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a b s t r a c t 

Crystallographic twins are critical to the properties of numerous materials from magnesium alloys to 

piezoelectrics. Since the onset of the twin formation is highly sensitive to the triaxial mechanical bound- 

ary conditions, non-destructive bulk microscopy techniques are required. Elastic strains can be mapped 

via X-ray diffraction with a 10 0-20 0 nm resolution. However, the interplay of strains with nanotwins 

cannot be characterized. Here, a method based on dark-field X-ray microscopy to quantify the density of 

nanotwin variants with twin lamellae of sizes as small as several tens of nanometers in embedded sub- 

volumes (70x20 0x60 0 nm 

3 ) in millimeter-sized samples is introduced. The methodology is corroborated 

by correlating the local density of twin variants to the long-ranging strain fields for a high-performance 

piezoelectric material. The method facilitates direct, in situ mapping and quantification of nanoscale struc- 

tural changes together with their elastic driving fields, which is the key towards controlling and engineer- 

ing material’s performance at nanometric scales. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Microstructural defects, such as grain or phase boundaries, 

ores, precipitates, and intermetallic phases are highly effective 

ptions for tailoring the performance of twinned materials via en- 

ineering the local stress fields [1–3] . A twinned material con- 

ists of highly organized alternating twin lamellae of fixed thick- 

ess, rigidly connected to each other via a twin boundary [4] . 

hermally-induced stress fields around ZnO inclusions can for ex- 

mple increase the operating temperature of relaxor-like piezo- 

lectrics, [5] while strains at twin boundaries can generate local- 

zed conducting stripes in iron-based superconductors [6] . Simi- 

arly, deformation twinning under applied mechanical stresses is 

ritical to the mechanical properties of various metals, [ 7 , 8 ] in-

rganic semiconductors, [9] superalloys, [10] or shape-memory al- 

oys [11] . For the most part, the macroscopic performance of these 

winned materials is intimately coupled to the local interplay be- 

ween long-ranging triaxial strain fields and their twin density. 

 4 , 12 ] 
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The continued development of high-resolution imaging tech- 

iques, such as scanning electron or scanning transmission elec- 

ron microscopy has facilitated the mapping of the twin density 

rom the macroscopic down to the atomic scale at the material’s 

urface. Critically, the formation and activity of twins is sensitive 

o the local strain state, which varies from triaxial (plane strain) 

n the bulk to biaxial (plane stress) at the surface [ 13 , 14 ]. Neutron

 15 , 16 ] and high-energy synchrotron X-ray [17–21] diffraction al- 

ow nondestructive strain mapping in the bulk, averaged over a 

robing volume determined by the beam diameter and penetra- 

ion depth. Further, a differential-aperture X-ray microscope ap- 

roach with a sub-micrometer beam diameter enabled visualiza- 

ion of strain fields associated with twin boundaries in polycrys- 

alline magnesium alloys [22] . Similarly, modified Laue-based mi- 

roscopy enabled to map the onset and time-dependent evolution 

f such strain fields ~200 μm below the surface [23] . Also, the 

winning probability during crack growth in high-entropy alloys 

as recently quantified using neutron diffraction with millimeter 

esolution [15] . While scanning a focused X-Ray beam [24–26] fur- 

her facilitated the mapping of long ranging strain fields with a 

esolution of 10 0–20 0 nm over several micrometers, [27] nan- 

twins which have lamellae sizes below the spatial resolution of 
. This is an open access article under the CC BY license 
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he instrument cannot be mapped at this local scale within bulk 

ampling volumes. This is a critical limitation for materials that 

ust be studied in situ , for example, functional components that 

re part of larger systems or devices. 

Here we demonstrate in situ mapping of the density of nan- 

twin variants in the bulk using the rich information in the lo- 

al reciprocal space maps (RSMs) obtained by dak-field X-ray mi- 

roscopy [24] . Nanotwin variants are twins with identical orien- 

ation of their lamellae. We do this for two grains in the bulk 

f an industrially promising single-phase ferroelectric/ferroelastic 

aterial (rhombohedral crystal structure, R3m ). Polycrystalline 

.6Ba(Zr 0.2 Ti 0.8 )O 3 -0.4(Ba 0.7 Ca 0.3 )TiO 3 (BZT-BCT) was prepared us- 

ng solid-state synthesis by mixing BaCO 3 (99.8%), CaCO 3 (99.5%), 

rO 2 (99.5%), and TiO 2 (99.6%) in stoichiometric ratio, followed by 

illing, drying, calcination, and sintering (relative density: 97%, 

ean grain size: 28.1 ±5.9 μm). Details on the samples can be 

ound in the supplementary material and in Ref. [28] . BZT-BCT 

s a perfect model material to demonstrate the strength of our 

ethodology, since the excellent small- and large-signal piezo- 

lectric properties, which exceed 600 pC/N and 1000 pm/V (at 

.5 kV/mm), [29] respectively were related to twin lamellae of 

0-100 nm in size [30] . Please note that we adopt a general no-

ation of twin, twin lamella, and twin boundary in this work. Spe- 

ific to ferroelectrics, these terms correspond to domain, domain 

ize, and domain walls, respectively. 

RSMs obtained from micrometer volumes are unsuitable to map 

nd quantify the density of nanotwin variants inside the bulk, 

ince the overlapping diffraction signals from the individual twins 

orm a single peak that may be interpreted as evidence of an un- 

winned structure ( Fig. 1 a). We overcome this limitation by ob- 
ig. 1. Methodology to map density of twin variants and their estimated sizes in 

he bulk of a nano-twinned piezoceramic material. The spatially averaged RSM over 

ll subvolumes (approximately 57 0 0 0) of the cross section of a grain is outlined in 

a). The density of twin variants, δ, is spatially resolved for the cross section of the 

rain of the model BZT-BCT material in the virgin state in (b). The density of twin 

ariants was obtained by systematically monitoring RSMs from grain subvolumes 

 V = 70x20 0x60 0 nm 

3 , Fig. S1), while exemplary RSMs obtained from representative 

ubvolumes are depicted in (c)–(e). The splitting of the diffraction peak in the local 

SMs (individual peaks are indicated by dashed circles in (c)–(e)) originates from 

ndividual twin variants [40] and enables calculation of their density. Subvolumes 

ith a high density of twin variants ( δ ~ 10/(10 7 nm 

3 )) are displayed in red in (b), 

hile subvolumes with a low density of twin variants ( δ ~ 1/(10 7 nm 

3 )) are high- 

ighted in yellow. 
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2 
aining local RSMs from nanoscale subvolumes. Diffraction analy- 

is was performed at beamline ID06 at the European Synchrotron 

adiation Facility using X-rays with a photon energy of 17.03 keV 

 λ = 0.728 Å). Both grains were oriented with the 111-scattering 

ector approximately perpendicular (within 5 °) to the electric field 

 (Fig. S1). The optics of the instrument allow a resolution of 

0x20 0x60 0 nm 

3 (local diffraction subvolume V = 8 . 4 · 10 6 n m 

3 ) 

or local RSMs and strain maps. The 3D subvolume is defined by 

he spatial resolution of the microscope (70x200 nm ²) and the 

eight of the incident X-Ray beam (600 nm; full width at half 

aximum (FWHM)). Both image resolution and beam height are 

hysically limited by the numerical aperture of the X-ray lenses 

nd the aberrations present therein. A detailed description of dark- 

eld X-ray microscopy can be found in Refs. [ 24 , 31 ]. In the follow-

ng, we explain how to utilize the information in the local RSMs 

o map the density of nanotwin variants and estimate their corre- 

ponding size. 

Therefore, we obtain local RSMs from ~57 0 0 0 nanoscale sub- 

olumes by simultaneously rocking the sample through two per- 

endicular angles ( α, β), non-colinear with the scattering vector 

Fig. S1) [24] . This enables to map the density of twin variants 

cross the cross sections of the two grains. Fig. 1 b displays the 

ensity of twin variants in such a cross section, while the edges 

f the recorded map are in the vicinity of a grain boundary sepa- 

ating the investigated grain from the surrounding polycrystalline 

atrix. Exemplified RSMs with a high (small, D ~ 50 nm), medium 

medium, D ~ 75 nm), and low (large, D ~ 200 nm) density of 

win variants, δ, (estimated size of the twin variants, D ) are dis- 

layed in Fig. 1 c–e, respectively. Individual diffraction peaks in the 

ocal RSMs are identified as dashed circles in Fig. 1 c–e. In the in-

estigated material, splitting of the peaks in the RSMs may origi- 

ate from mechanical compatibility of the twins [32] and/or mul- 

iple twinning [33] . Please note that other sources of mechanical 

train, i.e. dislocations, point defects or twin walls (non-180 ° do- 

ain walls) can be excluded as the main origin for the observed 

plitting in the local RSMs. Oxides naturally contain a small dis- 

ocation density [ 34 , 35 ] and no dislocations were found in un- 

eformed BaTiO 3 [36] and polycrystalline PbTiO 3 [37] . The strain 

elds in the vicinity of the twin walls on the other hand can be 

ong ranging (up to 5 μm [27] ). A gradual change of the strain,

owever, most likely results in diffuse scattering [ 38 , 39 ], rather 

han clear peak splitting in local RSMs. 

After having excluded strain fields related to domain walls and 

islocations as the main reason for the peak splitting in our lo- 

al RSMs, we correlate the number of peaks, n , in the local RSMs 

o individual twin variants [40] . This affords quantification of the 

ensity of twin variants (see supplementary material), as 

= n/V. (1) 

Note that the local twin density (size of the lamellae) is much 

igher (smaller) than the values calculated by Eq. (1 ). One reason 

s, that twin variants which form a low-intensity peak in the RSM 

ay not be distinguishable from the noise level. Also, twins that 

iffract at similar α, β values due to a nearly periodic arrange- 

ent [ 30 , 34 ] of twins with similarly oriented lamellae cannot be 

istinguished. 

To corroborate our proposed methodology, we next quantify the 

mpact of long-ranging residual elastic stresses and other sources 

f elastic energy on the density of twin variants in BZT-BCT. We do 

his by calculating elastic stresses ( σ ela 
111 

) and related elastic strain 

nergies ( U 

ela 
111 

) from the maps of the total strain in < 111 > direction 

 ε tot 
111 

) [24] . We therefore subtract the strain contributions related to 

eversible effect, i.e. the electric-field induced piezoelectric effect 

nd domain switching (see supplementary material and Fig. S2), 

hich do not contribute to the elastic stress [41] . The analysis is 

arried out for a range of electric fields from 0 to 2.5 kV/mm, span- 
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Fig. 2. Electric-field dependent mapping and quantification of the density of twin variants together with their elastic driving fields. Macroscopic unipolar (a) polarization, P , 

and (b) strain, S , loops are displayed for the piezoelectric BZT-BCT material in the virgin state. Different electric fields (related to the coercive field, E c = 0.25 kV/mm [42] ) are 

marked by numbers 1–6. A cross section of the grain mapped via dark-field X-ray microscopy under different electric fields is displayed in (c)–(e). We use the methodology 

introduced in Fig. 1 to calculate the density of twin variants (c), enabling quantification of bulk elasto-morphological correlations as a function of the electric field. Therefore, 

the local elastic stress, σ ela 
111 , and elastic energy, U ela 

111 , from concurrent strain maps are obtained by subtracting contributions due to the piezoelectric effect and switching strain 

(Fig. S2 and supplementary material). [41] The calculated elastic parameters σ ela 
111 and U ela 

111 are mapped in (d) and (e), respectively. A local interplay between the density of 

twin variants and elastic properties is found for the model BZT-BCT material, as demonstrated for subvolumes marked by the letters A-C and discussed in the text. A movie 

of the electric field-dependent strain evolution is available (supplementary movie 1). 

Fig. 3. Quantification of the interplay between elastic driving forces and the density of twin variants. The (a) elastic energy, U 111 , and (b) density of twin variants, δ, are 

displayed as a function of the distance from the grain boundary (plotted from the edges of the cross-sectional maps in Fig. 2 c). The crystallographically misaligned grains 

with anisotropic thermal expansion coefficients [44] and spontaneous ferroelastic strain [45] result in an enhancement of the elastic energy and density of twin variants 

in 4–5 μm vicinity of the grain boundary for all electric fields. The mean value of the elastic energy, U 111 , total strain, ε tot 
111 , and density of twin variants, δ, decreases with 

increasing the applied electric field, as displayed in (c). At the same time, electric-field-dependent elastic stress and strain distributions narrow with electric field application, 

as outlined in (d). 

n

w  

e

h

a

d

m

d

d

d

m

s

i

w

f

g  

e

o  

e

i

c  

i

t

c

t

t

p

t

c

a  

u

s

σ
i  

t

f

d

c

I

f

a

v

a

a

m

ing and exceeding the coercive electric field ( E c = 0.25 kV/mm) 

here the twins will irreversibly reorient ( Fig. 2 a and b) [42] . The

lectric fields were chosen to ensure saturated switching at the 

ighest electric field magnitude (~10 E c ). Please note that ε tot 
111 

for 

ll electric fields is calculated with respect to the averaged unit cell 

imension of the virgin state, since a stress-free single crystalline 

aterial is not available [43] . The ensuing electric-field dependent 

ensity of twin variants, elastic stress, and elastic strain energy is 

isplayed in Fig. 2 c–e. A similar analysis for a second grain (grain 

iameter: 24.5 μm) can be found in supplementary Fig. S3. 

The quantitative mapping of the electric field-dependent elasto- 

orphological correlations now allows us to correlate the den- 

ity of twin variants to local electric-field dependent elastic driv- 

ng forces. First, we provide the density of twin variants together 

ith the long-ranging elastic strain fields as a function of distance 

rom the grain boundary (outer edges of the cross sections of the 

rain in Fig. 2 c–e) to the grain interior ( Fig. 3 a and b). Contrary to

xpectations, [27] we find that the elastic stresses in the vicinity 

f the grain boundary can be as high as ±300 MPa and are gen-

rally higher in the virgin state than during or after poling. This 

s indicated by a 60% decrease of the local U 

ela 
111 

in the periphery 

ompared to the center of the grain ( Fig. 3 a). The quantified spatial

nhomogeneities of the strain energy originate from an anisotropic 

hermal expansion coefficient, the random orientation of individual 
3 
rystallites, [44] and the spontaneous strain formed at the phase 

ransition in ferroelastic materials [ 45 , 46 ]. Stress concentrations in 

he periphery of the grain boundary might be related to the com- 

lexity of the polycrystalline microstructure, i.e. triple-grain junc- 

ions, or glass phases at the grain boundary. Please note that in 

omparison to previous works quantifying the elastic energy along 

 grain boundary, [ 44 , 47 ] experimental data in Fig. 3 a is measured

nder triaxial mechanical boundary conditions in the bulk. 

Since the stresses we observed locally exceed the coercive 

tress of BZT-BCT (obtained during macroscopic compression tests, 

c ∼ −25 MPa [48] ), significant switching is expected in the vicin- 

ty of the grain boundary ( Fig. 3 b). Using our approach, we find

hat the decrease of the elastic energy as a function of the distance 

rom the grain boundary corresponds to a decrease of the average 

ensity of twin variants. This demonstrates the possibility of a lo- 

ally engineered density of twin variants via mechanical stresses. 

n particular, the density of twin variants ( δ ~ 4.8/(10 7 nm 

3 )) found 

or subvolumes inside the grain ( > 4–5 μm from the grain bound- 

ry) was typically 30% smaller compared to subvolumes in the 

icinity of the grain boundary ( δ ~ 6.2/(10 7 nm 

3 )). 

The in situ quantification of the density of twin variants and 

ctivating elastic driving forces under applied electric fields en- 

bles investigation of the effect of the electric field on the elasto- 

orphological correlations ( Fig. 3 c and d). The high density of 
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[  
win variants and the inhomogeneous elastic stresses in the vir- 

in state are likely related to the complex phase equilibria of 

he investigated system [29] . Increasing the electric field up to 

.7 kV/mm (~10 E c ) decreases the average density of twin vari- 

nts by approximately 35% compared to the virgin state ( Fig. 3 c, 
(10 E c ) = 3 . 8 / ( 10 7 n m 

3 ) , δvirgin = 5 . 8 / ( 10 7 n m 

3 ) ). Notably, this de-

rease in the density of twin variants corresponds to a 40% de- 

rease in the macroscopic piezoelectric d 33 coefficient at the same 

lectric field magnitude, [49] corroborating the impact of nan- 

twins on the electromechanical functionality. At the same time, 

he U 

ela 
111 

is reduced by 60% for an electric field of 2.7 kV/mm 

~10 E c ) in comparison to the virgin state, corresponding to a nar- 

owing of the distribution of the elastic stresses with electric field 

pplication. As highlighted in Fig. 3 d, the FWHM of the stress dis- 

ribution decreases by 40% and 50% for applied electric fields of 

.9 kV/mm (~4 E c ) and 2.7 kV/mm (~10 E c ) relative to the virgin

tate, respectively. 

While the averaged electric-field response corroborates with 

he macroscopic functional performance of the material, we also 

how that the local response is very inhomogeneous. Examples are 

ighlighted for the subvolumes in A-C in Fig. 2 c–e. For the sub- 

olumes in A, the density of twin variants and elastic stress re- 

uce when an electric field of 10 E c is applied, while subvolumes 

n B remain largely unchanged, indicating the effect of local pin- 

ing centers on ferroelectric/ferroleastic domain wall movement 

 50 , 51 ] For the subvolumes in C, the density of twin variants and

lastic energy are substantially diminished and a monodomain-like 

tate in the center of the grain can be identified [30] . With this,

ur methodology enables mapping of the electric-field induced 

hanges of the density of twin variants highly spatially resolved 

19] . In addition, it quantifies the interplay between local elec- 

ric field-induced switching and elastic stresses, indicating electric- 

eld induced stress-releasing effects in the bulk, mimicking mi- 

rostructural texturing approaches [ 52 , 53 ]. 

In conclusion, we present a methodology for visualizing and 

uantifying the density and corresponding sizes of twin variants 

ithin nanometric volumes in the bulk. Moreover, we compare 

hese morphological characteristics directly to maps of the lo- 

al elastic stresses and energies. In demonstrating the method, 

e outline the localized tunability of the density of twin vari- 

nts via mechanical stresses induced by intergranular coupling 

or a modern, lead-free ferroelectric/ferroelastic material. Specifi- 

ally, we highlight that the electric field narrows the distribution 

f elastic stresses and reduces elastic energies by 60%, while si- 

ultaneously decreasing the density of twin variants by 35%, giv- 

ng the grain a single-crystalline like character. Further, we under- 

ine electric-field effects on the macroscopic piezoelectric perfor- 

ance. Broadly speaking, this confirms the potential and relevance 

f the methodology for all twinned materials, where the plane 

train state in the bulk together with mapping of the density of 

win variants provides insight far beyond highly localized surface 

echniques or conventional diffraction-based imaging. 

The comprehensive multi-length scale mapping of nanostruc- 

ures and stresses is a key step towards controlling local elasto- 

orphological correlations and thus the performance of many 

winned materials. Combining the methodology with 3D tomog- 

aphy approaches [ 54 , 55 ] further enables to optimize the elasto- 

orphogical correlations beyond the investigated cross section of 

he grain. This is important for emerging fields in complex ox- 

des, such as high-permittivity applications, phase transitions or 

omain wall dynamics, which exhibit a complex local coupling be- 

ween elastic energies and nanoscale twin variants. The approach 

e present here can be applied to all twin systems, e.g. martensitic 

aterials, superalloys, or high entropy systems, where the inter- 

lay between elastic strain und nanotwins under external stimula- 

ion is crucial towards realizing high performance. In situ measure- 
4 
ents of the evolution of strain and density of twin variants fur- 

her enables the discussion of elasto-plastic boundary conditions 

n twinning, using theoretical models [ 56 , 57 ]. 
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