-
textured martensitic polycrystals.
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[100]-texture in Ti;gNb,, martensitic polycrystals by plastic
deformation

In general, the [100] orientation of martensitic Ti,gNb,, crystal can be
converted from the [010] orientation through compression-induced
variant reorientation mechanism, which maximizes the contraction
accommodated along the compression axis***. Following this princi-
ple, we employed a two-step plastic deformation process involving
cold rolling and compression (CRC) to create a [100]-type texture from
a solution-treated Ti;gNb,, martensitic polycrystalline sample (Sup-
plementary Fig. 3(a)). The initial solution-treated sample has near
random orientations (Supplementary Fig. 3(b)), resulting in macro-
scopic isotropic small CTEs of ~1075/K (Supplementary Fig. 3(c))*** and
thus a weak TeE (JAT,4 of ~0.3K) (Supplementary Fig. 3(d)). Cold
rolling selectively orients the rolling direction (RD) of the sample to the
[010] crystal directions of the martensitic phase (Supplementary
Fig. 4(a-c)). We made such [010] || RD texture strongest by using an
optimized thickness reduction ratio of 50%. However, limited by the
intrinsic CTE along [010] (Supplementary Table 1), this rolling texture
cannot lead to a large macroscopic CTE and TeE(Supplementary
Fig. 4(d-f)). We reorient the rolling texture to the desired type of [100]
|| RD by uniaxially compressing the 50% cold-rolled sample along the
RD (Supplementary Fig. 5(a)). Mediated through domain switching®>?,
such texture reorientation process finishes when the permanent strain
reaches 14.4%, as reflected by the saturation of the resulting macro-
scopic CTE and TeE (Supplementary Fig. 5(b-e)). Thus, via CRC with an
optimized 50% rolling thickness reduction and 14.4% plastic strain, we
finally prepare polycrystalline Ti,gNb,, exhibiting a pronounced
[100] || RD texture (Supplementary Fig. 5(d)) (hereafter referred to as
[100]-textured Ti;gNb,,).

The full martensitic phase composition of the [100]-textured
Ti,gNb,, is verified using synchrotron x-ray diffraction (Supplementary
Fig. 6). The microstructure consists of martensitic lamellae of around
5-10 nm wide and 30-50 nm long and martensitic grains of around
10-40 nm in size (Supplementary Fig. 7(a)). During heating to 473 K,
the sample exhibits no discernible signal of martensite > austenite
transition. This is evidenced by the overall stable microstructure and
electron-diffraction pattern characterized by in-situ heating TEM
(Supplementary Fig. 7(b—d)), absence of discernible austenite peaks in
in-situ x-ray diffractograms (Fig. 2(a)), and absence of an exothermic
phase-transition peak in heat flow curve (Fig. 2(b))*>*. Local micro-
structure changes with heating are detected by in-situ TEM (see circled
regions in Supplementary Fig. 7(b-d)), consistent with the relative
intensity changes of the martensite 020 and 002 peaks in in-situ x-ray
diffractograms (Fig. 2(a)). These local microstructure changes are not
from reverse phase transition since the crystal structure in the corre-
sponding region remains orthorhombic, as evidenced by in-situ high-
resolution TEM (Supplementary Fig. 7(e-h)). Instead, they are from the
local lattice distortion of the orthorhombic martensite induced by
residual and thermal stresses, as indicated by the lattice elastic strains
in Supplementary Fig. 7(f, h).

For the non-phase-transforming [100]-textured martensitic
Ti;gNb,,, the measured macroscopic thermal expansion (Supplemen-
tary Fig. 5(e)) is simply from the lattice thermal expansion of the
martensite’®****, This lattice-level behavior is evidenced by the shifting
of X-ray diffraction peak (Fig. 2(a)), moving leftwards (or rightwards)
for the crystal orientations exhibiting positive (or negative) CTEs. Due
to the strong [100] || RD texture, the lattice CTE along [100] makes the
major contribution to the macroscopic CTE along the RD. As the lattice
CTE increases with temperature (Eq. (2)), the macroscopic CTE along
the RD rises from (26 + 3) x 10°° K™ (averaged over three samples) near
300K to (94 +9) x107° K™ near 473 K (Fig. 2(c)), reaching one-third of
the lattice CTE (+273 x10°K™).

The [100]-textured Ti;gNb,, yields when compressed to 880 MPa
at 298K and 800 MPa at 473 K (Supplementary Fig. 8). In-situ syn-
chrotron x-ray diffraction during compression (Fig. 2(e)) reveals no

stress-induced martensite ~> austenite transition. The sample simply
undergoes elastic deformation, as evidenced by the reversible shifting
of the martensite diffraction peaks in loading and unloading. Under
750 MPa compressive stress, the [100]-textured Ti;gNb,, shows reco-
verable near-linear stress strain curves in the temperature range of
298 K to 473 K (Fig. 2(d)). Unusually, the [100]-textured Ti;gNby, pos-
sesses a macroscopic CTE (&) resembling that of elastomers and
polymers, along with a yield strength (o) characteristic of metals. This
results in a a; - 0, that surpasses known materials by a factor of 10-10*
(Supplementary Fig. 9). Such unusually large a; - 0, (< ATq, see Eq. (1))
underlies the large TeE of the [100]-textured Ti;gNb,,, as shown below.

Observation of TeE in [100]-textured Ti;gNb,, martensitic
polycrystals

We measured the AT, of the [100]-textured Ti,;gNb,, in response to
rapid release of 700 MPa compressive stress along the RD at tem-
peratures from 298K to 473 K. At 298K, a relatively small |AT,4 of
(2.2+£0.2) K is observed owing to the small positive CTE (Fig. 3(a)).
Elevating the ambient temperature augments the CTE (Fig. 2(c)),
consequently amplifying the TeE (Fig. 3(a)). At 473 K, the |AT 4| reaches
(5.2+0.2) K (averaged over four samples; see the results of another
sample in Supplementary Fig. 10). This |AT,4| far exceeds the values
obtained at the elastic limits of common metallic materials (0.1-0.5K),
polymers (0.3-1.6 K), glasses and ceramics (0.03-0.23K) (see Sup-
plementary Table 2). At temperatures from 413 K to 473 K, the TizgNby,
shows a AT, of 4-5.2K, which is a reasonable level for developing
solid-state  heat-pumping devices®*®. The measured AT,
well agrees with the values (Fig. 3(b)) predicted using Eq. (1) and the
measured temperature-dependent CTEs (Fig. 2(c)) and specific heat
capacity A (Supplementary Fig. 11). This agreement confirms that the
observed caloric effect is indeed from elastic deformation of the
martensitic phase, which is also supported by the lattice elasticity
revealed in Fig. 2(e).

We examined the cyclic stability of the TeE in two [100]-textured
Ti;gNby, specimens under 700 MPa uniaxial compressive stress at
473 K (Fig. 3(c)). Over one thousand cycles of compression, we find no
obvious AT, degradation in both specimens (Fig. 3(d)), though a
residual strain of 0.5% (Fig. 3(c)) is accumulated owing to a small
amount of plasticity. Such irreversible deformations predominantly
occur in the initial one hundred cycles, and is eventually suppressed by
the mechanical training effect, leading to a linear stress-strain curve
with practically zero hysteresis loop area (0.012+0.005MPa)
(Fig. 3(c)). The long-term cyclic stability is further confirmed at 298 K
(long-term fatigue at 473K is constrained by experimental facilities)
using a third specimen over 10 million compression cycles (Fig. 3(d)).
The excellent cyclic stability of the AT, is in sharp contrast to the
severe degradation in AT, of typical superelastic NiTi SMA under full
phase transition (Fig. 3(d)).

We calculated the material-level coefficient of performance
(COP,a0) Of the [100]-textured Ti;gNb,, in a Stirling heat-pumping
cycle by using a thermodynamic model in*"*® (see Note 2 of Supple-
mentary information) along with the measured properties of the
TizgNb,, (see Supplementary Table 3). Under 7.=288K (heat source
temperature) and 7,,=298K (heat sink temperature), the Ti;gNb,,
exhibits a COP,,. of 25.3, equivalent to a second law efficiency
of 88% (COPcanor = To/(Th— T,) =28.8). As shown in Fig. 3(e), such
efficiency well surpasses those from first-order phase transitions in
electrocaloric materials (31-41%*") and elastocaloric SMAs (55-71%"")
and rivals those from second-order phase transition in magnetocaloric
materials (79-91%"") and liquid-vapor phase transition in commercial
VC refrigerants (86-91%""). At high temperatures, the Ti;gNb,, has an
even higher second-law efficiency of 94% (assuming 7.=468K and
T, =478K).

The [100]-textured Ti;gNb,, with high efficiency and large AT, at
high temperatures can be used to develop energy-efficient heat pumps
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Fig. 2 | Thermal expansion and compressive elastic behavior of [100]-textured
Ti;gNb,, martensitic polycrystals. a In-situ x-ray diffractograms measured during
heating from 298 K to 473 K, showing absence of thermally induced reverse phase
transition of the [100]-textured Ti,gNb,,. Note that the relative intensities of the
(020), (002), and (111) peaks change during heating. This is partly from the local
microstructure changes, as revealed in Supplementary Fig. 7 by in-situ TEM, and
partly from the apparent mergence of the (111) and (002) peaks due to anisotropic
lattice thermal expansion. b Differential scanning calorimeter curves.

¢ Temperature-dependent macroscopic coefficient of thermal expansion (CTE)
measured along rolling direction (RD); the data is presented as mean values +
standard deviation over three distinct samples; for comparison, the lattice-level
CTE (taken from ref. 49) along [100] crystallographic direction is also shown.

d Isothermal compressive stress-strain curves under 750 MPa stress along the RD at
different temperatures. e In-situ synchrotron x-ray spectra during compression
along RD, showing lattice elasticity.

for industrial heat supply. In global industrial sector, heat supply in the
temperature range of 373-503 K contributes to ~40% of total energy
consumption®*. A huge amount of coal and natural gas could be saved
if this heat could be supplied using energy-efficient heat-pumping
technologies. Compared to vapor-compression heat pumps, which
mostly operate below 413K? heat pumps using large TeE of the

Ti;gNb,y, can be more ecofriendly and supply heat to higher tem-
peratures for wider industrial uses.

Prediction of TeE in martensitic single crystals
The large TeE of the [100]-textured Ti;gNby, martensitic polycrystals
was obtained by exploiting only 1/3 of the lattice intrinsic a;. In

Nature Communications | (2025)16:4511


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59720-3

a b
. @298 K @313 K @333K @353K @373 K < ol
(0] i =
o)) (W % m @@ [0
% % WS M Q g
G « <
o P
=] 4 e
8 g
q) - —
e @393 K @413 K @433 K @453 K @473K| 2 .
3 E ™7 — Pred. 313K
e ° — Pred. 413K
S 7 © — Pred. 473K
g - § 6] -0- Meas. 313K
< % A 2 | -0 Meas. 413K
« 42+03K -A- Meas. 473K
T T T T
c t 00 02 04 06 08
ounts Compressive stress (GPa)
c d e
0.8
-1 i
25 - =% - NiTi SMA
100 2R ¢ .
—~ = 1 --O--#1TiNb at 473 K - .
g 064 1000 2 \‘\ - #2 TiNb at 473 K PbZrTiO (Electrocaloric)
e 5 209 - O-#3TiNbat298 K
% g \“ NiTi (Elastocaloric)
@ 0.4 g 197
o YT
‘% / / g‘ * Gd (Magnetocaloric)
@ L 404
o o
g 02 g TiNb alloy in this work
5] 2 5A6:::(5:::0.|.w
< 10---0-- -0 --0---0---O--O- OO0 R32 (Commercial VC refrigerants)
0.0 T T 04— — 1 1 T T T T T
0.0 0.6 12 1.8 10° 10? 10* 10° 10° 00 02 04 06 08 10

Compressive strain (%)

Fig. 3 | Observed thermoelastic effect (TeE) of [100]-textured Ti;sNb,, mar-
tensitic polycrystals. a Measured AT, upon rapid release of 700 MPa compressive
stress along rolling direction at different temperatures. b Comparison between the
predicted and measured AT,; the experimental data are presented as mean values +
standard deviation over four distinct samples. ¢ Evolution of isothermal stress-strain
curves during cyclic compression at 473 K. d Evolution of AT, during cyclic
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compression at 473 K and 298 K; two Ti,gNb,, samples (#1 and #2) were tested at
473 K to verify the repeatability; the data for typical NiTi shape memory alloy (SMA)™!
is also plotted for comparison. e Second law efficiency of the Ti;gNb,, and phase-
transitional materials calculated under the same working condition of 7. =288 K and
T1, =298 K; the values for phase-transition materials are taken from ref. 47 while that
for the Ti;gNb,, is detailed in Note 2 of Supplementary Information.

martensitic single crystals of Ti;gNb,, and other ferroelastic alloys, the
full intrinsic a; can lead to larger TeE, as predicted below.

Using Eq. (1) and the measured lattice intrinsic a; and A (see Sup-
plementary Table 1), we have calculated the AT, of ten types of
martensitic single crystals under a moderate 500 MPa uniaxial stress
applied along [100] or [001] directions. The calculation shows (see
Fig. 4) that the intrinsic giant |a of (1.8-5.4) x 10™*/K in these crystals
can bring a large TeE with |AT,, of 9-22K at a temperature of
about 10 K below their respective A; points (=155-480 K). As the tem-
perature decreases, their |AT,4 gradually diminishes, following the
trend described by Eq. (3). The temperature window corresponding to
|AT.4l = 4 K can reach tens of Kelvins (Fig. 4). Moreover, due to small
hysteresis, the TeE can in principle produce high energy efficiency
compared to typical first-order phase transitions. In experiment, the
predicted large TeE of the single crystals can be approached in the
respective polycrystals through generating [100] and [001] strong
textures via tailored plastic deformation or via fabrication of column-
grained specimens. Depending on their A; point, the strongly textured
martensitic alloys with large TeE can be used for energy-efficient heat-
pumping and cooling at temperatures below, near or well above room
temperature.

In summary, applying theory of thermoelasticity, we proved that
the martensitic phase in ferroelastic alloys can indeed exhibit
large thermoelastic effect when elastically stressed along its

crystallographic direction of large intrinsic linear thermal expansion
(a)) near its absolute instability temperature. Guided by this prediction,
we prepared [100]-textured martensitic Ti;gNb,, polycrystals by
plastic deformation and obtained a large a; of 94 x107%/K. Under
700 MPa elastic compression, we achieved a large AT,, of 4-5K at
temperatures of 413473 K and a material-level high energy efficiency.
Moreover, we identified ten types of single-crystalline ferroelastic
alloys capable of exhibiting large |AT 4l of 9-22 K under 500 MPa stress
near their respective As temperature point (155-480 K). Our findings
offer a non-phase-transition-based option for energy-efficient solid-
state heat-pumping.

Methods

Materials preparation and plastic deformation

TizgNb,, button samples of 200 g were prepared from raw Ti and Nb
elements of 99.9999% purity using an arc melting furnace in an Argon
atmosphere. The samples were remelted five times to ensure chemical
composition homogeneity. The as-melted samples were wire-cut into
strips of 10 mm wide, 5 mm thick, and 40-50 mm long, and then sealed
into quartz tubes under 99.999% purity argon and solution-treated at
1273K for 25h, followed by quenching into ice water. Differential
scanning calorimetry (DSC) determined the transition temperatures of
the solution-treated samples to be M;=385K, Ms=339K, A;=447K
and As=486 K, confirming a martensitic phase state (Cmcm crystal
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Fig. 4 | Predicted |AT,4l in different martensitic single crystals under 500 MPa
stress applied along [100] or [001] directions. The calculation is based on Eq. (1)
as well as the experimental temperature-dependent lattice CTE (a;) and heat

capacity (1) taken from the references in Supplementary Table 1. Note that for AuCd

and AuMn alloys, the experimental data points for their temperature-dependent
lattice parameters are too sparse to derive their temperature-dependent lattice
CTEs; only the average lattice CTEs over a temperature range can be obtained and
were used in the AT, calculation.

structure; a=3.1579 A, b=4.8422 A and c=4.6600 A*°) at room tem-
perature. To create a strong preferred orientation of RD || [010], the
solution-treated Ti,gNby, strips were rolled at room temperature at a
low roller speed of 3 rpm, to 50% thickness reduction by 30 passes.
Such low speed and small deformation increment allow rolling
under an isothermal condition, avoiding thermally-induced austenite
formation. Cuboid samples of 2.5 mm (|| TD) x 2.5 mm (|| ND) x 4 mm
(Il RD) were cut using an electro-discharged machine from the 50%
cold-rolled strips and then isothermally compressed along RD to 14.4%
permanent strain on a material testing machine (MTS 858) at room
temperature. After the cold-rolling and compression (CRC) proces-
sing, the samples were grinded to have a final dimension of 2.2 mm
(Il TD) x 2.2 mm (|| ND) x 3.2 mm (|| RD).

Characterization of thermal expansion, elastic behavior, and
thermoelastic effect

Macroscopic linear thermal expansion of solution-treated, as-rolled,
and [100]-textured samples was measured along the RD during
heating from 298K to 473K using a thermo-mechanical analyzer
(NETZSCH TMA 402 F3) at a heating rate of 5K/min. The
temperature-dependent macroscopic CTEs of each sample are
determined by least-square linear fitting of the measured macro-
scopic thermal expansion curve within a 20 K temperature window
centered at each temperature point. The isothermal elastic defor-
mation behavior of the [100]-textured sample to 750 MPa compres-
sive stress was characterized using an Instron 5969 machine
(equipped with a temperature chamber) under displacement control
mode (0.08 mm/min) at ambient temperatures from 298K to 473 K.
The strain of the sample was recorded using a COD extensometer
(EPSILO 3448-025M-020). The thermoelastic effect of the [100]-tex-
tured sample was measured through four steps: rapid loading at a
stress rate of 5 GPa/s, constant stress holding for 15, rapid unload-
ing at a stress rate of 10 GPa/s and zero-stress holding for 15 s. During
this loading-unloading process, the sample temperature variations
were synchronously measured using a data logger (NI-9212 DAQ)
running at 100 Hz sampling frequency through a K-type thermo-
couple wire (80 pm diameter) spot welded onto the sample surface.
The cyclic stability of the [100]-textured sample was tested to 10°
compression cycles under 700 MPa at 473K using the quasistatic
Instron 5969 machine running at a frequency of 0.05Hz and to 10’
compression cycles under 750 MPa at 298K using a dynamic MTS
858 machine running at a frequency of 20 Hz. During the cyclic test,

we recorded the evolutions of the isothermal compressive stress-
strain curve, AT, upon rapid unloading, and residual strain (deter-
mined from sample height change) of the [100]-textured sample.

Characterization of crystallographic texture

Using a Rigaku Smartlab x-ray diffractometer equipped with a 2D area
detector, we characterized the crystallographic textures of the solu-
tion-treated, as-rolled, and [100]-textured samples with polished
testing surfaces. For each sample, the pole figures for (022), (111), (113),
and (202) reflections were measured within an a-angle range of 0° to
85° (with 5° increment) and a [B-angle range of 0° to 360° (with 1°
increment). From the pole figures, the orientation distribution func-
tion (ODF) was reconstructed under the assumption of orthorhombic
sample symmetry and was used to calculate the inverse pole figures for
RD, TD, and ND using MTEX package™.

In-situ x-ray diffraction
To detect the lattice elastic deformation under compression, we per-
formed in-situ high-energy X-ray diffraction measurements on the
[100]-textured sample at beamline 11-ID-C in the Advanced Photon
Source, Argonne National Laboratory (APS, ANL), USA. A monochro-
matic X-ray beam with energy 105.7 keV (A = 0.1173 A) and beam size of
500 pum (height) x 500 pm (width) was used. During compressive
loading to 803 MPa, the x-ray diffractograms were measured using a 2-D
detector placed -1.7 m behind the sample at a frame frequency of 1Hz.
In-situ high-temperature x-ray diffraction using Rigaku Smartlab
diffractometer was carried out on the [100]-textured sample at tem-
peratures from 298 K to 473 K (10K apart). Nine cuboid samples of
1 mm x 2.2 mm x 3.2 mm in size were glued together and then polished
to have a mirror-like large surface for the test. The samples were held
for 10 min at each testing temperature to reach thermal equilibrium.
X-ray diffractograms were measured using a spot size of ~2 mm in the
two-theta angle range of 35° to 76° at a stepping rate of 2°/min.

In-situ transmission electron microscope

The in-situ TEM was performed using the chip-based heating inside a
FEI Themis TEM at an electron accelerating voltage of 300 kV. The
cross-sectional thin film sample was prepared by a FEI Helios Nanolab
G3 dual-beam FIB using the standard lift-out procedures. The sample
was precoated by e-beam induced Pt deposition before lift-out, and
then mounted onto a DENSsolution heating chip with the supporting
SiNx film milled off for better imaging conditions. The target area was
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polished with final voltage of 2KV. The chip was loaded into the
microscope right after the sample preparation.

Data availability

Source data are provided with this paper.
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