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ARTICLE INFO ABSTRACT

Keywords: In thfis work, we devefloped a method usting precessfion eflectron dfiffractfion data to map the restiduaf] eflastfic strafin at
Strafin mappfing the nano-scafle. The dfiffractfion pattern of each pfixefl was ffirst coflflected and denofised. Tempflate matchfing was then
Precessfion eflectron dfiffractfion (PED) appflfied usfing the center spot as the mask to fidentfify the posfitfions of the dfiffractfion dfisks. Statfistfics of dfistances
Szn:ﬁse between the seflected dfiffracted dfisks enabfle the user to make an finformed decfisfion on the reference and to generate

strafin maps. Strafin mappfing on an unstrafined sfingfle crystafl sapphfire shows the standard devfiatfion of strafin
measurement fis 0.5%. Wfith thfis method, we were abfle to successfuflfly measure and map the resfiduafl eflastfic strafin
fin VO2 on sapphfire and martensfite fin a Nfiso3Tfizg7Hf20 shape memory aflfloy. Thfis approach does not requfire
the user to seflect a “strafin-free area” as a reference and can work on datasets even wfith the crystafls orfiented
away from zone axes. Thfis method fis expected to provfide a robust and more accessfibfle aflternatfive means of

Shape memory aflfloys (SMA)

studyfing the resfiduaf] strafin of varfious materfiafl systems that compflements the exfistfing aflgorfithms for

strafin mappfing.

1. Introduction

Stored eflastfic strafin has a profound fimpact on the mechanficafl
propertfies and functfionaflfitfies of materfiafls. For exampfle, compressfive
resfiduaf] stresses fin metafls and ceramfics can suppress crack propagatfion,
thereby fimprovfing the fracture toughness [1,2]. Resfiduafl eflastfic strafin
can aflso affect band gaps, eflectron transport, and phonon transport
[3-5]. X-ray dfiffractfion and neutron dfiffractfion are two popuflar tech-
nfiques to measure and map the resfiduafl strafin fin materfiafls [6,7]. Sfince
both x-ray and neutron beams are dfiffficuflt to focus, the resfiduafl strafin
mappfing usfing these two technfiques has flfimfited spatfiafl resoflutfion.

To achfieve nanometer-scafle resoflutfion strafin mappfing, transmfissfion
eflectron mficroscopy (TEM) and eflectron dfiffractfion have been
empfloyed. Eflectrons are charged partficfles, and thus eflectron beam can
be focused by tunfing the strength of the eflectromagnetfic flenses fin TEM.
The eflastfic strafin can be caflcuflated from hfigh-resoflutfion TEM (HRTEM)

mficrographs fin reafl space or by anaflyzfing dfiffractfion pattern
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finformatfion fin recfiprocafl space [8,9]. For the reafl-space fimagfing mode,
geometrfic phase anaflysfis (GPA) fis wfidefly used [10,11]. Aflthough qufite
powerfufl, GPA can onfly be used on HRTEM mficrographs, fin whfich the
phase contrast fis domfinant; fit cannot be appflfied on reguflar brfight-ffiefld
(BF) TEM fimages, where flattfice frfinges are absent. Hence, GPA has hfigh
spatfiafl resoflutfion but a flfimfited ffiefld of vfiew (typficaflfly fless than or
approxfimatefly 20x20 nm2).

In dfiffractfion mode, Zuo and Spence pfioneered the work usfing
convergent-beam eflectron dfiffractfion (CBED) to obtafin the strafin fin-
formatfion and automate the process [12,13]. In the CBED patterns,
flattfice strafin can be precfisefly measured by trackfing the posfitfions of
hfigher-order Laue zone (HOLZ) flfines fin the brfight-fiefld CBED dfisk [14,
15]. Thfis approach works because HOLZ flfines resuflt from hfigh-order
refflectfions, whfich are very sensfitfive to changes fin the flattfice spacfing
[9]. By comparfing the experfimentaflfly acqufired HOLZ flfine posfitfions to
computer sfimuflatfions, strafin finformatfion wfith hfigh precfisfion (approxfi-
matefly 0.2%) can be obtafined [16,17].
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Wfith the advent of 4D-STEM [18,19] and precessfion eflectron
dfiffractfion (PED) [20,21], a more computatfionaflfly cost-effectfive way to
perform strafin mappfing fi to raster the beam on the specfimen, acqufire
the dfiffractfion pattern at each pfixefl, and measure the shfifts of dfiffractfion
spots for each pfixef] reflatfive to a reference pattern. PED combfines beam
precessfion (the beam fistfiflted and rotated about the optficafl axfis at a very
hfigh frequency, typficaflfly 100 Hz) wfith nanobeam dfiffractfion and offers a
number of advantages fin performfing strafin mappfing compared to 4D-
STEM. Ffirst, PED averages out the dynamficafl effects fin eflectron
dfiffractfion, fleadfing to more unfiform dfiffractfion spot fintensfity and easfier
spot center fidentfifficatfion [22,23]. In contrast, 4D-STEM uffiflfizes CBED
patterns, and the fifflumfinatfion fin the dfiffractfion dfisks fis non-unfiform; the
dfisk center fidentfifficatfion usuaflfly finvoflves the use of specfiaflfly patterned
apertures or addfitfionafl reconstructfion steps [24-28]. Second, PED ex-
cfites hfigher-order refflectfions, whfich are more sensfitfive to changes fin
flattfice parameter [8].

The current strafin mappfing methods used by 4D-STEM and PED
share very dimfiflar aflgorfithms [29,30]. The specfimen fi tfiflted to a
flow-findex zone, and a “strafin-free” reference pattern fi acqufired. Two
non-coflflfinear dfiffractfion spots are then seflected to create the two
non-coflflfinear vectors, g, and g,. The coordfinates of the two vectors fin
the reference dfiffractfion can be expressed as the reference dfiffractfion
matrfix Go = (g &2 &1 &2 )- The two vectors finthe dfiffractfion pattern
for strafin caflcuflatfion can be expressed finthe same way as the dfiffractfion
matrfix G. The dfistortfion matrfix D hence can be sfimpfly expressed as D =
(G,G 1)t where t fis the transpose of the matrfix. The dfistortfion matrfix
can be further decomposed finto a pure deformatfion matrfix and rotatfion
matrfix to generate finformatfion of &xx, &y, €xy, and the rotatfion angfle ¢ to
generate strafin maps at nanometer and submficron scafle from both
4D-STEM and PED datasets [24,29,31-37].

We reaflfize two features of the above aflgorfithm may flfinfi fits wfider
appflficatfion of strafin mappfing. Ffirst, a reference area fis requfired. In
many cases, fit fis dfiffficuflt to fidentfify the approprfiate “strafin-free”
dfiffractfion pattern, and fits seflectfion can be user-dependent and flackfing
the support of quantfitatfive data. Thfis shortcomfing fis partficuflarfly
fimportant fin materfiafls that contafin hfigh densfity of dfisflocatfions (e.g.,
martensfite grafins or heavfifly deformed grafins) and nanocrystaflflfine
sampfles, finwhfich an un-strafined prfistfine area fi dfiffficuflt to ffind. Second,
the aflgorfithm requfires the sampfle to be ffiflted to a flow-findex zone axfis so
that two non-coflfinear vectors can be drawn. If the sampfle fis at a two-
beam condfitfion, the above aflgorfithm woufld £fifl to work. In thfis flfight,
we devefloped a new PED-based strafin mappfing aflgorfithm that does not
refly on the seflectfion of the reference dfiffractfion pattern and can aflso
work even when the sampfle fisnot tfiflted to a flow-findex zone axfis.

2. Materials and methods

Dfiffractfion patterns were obtafined wfith a 200 kV FEI Tecnafi F20 ST
TEM equfipped wfith a ffiefld emfissfion gun. A NanoMEGAS ASTAR unfit was
used to produce precessfion and descannfing of the eflectron beam. The
spot sfize of the eflectron beam wfith a 0.3" precessfion angfle fis approxfi-
matefly 3 nm. Affldfiffractfion patterns were acqufired fin the fimages wfith
580x580 pfixefl resoflutfion.

A VO, thin ffifin deposfited on a c-cut sfingfle crystafl sapphfire substrate
and a N ,Th,, Hf,, shape memory aflfloy (SMA) were used as modefl
materfiafls. The growth of VO, on [0001] sapphfire fis hfighfly epfitaxfiafl, and
thus resfiduafl strafin fis expected near the finterface [38]. The Nfi

50.3 g , HE,, shape memory aflfloy fis martensfitfic at room temperature
[391, and eflastfic strafin fisexpected to be stored finthe materfiafl durfing the
austenfite to martensfite transformatfion. VO, deposfitfion was achfieved by
sputterfing from a pure V target usfing a pressure of 2.0 mTorr wfith a
mfixture of argon and oxygen gas (Ar: 20 scem, O,: 4.1 scem) and a DC
power of 200 W at 600 -C for 30 mfin then anneafled fin the chamber for
another 30 mfin. Cross-sectfionafl TEM specfimens were prepared usfing a

Thermo-Ffisher Heflfios G4 focused-fion beam (FIB). The Nfisg 3Tfiog7Hf2o
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SMA was produced by hfigh vacuum finductfion mefltfing of hfigh purfity Nfj,
Tfii and Hf. The sampfle was then soflutfion treated to achfieve a
precfipfitate-free mficrostructure. The TEM specfimens were prepared from
3 mm dfisks and eflectropoflfished usfing a Tenupofl-5 poflfishfing system wfith a
soflutfion of 30% nfinfic acfid fin ethanofl at 40 “C to create eflectron
transparent areas. More detafifled mficrostructurafl finformatfion on the

SMA can be found fin our earflfier work [40].
3. Results and discussion

3.1. Archfitecture of the algorfithm

The strafin mappfing aflgorfithm was wrfitten fin Python and consfists of
ffive steps. The workfflow fis shown fin Ffig. 1. Ffirst, fit reads the .bflo fifle
usfing HyperSpy [41]. Second, the user can seflect a ffiflter (Gaussfian,
non-flocafl means, or Wfiener) to denofise the dfiffractfion patterns for each
pfixefl. Thfird, the center dfiffractfion dfisk fis used as a tempflate to fidentfify
the posfitfions of other dfiffracted beam dfisks usfing a correflatfion coefffi-
cfient cutoff (0.87 finthe defauflt settfing). Fourth, the user wfseflect two
dfiffractfion dfisks of finterest. The aflgorfithm wffFlgo through d¥ldfiffractfion
patterns, caflcuflate the dfistance of the seflected dfisks, and generate a
dfistance hfistogram. Note the dfistance fis measured fin recfiprocafl space,
and the unfit fis pfixefl. Ffinaflfly, the user wfffldetermfine a “strafin-free dfis-
tance” based on the dfistance hfistogram, and the aflgorfithm wffFlcreate
the “strafin heat map”.

3.2. Functfion of each step of the algorfithm

In the ffirst step, HyperSpy, whfich fis an open-source mufltfi-dfimen-
sfionafl data anaflysfis package, was used to read and open the .bflo ffifle
(generated by the NanoMEGAS PED system) fin the Python envfironment
[41].

The second step afims to denofise the dfiffractfion patterns, and fits
fimportance wffflbe eflucfidated fin the thfird step shortfly. The dfiffractfion
pattern shown finFfig. 2 was acqufired from a sfingfle crystafl sapphfire tfiflted
to the [1)210] zone axfis. In the as-acqufired condfitfion, the dfiffractfion
patterns are nofisy (Ffig. 2a), and background can be descrfibed as Pofisson
nofise [42]. The fuzzy nofise fisbetter reveafled by the cflose-up vfiews of the
center dfisk (red boxed regfion) and a dfiffracted dfisk (bflue boxed regfion).
The nofise fis aflso fiflflustrated as hfigh-frequency spfikes fin the corre-
spondfing 3D fintensfity proffifles.

One “brute-force” way to fimprove the sfignafl-to-nofise ratfio fis to fin-

crease the acqufisfitfion tfime of the dfiffractfion pattern at each pfixefl
However, thfis approach woufld flead to proflonged acqufisfitfion tfime and

1. Read .blo file using HyperSpy

-

2. Denoise all diffraction patterns

-

3. Identify positions of diffraction disks for all )

diffraction patterns

\ J

-

4. Calculate the distance of the selected
diffraction disks in all diffraction patterns

-

5. Generate strain map

\ J

Fig. 1. Fflowchart descrfibfing the key steps of the strafin mappfing aflgorfithm.
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Fig. 2. (a) As-acqufired (orfigfinafl), (b) Gaussfian ffifltered, (c) non-flocafl means ffifltered, and (d) Wfiener ffifltered dfiffractfion pattern from a sapphfire sfingfle crystafl orfiented
to the [1210] zone axfis. The red boxed and bflue boxed regfions are zoomed-fin vfiews of the dfirect beam and a dfiffracted dfisk, respectfivefly. The correspondfing 3D
fintensfity proffifles are aflso presented. (For finterpretatfion of the references to coflor fin thfis ffigure flegend, the reader fis referred to the web versfion of thfis artficfle.)

may resuflt fin damage to beam-sensfitfive sampfles. An aflternatfive way to
reduce the nofise fis to appfly fimage ffiflters. Here, three common fimage
ffiflters [24,42] were appflfied: a Gaussfian ffiflter (6 = 1.15), a non-flocafl
means ffiflter (0 = 1.15, patch sfize = 3, and patch dfistance = 6), and a
Wfiener ffiflter (ffiflter sfize = 5 and nofise power = 5). Note that the ffine
detafifls of the ffiflters can be tuned by users. The nofise flevef]l has reduced
substantfiaflfly after appflyfing the ffiflters fin ¥l three cases, as shown fin
Ffig. 2b-d. In partficuflar, the 3D fintensfity pflots of the center and dfiffracted

dfisks exhfibfit smooth proffifles, conffirmfing the success of denofisfing from

the fimage ffiflters.

In the thfird step, the center dfisk was used as the tempflate to fidentfify
the posfitfion of dfiffracted dfisks. In thfis work, we used a correflatfion co-
effficfient of 0.87 as the cutoff for tempflate matchfing [43], and the user
can choose a dfifferent vaflue. The fidentfiffied dfiffractfion dfisk posfitfions are
marked by red dots fin Ffig. 3. In the ofigfinaf] unffifltered fimage (Ffig. 3a),
onfly the center spot was fidentfiffied as fitseflf was used as the tempflate.
Dfisk posfitfion fidentfifficatfion was drastficaflfly fimproved wfith the denofise
step. Muflfipfle dfiffracted dfisks were recognfized fin the Gaussfian ffifltered
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Fig. 3. Dfiffractfion dfisk posfitfion fidentfifficatfion usfing the dfirect beam as the mask finthe (a) orfigfinafl, (b) Gaussfian ffifltered, (c) non-flocafl means ffifltered, and (d) Wfiener
ffifltered dfiffractfion patterns. Red dots findficate the posfitfion of fidentfiffied dfisks. (For finterpretatfion of the references to coflor fin thfis ffigure flegend, the reader fisreferred

to the web versfion of thfis artficfle.).

(Ffig. 3b), non-flocafl mean ffifltered (Ffig. 3c), and Wfiener ffifltered (Ffig. 3d)
dfiffractfion patterns. Note that fin many cases, muflfipfle flocatfions from
one dfiffractfion dfisk can have a correflatfion coeffficfient hfigher than the
cutoff. The aflgorfithm onfly uses the flocatfion wfith the hfighest correflatfion
coeffficfient wfithfin 30 pfixefls to precflude dupfificate fidentfifficatfion of the
same dfiffractfion dfisk. It fis aflso worth notfing that the correflatfion coef-
fficfient fis onfly one of the means to determfine dfiffractfion dfisk posfitfions.
Other aflgorfithms, such as PfixSTEM [44], bflob detectfion [37], and
trafined neurafl networks [28], may aflso be fincorporated finto the code to
flocate dfiffractfion dfisk posfitfions.

In the fourth step, the user wiftlseflect two dfiffracted dfisks. The dfis-
tance between these two dfisks fis caflcuflated from each pfixefl fin the PED
data. Then a dfistance hfistogram wffflbe generated, and the dfistance data
are exported as a .csv fifle. In the exampfle, Ffig. 4a dfispflays the dfistance
hfistogram generated by measurfing the dfistance of the (2024) dfisk and
the (2024) dfisk (marked by whfite cfircfles fin Ffig. 3b) of the Gaussfian
ffifltered dataset. The hfistogram appears to be composed of “peak bun-
dfles”, whfich fis reflated to the dfiscretfizatfion of the pfixefl spacfing fin the
underflyfing dfiffractfion patterns. Sfince the materfiafl fis a sfingfle crystafl of
sapphfire, there shoufld be no eflastfic strafin stored fin the specfimen. One
can sfimpfly consfider the mean vaflue of &Flthe measured dfistances to be
the “strafin-free dfistance”. Note that there fis a spread of data fin the
dfistance measurement. Such a spread may be attrfibuted to the sflfight
measurement error from the aflgorfithm and fis manfifested as nofise fin the
dfistance map fin Ffig. 4b. The “mean dfistance” approach can aflso be used
fin materfiafls wfith symmetrfic strafin dfistfibutfion (e.g., the tensfifle and
compressfive strafin ffieflds from the same dfisflocatfion core). The appro-
prfiateness of usfing the “mean dfistance” as the “strafin-free dfistance” fin

systems wfith asymmetrfic strafin dfistrfibutfion wffflbe dfiscussed shortfly fin
the ffirst case study.

In the ffifth step, a strafin map wfflbe generated based on the entered
“strafin-free dfistance” and the measured dfistance from each dfiffractfion

pattern. The strafin fis caflcuflated usfing the equatfion

where dﬁf's the measured dfistance and d, fis the “strafin-free dfistance”
entered by the user. The sfingfle crystafl sapphfire exampfle from the pre-
vfious step can be consfidered as a baseflfine. The caflcuflated average strafin
vaflue fis 0 and the standard devfiatfion fis 0.5% strafin (Ffig. 4c,d). Conse-
quentfly, the probabfiflfity of a strafin-free pfixefl showfing a strafin vaflue of
1% and greater (both compressfive and tensfifle) fs onfly 4.6%. Hence, fifa

regfion dfispflays strafins 1% and greater, the strafin fis fifikefly to be true.

3.3. Case study 1: strafin assocfiated wfith a VO2 thfin ffilm on a c-cut sfingle
crystal sapphfire

In the ffirst case study, a M-phase VO, thfin ffiflm grown on a c-cut
sfingfle crystafl sapphfire substrate was used as a modefl system. Ffig. 5a
shows a vfirtuaf] dark-ffiefld fimage reconstructed usfing the fintensfity of the
(0006) dfiffractfion spot fin sapphfire (hfighflfighted wfith the dashed cfircfle)
fin the dfiffractfion pattern fin Ifig. 5b. VO, exhfibfits two dfistfinctfive do-
mafins (grafins showfing the same orfientatfion are consfidered as one
domafin). The correspondfing dfiffractfion patterns are shown fin Ffig. 5¢
and d. The (0006) dfiffractfion dfisk fin sapphfire fis cflose to the (020)
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Fig. 4. (a) Dfistance hfistogram and (b) dfistance map of a prfistfine sfingfle crystafl sapphfire specfimen. The correspondfing (c) strafin hfistogram and (d) strafin map
generated usfing the (2024) and (2024) refflectfions (whfite cfircfles fin Ffig. 3b).

Fig. 5. (a) Vfirtuafl dark-ffiefld fimage of VO ffiflm on the sapphfire substrate. The dfiffractfion patterns of sapphfire and two domafins of VO, are shown fin(b), (c), and (d),
respectfivefly. The vfirtuafl dark-ffiefld fimage was reconstructed usfing (0006) refflectfion (hfighflfighted wfith the dashed cfircfle). Common/sfimfiflar dfiffractfion dfisks fin

sapphfire and VO, are findficated by “*” and “X”.

dfiffractfion dfisk finboth domafins finVO3 (marked by “*” finFfig. 5b-d). The
(2024) dfiffractfion dfisk fin sapphfire fis cflose to the (011) dfiffractfion dfisk

one of the vo, domafins (marked by “X” fin Ffig. 5b,c).

Ffig. 6 shows the strafin maps wfith the correspondfing seflected

dfiffractfion dfisks (hfighflfighted by the whfite cfircfles) and the dfistance
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Fig. 6. Seflected dfiffractfion dfisk for strafin mappfing, dfistance hfistogram, and correspondfing strafin maps usfing (a) (2024) and (2024) refflectfions fin sapphfire and (01T)
(011) refflectfions fin VO,, (b) (1014) and (1014) refflectfions fin sapphfire, (c) (0006) and (0006) refflectfions fin sapphfire, and (d) (0222) and (020) refflectfions fin VO ,
shown finFfig. 5. Red dashed flfines findficate where the reference dfistances were taken from. Bflack arrows hfighflfight the strafined regfions. Red doubfle arrows findficate the
strafin dfirectfion. Note that the red ffifim fin (c) and vfioflet substrate fin (d) are artfifacts. (For finterpretatfion of the references to coflor fin thfis ffigure flegend, the reader fis

referred to the web versfion of thfis artficfle.).

hfistograms. The strafin dfirectfion fis marked by the red doubfle arrows fin
the strafin maps, whfich fisthe g-vector dfirectfion of the seflected dfiffractfion
dfisks after the magnetfic rotatfion correctfion findfiffractfion patterns. In the
ffirst case, the (2024) and (2024) dfiffractfion dfisks fin sapphfire (and the
(011) and (0TT) dfiffractfion dfisks fin VO, of one of the domafins due to
proxfimfity) were seflected (Ffig. 6a). Note that the dfistance dfistrfibutfion fis
skewed because of the finterpflanar spacfing dfifferences between sapphfire
and VO, and the non-symmetrfic strafin dfisafibutfion fin the sapphfire
substrate. Determfinfing the strafin-free dfistance fis not as dfirect as the
sfingfle crystafl sapphfire case fin Ffig. 4. Consfiderfing the sapphfire substrate
fis flargefly unstrafined, we treated the mode of the dataset (findficated by
the red dashed flfire fin the dfistance hfistogram) as the reference dfistance.
Pockets of compressfive strafined regfions (approxfimatefly — 1.5%) near
the finterface (findficated by the bflack arrows) were observed finsapphfire. It
fisaflso fimportant to pofint out that the strafin finthe VO, fiiflm fin Ffig. 6a fis
reflatfive because the sapphfire was seflected as the reference. Nonethefless,
semfi-quantfitatfive strafin dfistrfibutfion finformatfion was demonstrated. A
sfimfiflar approach was adopted to anaflyze the strafin dfistrfibutfion fin sap-
phfire of the (10T14) pflanes (Ffig. 6b). It fis apparent a narrow tensfifle-
strafined regfion (approxfimatefly 2.5%, findficated by the bflack arrows)
was reveafled beneath the finterface.
The finterpflanar spacfing vaflues of (0006) fin sapphfire and (020) fin
VQ, are 2.17 A and 2.74 A, respectfivefly. These vaflues are dfifferent
enough to gfive rfise to two dfistfinct peaks finthe dfistance hfistogram. When

focusfing on sapphfire (Ffig. 6¢), the reference dfistance was the mode from
onfly the substrate. A narrow regfion of compressfive strafin (approxfi-
matefly  2%) was observed beflow part of the finterface (findficated by the
bflack arrows). When focusfing on the VO2 (Ffig. 6d), the reference dfis-
tance was the medfian from onfly the ffiflm, and regfions of compressfive
strafin (approxfimatefly 3%) were noted (findficated by the bflack ar-
rows). The ffiflm appears red finFfig. 6¢ and the substrate vfioflet fin Ffig. 6d,
whfich are artfifacts caused by fintermfixfing the VO, and sapphfire finfor-

matfion fin the strafin anaflysfis.

3.4. Case study 2: Strafin fin martensfite plates of a Nfiso3Tfize 7Hf20 SMA

To further demonstrate the wfide appflficatfion of thfis method to map
resfiduaf] strafins, a Nfiy, ,TH,, ,Hf, ) SMA sampfle was seflected as a modefl
system. The NfiTfiHf SMAs undergo B2 austenfite to B19’ martensfite phase
transformatfion when they are coofled beflow thefir phase transformatfion
temperatures. It fis weffl known that flarge eflastfic strafin can be stored fin
the martensfite but there fi fifimfited understandfing of the stored strafins fin
martensfite. Eflastfic strafin fis partficuflarfly fimportant fin martensfitfic trans-
formatfion. Thfis fis because, unflfike the dfiffusfionaf]l transformatfion that
nucfleatfion occurs at finterfaces, martensfitfic nucfleatfion takes pflaced fin
the eflastficaflfly strafined regfions [45]. In turn, the stored strafin fin
martensfite may promote or hfinder martensfite-to-austenfite phase trans-
formatfion. Hence, fitfisfimperatfive understand the resfiduafl strafin finthese

systems.



D. Zhao et al.

Thfis case study demonstrates an exampfle of how our aflgorfithm can
reveafl the resfiduaf] strafin fin martensfite grafins even when the crystafls are
not ffiflted to zone axes. The scanned area contafins two martensfite pflates
and the vfirtuafl brfightffiefld fimage reconstructed by the fintensfity of the
dfirect beam fis shown Ffig. 7a. No ftfiflifing fin TEM was performed, so the
orfientatfions of the crystafls are rather random. The top martensfite
varfiant happens to be fina two-beam condfitfion and the bottom one cflose
to a two-beam condfitfion, as shown finthe dfiffractfion patterns finFfig. 7b, c.
Note that the dfistortfion matrfix method cannot be appflfied to thfis type of
datasets to resoflve resfiduafl strafin. Usfing our aflgorfithm, the dfiffractfion
dfisks for generatfing strafin maps are hfighflfighted by the whfite cfircfles. In
each martensfite varfiant, sfince the dfistance hfistogram shows a normafl
dfistrfibutfion, the mean of the dfistance vaflues was consfidered as the
reference. The dfistance hfistograms and the strafin maps of the martensfite
varfiants are dfispflayed fin Ffig. 8. The red doubfle arrow findficates the
strafin dfirectfion. For the top martensfite (Ffig. 8a), the resfiduafl strafin fis
flargefly compressfive (approxfimatefly ~ 3%) near the grafin boundary. For
the bottom martensfite (Ffig. 8b), the area near the grafin boundary fis
lfightfly compressfive (approxfimatefly  1%), and the strafin dfistrfibutfion
200 nm away from the grafin boundary fis compflex, wfith areas of
compressfive and tensfifle strafin fintermfixfing together. (The vfioflet regfion
fin Ffig. 8a and red regfion fin Ffig. 8b are artfifacts, simfiflar to those fin
Ffig. 6¢,d). The strafin mappfing resuflts demonstrated here can be com-
bfined wfith fin sfit heatfing experfiment to expflore the effect of strafin type
and magnfitude on the martensfitfic transformatfion, whfich wffflbe a sub-
ject of future studfies.

3.5. Advantages, dfisadvantages, and concerns of thfis algorfithm

Our newfly devefloped strafin mappfing aflgorfithm has some unfique
advantages compared to the other avafiflabfle aflgorfithms. The ffirst
advantage fs that our aflgorfithm does not requfire the user to seflect a
“strafin-free” area fin the map as the reference pattern. Reference areas
can be easfifly fidentfiffied fin devfice materfiafls (e.g., iflficon substrate far
away from the finterface). However, such areas are chaflflengfing to
fidentfify fin structurafl materfiafls (especfiaflfly for those have undergone
compflex thermomechanficafl treatments) and nanocrystaflflfine thfin ffifims
(such as the VO2 thfin ffifim fin Case Study 1). In our approach, the refer-
ence fis obtafined by anaflyzfing the dfistance data, efither by takfing the
mean or the mode of the dataset, whfich eflfimfinates the need to flocate a
reference area fin the specfimen. The second advantage fis that our
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aflgorfithm can work on crystafls not at zone axes, fin contrast to the
dfistortfion matrfix approach [29]. In the dfistortfion matrfix approach, two
non-coflfinear vectors are created, whfich requfires 2D-symmetry of the
dfiffractfion pattern (fi.e., at a zone axfis). In our method, we onfly compare
the dfistance between the seflected dfisks, whfich aflso works on dfiffractfion
patterns that are not at zone axes, as demonstrated fin one of the VO
domafins and SMA martensfite exampfles. The thfird advantage fisthat the
dfistance hfistogram obtafined from our aflgorfithm fi anaflogous to the
peaks fin x-ray dfiffractograms (XRD). Both exhfibfit data fin recfiprocafl
space. The symmetry and wfidth of the peak fin the dfistance hfistogram
bear statfistficafl flattfice spacfing and strafin finformatfion of the mapped
area, whfich fk not avafiflabfle from other aflgorfithms. Moreover, tech-
nfiques that extract finformatfion from XRD peaks (e.g., estfimatfing dfisflo-
catfion densfity [46]) may aflso be appflfied to the dfistance hfistogram to
generate quantfitatfive mficrostructurafl finformatfion.

The user may be concerned wfith some potentfiafl dfisadvantages of our
strafin mappfing method. Ffirst, our method has reflatfivefly poor strafin
resoflutfion (~1%) compared to the current dfistortfion matrfix aflgorfithms
fin PED (0.03% 0.05%) [21,32] and 4D-STEM (0.1%) [19] reported fin
the flfiterature. We had a cfloser finspectfion of outflfier pfixefls (e.g., pfixefls
outsfide 2-sfigma fin Ffig. 4) usuaflfly exhfibfit skewed fintensfity dfistrfibutfion
finthe seflected dfiffractfion dfisks. Better ffiflter and dfisk/spot fidentfifficatfion
aflgorfithms can be fincorporated fin the future to further fimprove the
strafin resoflutfion of our approach. We then further compared the strafin
maps of the VO, thfin ffiflm on sapphfire substrate created by the com-
mercfiafl PED-STRAIN software (Ffig. 9a) and our aflgorfithm (Ffig. 9b). The
strafin maps were generated usfing the (2024) and (2024) dfiffractfion
dfisks fin sapphfire (sfimfiflar to the exampfle shown fin Ffig. 6a), and three
compressfivefly strafined regfions were reveafled finboth maps (hfighflfighted
by the bflack arrow). To our pfleasure, two strafin maps show good
agreement, suggestfing our aflgorfithm a powerfufl toofl to fidentfify resfiduafl
strafins fin materfiafls at the nano-scafle wfith comparabfle accuracy to the
commercfiafl software, aflthough fit seems to have a flower strafin resoflu-
tfion. Note that the absoflute strafin vaflues caflcuflated by the commercfiafl
software and our aflgorfithm are not dfirectfly comparabfle due to the
dfifferent “strafin-free” references. Second, our approach can onfly
generate the normafl strafin components, whereas the dfistortfion matrfix
method can aflso caflcuflate the shear and rotatfionafl components. Thfis fis
an fintfinsfic fifimfitatfion of our aflgorfithm. We gave up the dfistortfion matrfix
approach to enabfle strafin mappfing usfing dfiffractfion patterns not at zone
axfis (e.g., at two-beam condfitfions). Unfortunatefly, the fimproved

o

Fig. 7. (a) Vfirtuafl brfight-ffiefld fimage of two martensfite varfiants finthe Nfi g ,Tfi,,, ,Hf, SMA. Dfiffractfion patterns of (b) the top varfiant and (c) the bottom varfiant. The

dfiffracted dfisks used for strafin caflcuflatfion are hfighflfighted wfith whfite cfircfles.
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Fig. 8. Dfistance hfistogram and strafin map of (a) the top martensfite varfiant and (b) the bottom martensfite varfiant shown fin Ffig. 7. Red dashed flfines findficate the
reference dfistance used fin strafin mappfing. Red arrows refer to the strafin dfirectfions. Note the vfioflet top martensfite fin (a), and red bottom martensfite fin (b) are
artfifacts. (For finterpretatfion of the references to coflor fin thfis ffigure flegend, the reader fis referred to the web versfion of thfis artficfle.).

versatfiflfity fis at the cost of sacrfifficfing other strafin finformatfion.

It fs aflso worth dfiscussfing whether the strafin caflcuflatfion usfing our
method can be affected by the dfiffractfion spot shfift when the sampfle fis
not at a zone axfis. When a TEM specfimen fk ffiflted at a zone axfis, the
Ewafld sphere fintersects wfith the centers of the reflrods [16]. When a TEM
specfimen fis ffiflted off the zone axfis, an excfitatfion error occurs. In thfis
dfiffractfion condfitfion, the measured dfistance between the center beam
and the dfiffracted beam (as weflfl as between the seflected dfisks) wifflbe
dfifferent from that when the same crystafl fis tfiflted to a zone axfis, whfich
may potentfiaflfly flead to strafin measurement dfiscrepancy. Therefore, the
strafins measured from dfifferent grafins usfing the same dfiffractfion dfisk
may not be dfirectfly compared. However, strafin wfithfin the same grafin or
the same domafin, even when fi fis off zone axes, can be compared

Fig. 9. Strafin maps from part of a sapphfire
substrate (contafinfing the sapphfire-VO, finter-
face) obtafined from (a) the PED-strafin com-
mercfiafl software and (b) our aflgorfithm,
showfing good agreement. Bflack arrows hfigh-
fifight the strafined regfions. The Red arrow fin (a)
pofints to a whfite dot, whfich was manuaflfly
seflected by the user as a “strafin-free” reference.
The dark navy ffifim on top fin (b) fis an artfifact.
(For finterpretatfion of the references to coflor fin
thfis ffigure flegend, the reader fis referred to the
web versfion of thfis artficfle.).
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because the excfitatfion error fis consfistent fin such a grafin.
4. Conclusions

In summary, a new reference-area-free approach for strafin mappfing
was devefloped to anaflyze PED data. Dfifferent fimage ffiflters were used to
ffirst denofise the dfiffractfion patterns. Tempflate matchfing usfing the dfirect
beam was then empfloyed to fidentfify the posfitfions of dfiffractfion dfisks.
Statfistfics of dfistances between the seflected dfiffracted dfisks enabfle the
user to make an finformed decfisfion on the reference and to generate
strafin maps. Wfith thfis method, we were abfle to successfuflfly measure and
map the resfiduafl eflastfic strafin fin VO, on sapphfire and for the
Nfis.3Tfing 7Hfoo martensfite. Thfis approach does not requfire the user to
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seflect a “strafin-free” area as a reference and can work on datasets even
wfith the crystafls orfiented away from zone axes. We expect thfis method to
provfide a more accessfibfle aflternatfive to CBED and nano-beam eflec-tron
dfiffractfion (NBED) of studyfing resfiduafl strafin of varfious materfiafl
systems that compflements the exfistfing aflgorfithms for strafin mappfing at
the nano-scafle.
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