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Ceramics, often exhibiting important functional properties like piezoelectricity, superconductivity, and
magnetism, are usually mechanically brittle at room temperature and even more brittle at low temperature
due to their ionic or covalent bonding nature. The brittleness in their working temperature range (mostly
from room down to cryogenic temperatures) has been a limiting factor for the usefulness of these ceramics.
In this Letter, we report a surprising “low-temperature toughening” phenomenon in a La-doped CaTiO;
perovskite ceramic, where a 2.5x increase of fracture toughness K¢ from 1.9 to 4.8 MPam'/? occurs when
cooling from above room temperature (323 K) down to a cryogenic temperature of 123 K, the lowest
temperature our experiment can reach. In situ microscopic observations in combination with macroscopic
characterizations show that this desired but counterintuitive phenomenon stems from a reentrant strain-
glass transition, during which nanosized orthorhombic ferroelastic domains gradually emerge from the
existing tetragonal ferroelastic matrix. The temperature stability of this unique microstructure and its stress-
induced transition into the macroscopic orthorhombic phase provide a low-temperature toughening
mechanism over a wide temperature range and explain the observed phenomenon. Our finding may open a
way to design tough ceramics with a wide temperature range and shed light on the nature of reentrant

transitions in other ferroic systems.
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Ceramics are an important class of materials supporting
modern technologies, as many of them exhibit indispensable
functional properties such as piezoelectricity, magnetism,
and high-temperature superconductivity [1-3]. However,
ceramics are intrinsically brittle at room temperature and
become even more brittle at lower temperatures—a common
phenomenon known as “low-temperature brittleness” caused
by their strong ionic or covalent bonding that makes
dislocation slip difficult. Although ceramics can reveal
sizable plastic deformation at elevated temperatures (e.g.,
>1000°C) by grain boundary sliding [4,5], their brittleness
atroom temperature and low temperatures has been a limiting
factor to realize their functionality in their working temper-
ature range. Well known examples include brittle failure in
high-T'~ superconductor cables [6], piezoelectric actuators
[7], and magnetostrictive elements (CoFe,O, and LaMnOs)
[8,9]. In the application of these functional ceramics,
sufficient ductility over a wide temperature range from room
to cryogenic temperatures is essential, but this has remained a
long-standing challenge even to date.

Over the past decades, much effort has been made to
enhance the room- and low-temperature ductility of
ceramics [1,3,7,10-13]. An effective approach was dis-
covered in partially stabilized ZrO, (PSZ) [14,15], where
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room-temperature ductility can be significantly enhanced
by engineering a martensitic or ferroelastic transformation
to occur near room temperature. When such a ceramic is
subjected to fracture stress, a stress-induced martensitic
transformation occurs around its crack tip, leading to local
plastic deformation that reduces stress intensity and hence
avoids early brittle fracture [15]. As a result, enhancement
in fracture toughness is achieved around the transformation
temperature, known as “transformation toughening”
[16,17]. However, this mechanism is not effective when
the temperature is outside the martensitic transformation
temperature range and thus the ceramics are still brittle at
low temperatures [18]. Therefore, it remains an intriguing
question whether there exists a mechanism that can provide
a low-temperature toughening mechanism that can work
from room temperature down to cryogenic temperatures.

In this Letter, we report that opposed to the commonly
observed low-temperature brittleness, an unusual low-
temperature toughening phenomenon is found in a
La-doped CaTiO5 ceramic system, where a significant
increase in both fracture toughness and strength occurs
upon cooling from above room temperature (323 K) down
to a cryogenic temperature of 123 K. This anomalous
low-temperature toughening effect is found to occur in

© 2023 American Physical Society
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FIG. 1. (a) Phase diagram of Ca,_,La,,/3TiO3 (CT-100xLa) system, where T'c.7, T7., and Tggrg represent the ferroelastic transition

temperatures from cubic (C) to tetragonal (T), T to orthorhombic (O), and the reentrant strain-glass transition temperature, respectively.
(b) Temperature-dependent fracture toughness (Kyc), flexural strength (o), and fracture strain (/) at fracture point (Fig. S4 [28]) of
RSTG sample CT-70La. (c) Temperature-dependent Kyc, o7, and &, of ferroelastic sample CT-60La.

compositions showing a new type of phase transformation—
a reentrant strain-glass (RSTG) transition. The low-
temperature toughening effect stems from a stress-induced
transition from RSTG state to a macroscopic orthorhombic
phase, which leads to local plastic deformation that reduces
stress intensity at crack tip and hence avoids early brittle
fracture. Different from a martensitic-transformation-
induced toughening effect, which exists only around the
martensitic transformation temperature [18,19], the tough-
ening effect caused by RSTG occurs over the entire
temperature range of the RSTG state (323-0 K), and the
toughening effect becomes stronger with lowing temper-
ature. Therefore, this RSTG toughening mechanism
may open a new possibility to enhance room- and low-
temperature ductility of a wide range of brittle structural
and functional materials like ferroelastic ceramics, high
temperature superconductors and piezoelectric ceramics.

It should be noted that reentrant glass transition has been
known for decades in magnetic and ferroelectric systems
[20-26] although its ferroelastic counterpart (i.e., RSTG)
has not discovered until very recently [27]. Such intriguing
transition is characterized by the development of a glass
state [i.e., frozen short-range-ordered (SRO)] out of a long-
range-ordered (LRO) state, but its microscopic nature has
remained obscure for magnetic and reentrant relaxor
transitions [25], due to the difficulty of direct imaging of
nanoscale spin or polarization distribution. A by-product of
the present study is the high-resolution imaging of RSTG
state in a physically parallel ferroelastic La-doped CaTiO,
system, which provides a straightforward explanation about
the nature of RSTG transition and also sheds new insight
into the nature of reentrant transitions in magnetic and
ferroelectric systems.

Martensitic-ferroelastic Ca,_,La,,/3TiO3; (CT-100xLa)
ceramics were fabricated via a conventional solid-state
reaction method. Details about samples and experimental

methods are given in Supplemental Material, Figs. S1
and S2 [28].

Figure 1(a) shows the RSTG phase diagram of
Ca,_,Lay,3TiO3 (CT-100xLa) system determined by
experiments detailed in Figs. 2-4 and Supplemental
Material, Fig. S3 [28]. This new phase diagram updates
the previous phase diagram [29,30] with the newly
found RSTG transition. It shows that below a critical
La concentration (x < 0.65), the phase transition sequence
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FIG. 2. Macroscopic evidence for RSTG transition in CT-70La.

(a) An invariance of the average structure through Tgrgrg:

tetragonal at 473 K (above Trgrg) and 173 K (below Trgrg),

while cubic at 1545 K. (bl) Frequency dispersion of both

storage modulus dip and internal friction peak. (b2) The enlarged

modulus curve around Tgrgrg. (b3) Trstg follows the Vogel-
Fulcher relation.
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FIG. 3. Microscopic evidence of the RSTG in CT-70La. (a),
(b) In situ microstructure evolution and diffraction pattern along
[001], zone axis at 573 K (above Trsrg) and 298 K (below
Trstg)- Ferroelastic T domain pattern will not change (blue
arrows mark the domain walls) while nanodomains appear inside
the large ferroelastic domains after RSTG transition, accompa-
nied by the formation of 1/2(110) superlattice spots indicated by
yellow circles in (b2). (c) High resolution TEM images from
573 K (cl) to 298 K (c2). (c3) Inverse fast Fourier transform
(FFT) image shows the nanodomains (yellow dashed lines) are
around several to tens nanometers. (c4),(c5) FFT and local
symmetry (mm, O phase) of the nanodomains marked by the
red square in (c3). (c6),(c7) FFT and local symmetry (4mm, T
phase) of the ferroelastic matrix marked by the green square
in (c3).

is from cubic (C) parent phase to ferroelastic tetragonal (7)
phase and then to ferroelastic orthorhombic (O) phase,
being consistent with literature [30]. When the concen-
tration of La is above 0.65, the previous phase diagram [30]
showed that the transition from 7" to O suddenly vanishes
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FIG. 4. Signatures of the ferroelastic O phase in CT-45La.
(a) XRD profiles indicating a structure change from C at 1545 K
to T at 773 K and then to O at 298 K. (b) Frequency independent
storage modulus dip and internal friction peak around 7y.,.
(¢) In situ microstructure evolution from 7 phase at 773 K to O
phase at 298 K, while the insets are the corresponding selected
area diffraction patterns.

and the T phase seems to be stable down to 0 K. As will be
shown below, in this seemingly “nontransforming” 7 phase
region, a RSTG transition occurs at Trgtg-

Figure 1(b) shows that a RSTG composition x = 0.7 (or
CT-70La) exhibits an unusual low-temperature toughening
effect and strengthening effect associated with its RSTG
transition. Above Tretg ~ 323 K, the sample exhibits a
normal “cooling-induced embrittlement” phenomenon
from 473 to 323 K (black lines). However, below Trgrg
a surprising increase in toughness (Kjc), flexural fracture
strength (o) and fracture strain (&) occurs and the
enhancement effect (red line) does not end even down to
123 K, the lowest temperature allowed by our equipment.
From 323 to 123 K, Kjc increases by 2.5x from 1.9 to
4.8 MPam!/2, which is close to the well-known high
ductility ceramics PSZ (~6 MPam!/?) [15]; o increases
by 1.5 times from 80 to 122 MPa, and the &, increases by
2.2 times from 0.85% to 1.86%. The significantly enhanced
toughness at low temperature is also evidenced by the
appearance of a plastic yielding phenomenon in a flexural
stress-strain curve at 123 K [Supplemental Material,
Fig. S4(a) [28] ].

The unusual low-temperature toughening effect [Fig. 1(b)]
found in the RSTG sample CT-70La is opposed to the normal
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low-temperature embrittlement tendency found in normal
ferroelastic sample CT-60La [Fig. 1(c)], which exhibits a
normal 7-O ferroelastic transition at 7'7.o ~ 370 K. It can be
seen that a maximum Kic ~2.6 MPam'/?, 6, and ¢, is
around its T'7_p, and these properties decrease with lowering
temperature below T, exhibiting a normal cooling-
induced-low-temperature embrittlement behavior, being
the same as observed in other martensitic ceramics like
PSZ [17,18,31]. The low-temperature embrittlement is also
confirmed by flexural strain-stress curves shown in
Supplemental Material, Fig. S4(b) [28]. The contrasting
behavior between the RSTG sample [Fig. 1(b)] and the
normal ferroelastic sample [Fig. 1(c)] strongly suggests the
existence of a low-temperature toughening mechanism in
RSTG samples, which is absent in normal ferroelastic
samples.

Figures 2 and 3 show the evidence for RSTG tran-
sition in the composition regime x > 0.65. The XRD
profile of CT-70La in Fig. 2(a) and Supplemental
Material, Fig. S3 reveals an invariance of the average
structure when the sample is cooled through Trgrg: the
average structure keeps 7 phase from 473 K (above
Trstg) to 173 K (below Tgrsrg), being consistent with
previous reports that 7-O transition is suppressed and the
T phase persists down to 0 K [30]. However, dynamic
mechanical measurements in this seemingly nontrans-
forming 7 phase region reveals a glass transition at
~323 K (Trgtg), which is featured by a frequency-
dependent anomaly in both storage modulus dip and
internal friction peak and the Trgtg follows the Vogel-
Fulcher relation [Fig. 2(b)] [32]. Further evidence of the
RSTG transition is the breaking of ergodicity as shown
in Supplemental Material, Fig. S5 [28].

Figure 3 shows that the RSTG transition is associated
with the formation of O nanodomains in the ferroelastic T
matrix over a wide temperature range. In situ TEM
micrographs in Figs. 3(a) and 3(b) reveal that the ferroe-
lastic T domain pattern at 573 K (above Trgrg) persist
down to 298 K (below Trstg) and the average T structure
remains unchanged. Meanwhile, nanodomains with O
symmetry arise in the ferroelastic 7 matrix, as revealed
by the tweed morphology in Fig. 3(b1) and the appearance
of 1/2(110) spots in the diffraction pattern [Fig. 3(b2)].
The formation of 1/2(110) spots is related to a local
orthorhombic symmetry analogy to the conventional LRO
O phase in CaTiO3; and MgSiO; [33-35]. Figure 3(c)
further confirms the formation of O nanodomains amidst
the ferroelastic T matrix. At 573 K, only the T phase was
found in Fig. 3(cl). At 298 K, the O nanodomains formed
in Fig. 3(c2), as indicated by the appearance of 1/2(110)
superlattice spots in the fast Fourier transformation (FFT)
pattern of the inset of Fig. 3(c2). The size of these O
nanodomains embedded in the 7 matrix is around several to
tens of nanometers as shown in an inverse FFT image of
Fig. 3(c3), which is similar to the dark-field image. The

diffraction symmetry of the nanodomains [red square in
Fig. 3(c3)] is mm (O symmetry), which is determined by
the convergent beam diffraction pattern with two mirror
planes and no fourfold axis shown in Fig. 3(c5). As a
contrast, T ferroelastic matrix [green square in Fig. 3(c3)] is
characterized by the absence of 1/2(110) superlattice spots
[Fig. 3(c6)] and a diffraction symmetry 4mm [Fig. 3(c7)],
which has two mirror planes and fourfold axis along the
[001]. zone axis. The spot splitting caused by the O
nanodomains is shown in Supplemental Material, Fig. S6
[28], which is further evidence for the O symmetry of the
nanodomains. Therefore, microscopically the RSTG tran-
sition occurs by a gradual formation of O nanodomains in the
T ferroelastic matrix.

As mentioned above, the local O symmetry of nanosized
RSTG phase demonstrated in Fig. 3 is found to be the same
as that of the LRO O phase in a sample with x = 0.45
(CT-45La), which undergoes a normal C-T-O ferroelastic
transition (Fig. 4). The normal T-O ferroelastic transition
in CT-45La is characterized by a sharp frequency-
independent internal friction peak and storage modulus
dip around 722 K [Fig. 4(b) and the inset]. The associated
microstructure shown in Fig. 4(c) indicates the large T
ferroelastic domains at 773 K (above T'7_) are replaced by
smaller O stripe domains at low temperature of 298 K
(below T7.p). The LRO O phase is characterized by the
appearance of an additional (210),, and (120), XRD peak
in Fig. 4(al) and 1/2(110) superlattice spots [yellow
circles in the inset of Fig. 4(c)] in the diffraction pattern
due to the oxygen octahedra tilting of O transition [35].
The similarity between the diffraction pattern of RSTG
nanodomains and normal LRO O phase suggests that the
RSTG nanodomains have the same O symmetry as LRO O
phase, except that the RSTG nanodomains are short-range
ordered.

The occurrence of RSTG transition in CaTiO53-100xLa
can be understood as a result of the interplay between
multiple ferroelastic instabilities and point defects. The
multiple ferroelastic instabilities drive the system into a
two-step ferroelastic transition, which explains the
C-T-O ferroelastic transitions for x < 0.65. On the other
hand, La dopants as point defects produce a random field
that prohibits the formation of the LRO ferroelastic
phase. In the case of La-doped CaTiOs;, the random
field caused by La doping at x > 0.65 is not strong
enough to suppress C-T ferroelastic transition but strong
enough to suppress 7-O transition, thus a RSTG tran-
sition happens consequently.

To reveal the microscopic mechanism of the low-
temperature toughening effect in a RSTG material, we
performed an ex situ XRD experiment on its fractured
surface to probe the microscopic process during fracturing.
As shown in Fig. 5(a), the fractured surface of a RSTG CT-
70La shows the emergence of the O phase, which is absent
in unstressed surface; this strongly suggests a RSTG-O
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FIG. 5. Mechanism of low-temperature toughening effect
associated with stress-induced RSTG-O transition. (a) Stress-
induced formation of O phase in RSTG CT-70La as indicated by
the appearance of (102), peak in the XRD pattern of the
fractured surface. (b) Hysteretic-plastic deformation behavior
of the RSTG sample and its temperature dependence obtained by
compression loading-unloading test. Remnant strain (e,) in-
creases with lowering temperature below Trg7c. Insets are several
representative strain-stress curves of Fig. S7. (c) Schematic
illustration of the microscopic origin of the low-temperature
toughening effect.

transition is induced by the stress concentration at the
crack tip during stress loading, which leads to intragranular
fracture as shown in Supplemental Material, Fig. S2 [28]
(as opposed to intergranular fracture in low-toughness
ceramics). This stress-induced RSTG-O transition is found
to lead to a hysteretic-plastic stress-strain behavior, and
the remnant strain (e,) increases with lowering temperature
[Fig. 5(b)]. Naturally, the occurrence of such plastic
deformation around a crack tip will lead to a relaxation
of stress intensity at crack tip and consequently enhances
fracture toughness and strength, and the enhancement
increases with lowering temperature. This mechanism
enables us to predict that the stress-induced RSTG-O
transition can lead to increasing Kic at an early stage of

crack propagation, i.e., a rising resistance curve (R curve),
which is a common phenomenon for all ceramics showing
a hysteretic-plastic behavior [7,15]. This prediction can be
tested in future experiments.

The microscopic origin of this low-temperature tough-
ening effect is schematically illustrated in Fig. 5(c). In the
absence of stress, a RSTG sample undergoes a sluggish
RSTG transition during which a metastable RSTG state
(characterized by O nanodomains distributed in 7" matrix)
emerges and is then frozen down to 0 K. When a stress is
applied, a stress-induced RSTG-O transition occurs below
Trstg, Which proceeds by a stress-induced growth of O
nanodomains (shown in Fig. 3) into a LRO O phase.
Differing from a normal ferroelastic transition which occurs
within a limited temperature range, the stress-induced
RSTG-O transition can occur over the entire temperature
range from Trgtg down to 0 K, because RSTG is a frozen
glassy state and can persist down to 0 K [27,36]. With
decreasing temperature, the thermodynamic driving force
for such a transition increases, and this leads to an
increasing volume fraction of stress-induced O phase
[27,36]. This explains the observed increase in remnant
strain with decreasing temperature [Fig. 5(b)], and hence
the low-temperature toughening effect.

We notice that a stress-induced relaxor (SRO)-
ferroelectric (LRO) transition has been hypothesized to
be a probable toughening mechanism [37], but a negative
result has been reported for NBT-BT relaxor ceramics, as
manifested by a flat R curve and low fracture toughness
(~1 MPa/m'/?) [38]. Therefore, a RSTG state, which is
not a simple SRO state but SRO embedded in a LRO
matrix, appears important to achieving a strong toughening
effect (up to 4.8 MPam'/? in our material), particularly at
low temperatures.

In summary, we report an unusual low-temperature
toughening effect in a La-doped CaTiO; ceramic system
in compositions showing a RSTG transition. The low-
temperature toughening effect originates from a stress-
induced RSTG to orthorhombic transition, and the
toughening effect becomes stronger at lower temperature
due to the increasing metastability of the RSTG phase. Our
finding may open a way to design tough ceramics with a
wide temperature range. The microscopic picture of
RSTG, i.e., frozen SRO nanodomains embedded in an
LRO matrix phase, may share commonality with reentrant
glasses in other ferroic systems.
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