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Uni di rec tional metal ma trix com pos ites have been un der
de vel op ment since the 1960’s but their ap pli ca tion has
been rel a tively mod est. Nev er the less, they can of fer ex -
tremely good prop er ties in the re in force ment di rec tion.  In
this talk I will fo cus in par tic u lar on Ti and Al-SiC mono fil -
a ment com pos ites which of fer ex cel lent strength to weight
ra tio at room and el e vated tem per a ture with po ten tial ap pli -
ca tions within the aero space and space do mains [1].

Crit i cal to their fa tigue be hav iour [2] is the man ner in
which stresses re dis trib ute dur ing fa tigue crack growth.  If
the in ter face be tween fi bre and ma trix is too strong then the 
load at the crack tip is trans ferred lo cally to the re in forc ing
fibres and the fibres frac ture. Too weak and the cracks will
by-pass the fibres such that the fibres can bridge the crack
but the com pos ite will have poor me chan i cal prop er ties es -
pe cially in the trans verse di rec tion. The ther mal re sid ual
stresses are also im por tant be cause these de ter mine the ma -
trix clamp ing stresses which af fect the fic tional slid ing
stresses that oc cur as fibres are pulled out in the crack
bridg ing re gion.

Syn chro tron X-ray com puted to mog ra phy can pro vide
a de tailed pic ture of the crack growth pro cess and the fi bre
frac tures. Dif frac tion is the only prac ti cal way in which the
load trans fer be tween the ma trix and re in force ment can be
mapped as a func tion of crack growth.  Be cause it is phase
se lec tive dif frac tion al lows the stress fields in both ma trix
and fibres to be mapped, the in ter face stresses be tween ma -
trix and fibres in ferred and the crack bridg ing stresses
quan ti fied [3, 4, 5].

In this talk I will ex am ine how the ther mal re sid ual
stresses, the fric tional slid ing stresses and the crack bridg -
ing stresses can be de ter mined and show how these can ex -
plain the vari a tion in crack tip growth rates as a func tion of
fa tigue crack growth. I will com pare the be hav iours for
sys tems with fibres that are strongly bonded with those
hav ing slid ing in ter faces and look at how the in ter nal

stresses vary as a func tion of ser vice tem per a ture [6,7]. 
Fur ther more, this work il lus trates the value of be ing able to 
com bine im ag ing and re sid ual stress mea sure ments to
quan tify the ef fect of dam age on in ter nal stress re dis tri bu -
tion.
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At the nanoscale, the prop er ties of ma te ri als are largely in -
flu enced by elas tic strain and de pend crit i cally on the pres -
ence of crys tal de fects. How ever, im ag ing and charac -
terising the struc ture of de fects in side a crys tal in three-di -
men sions (3D) and in situ dur ing re ac tion re main a chal -
lenge. The ad vent of the new 4th gen er a tion X-ray light
sources rep re sents an un prec e dented op por tu nity to con -
duct in situ stud ies on the struc ture of nanoparticles dur ing
their op er a tion. Here, we will il lus trate how Bragg co her -
ent x-ray im ag ing al lows to im age in 3D and at the
nanoscale the strain and de fect dy nam ics in side nano -
particles dur ing heat treat ment, cat a lytic re ac tions or
nano-in den ta tion. The tech nique ap pears, now a days, as a
rev o lu tion ary tool to im age de fects and strain fields in 3D. 

First, we have dem on strated that the tech nique al lows
to re veal in 3D the struc ture of de fects in Plat i num (Pt)
nanocrystals (NCs) and their as so ci ated lat tice strains. Dis -
lo ca tions are char ac ter ised from their char ac ter is tic dis -
place ment and strain fields (see Fig ure 1). We also
suc ceeded to re veal in 3D the detwinning pro cess in a sin -
gle Pt nanoparticle dur ing in situ gas re ac tion. From the lat -
tice dis place ment, the lo cal strain of metal NCs can be
ex am ined in situ and operando dur ing cat a lyst-en hanced
re ac tions. This has been ap plied to Pt NPs un der CO re ac -
tion con di tions in the steady state to com pare the strain
changes at dif fer ent fac ets. We have also suc cess fully im -

aged the mor phol ogy, the lat tice dis place ment and the
strain of an in di vid ual Pt nanoparticle in elec tro chem i cal
en vi ron ment. The Bragg co her ent x-ray im ag ing ex per i -
ment can also be com bined with a cus tom-built atomic
force mi cro scope to per form in situ me chan i cal test ing .
The 3D re con struc tions from the Pt 111 co her ent dif frac -
tion pat terns al low the di rect ob ser va tion of the strain field
in side the Pt par ti cle dur ing in den ta tion and clearly show
the nu cle ation of sev eral dis lo ca tion arms be neath the
AFM-tip that mostly lay in {111} planes (see Fig ure 2).
Fur ther more, mul ti ple-Bragg re flec tions were re corded on
the same par ti cle to de ter mine the full 3D strain ten sor.

This im ag ing tech nique can be cou pled with mo lec u lar
stat ics sim u la tions to in ves ti gate the 3D strain and stress
fields in nanoparticles. We will also dis cuss the pos si bil ity
to en able ex tremely high-res o lu tion and high-en ergy im ag -
ing with Bragg co her ent X-ray dif frac tion. Fi nally, we will
high light the po ten tial of ma chine learn ing to pre dict char -
ac ter is tic struc tural fea tures in nanocrystals just from their
3D Bragg co her ent dif frac tion pat terns. 

In situ and non-in va sive struc tural char ac teri sa tion of
de fects dur ing re ac tion opens new av e nues for un der stand -
ing de fect be hav iors in con fined crys tals and paves the way 
for strain and de fect en gi neer ing.

Fig ure 1. (a) Wireframe plots of the re con structed elec tron den sity of a Pt par ti cle drawn at 35% of the max i mum den sity. A

dis lo ca tion loop is ev i denced. (b) Two-di men sional cut of the out-of-plane strain, ezz, at a par ti cle height of 240 nm.
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X-ray (re sid ual) stress anal y sis (XSA) can re flect al most
100 years of tra di tion, the suc cess of which is based on sev -
eral fea tures that char ac ter ize dif frac tion meth ods. They
pro vide non-de struc tive and phase-se lec tive in for ma tion
from dif fer ent ma te rial zones with al most any res o lu tion.
De pend ing on the pho ton en ergy and the dif frac tion ge om -
e try, struc ture and prop erty gra di ents can be an a lyzed from
sur face lay ers that are only a few nanometers thick down to
the cen ti me ter range in the vol ume of the ma te rial.

The lec ture ad dresses the anal y sis of the re sid ual stress
state in the near-sur face re gion of polycrystalline ma te ri als, 
which sig nif i cantly in flu ences the prop er ties and life time
of tech ni cal parts and com po nents. This zone is char ac ter -
ized by the su per po si tion of depth gra di ents, which in -
clude, for ex am ple, the chem i cal com po si tion, the
mor pho log i cal and crys tal lo graphic tex ture, but also the
elas tic grain in ter ac tion be tween the crys tal lites or plas tic
de for ma tion. Over the past de cades, nu mer ous XSA meth -
ods have been de vel oped that fo cus on the treat ment of one
or more of the above-men tioned as pects [1, 2].

It is char ac ter is tic of the his tory of XSA (as of X-ray
anal y sis in gen eral) that meth od olog i cal de vel op ments

were and are closely linked to tech ni cal de vel op ments in
the field of in creas ingly pow er ful pho ton sources and de -
tec tors [3, 4]. To day, 3rd gen er a tion syn chro tron stor age
rings al low ex per i ments to be car ried out with the high est
spa tial and time res o lu tion. This en ables, for ex am ple, the
de ter mi na tion of re sid ual stress dis tri bu tions in sub-mi -
crom e ter-thin sublayers of multilayer coat ings [5] or the
in-situ anal y sis of stress evo lu tion dur ing weld ing [6].

How ever, due to the very lim ited avail abil ity of
beamtime at syn chro tron beamlines, the de vel op ment of
high-per for mance, de cen tral ized lab o ra tory mea sure ment
sta tions is be com ing in creas ingly im por tant. In the lec ture,
it will be shown that the way from the syn chro tron back to
the lab does not just in volve downscaling the ex per i ments
but ne ces si tates ad vance ments in meth ods and dif fracto -
meter hard ware [7]. By re mov ing the bot tle neck in
beamtime, XSA can be made ac ces si ble to a wider com mu -
nity. This ap pears par tic u larly im por tant for in dus -
try-driven ma te ri als re search, as it of ten re quires a quick
re sponse to new ques tions as well as the in ves ti ga tion of
large sam ple se ries as part of pro cess con trol.

Fig ure 2. (a) 3D im ag ing of a 400 nm Pt nanocrystal dur ing nanoindentation. (b) Dis lo ca tion net work at the on set of plas tic ity (c) Iden -
ti fi ca tion of glide planes and dis lo ca tion loops size.
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X-ray dif frac tion (XRD) is a well-es tab lished ex per i men tal 
tech nique for non-de struc tive anal y sis of re sid ual stresses
in crys tal line ma te ri als. The re sid ual stress anal y sis us ing
XRD ben e fits mainly from the high res o lu tion of XRD in
the re cip ro cal space and con se quently from a high pre ci -
sion of the lat tice de for ma tions de ter mined from the
changes of the interplanar spac ing. As XRD con cludes the
lat tice de for ma tions from the change of the interplanar
spac ing, the lat tice de for ma tion can be pre cisely quan ti fied
for se lected crys tal lo graphic di rec tions (hkl) and for se -
lected di rec tions in the di rect space that are re lated to the
sam ple co or di nates and that are typ i cally de scribed by an -

gles j and y in a spher i cal co or di nate sys tem [1]. More -
over, XRD can dis tin guish lat tice de for ma tions oc cur ring
on dif fer ent length scales, as they af fect dif fer ent char ac ter -
is tics of the dif frac tion lines like their po si tions, widths and 
shape.

A prin ci pal draw back of the X-ray re sid ual stress anal y -
sis is that it can not mea sure stresses di rectly. The stresses
must be cal cu lated from the mea sured lat tice de for ma tions
us ing the elas tic ity the ory and the gen er al ized Hooke law
tak ing the crys tal lo graphic ani so tropy of the elas tic con -
stants into ac count [1]. In polycrystalline ma te ri als, X-ray
elas tic con stants (XECs) are ap plied in stead of the elas tic -
ity ten sors of sin gle crys tals in or der to con sider the in ter ac -
tions be tween neigh bour ing grains hav ing dif fer ent
ori en ta tions. For cal cu la tion of the XECs from the sin -
gle-crys tal elas tic con stants, the micromechanical mod els
pro posed by Voigt [2], Reuss [3], Neerfeld & Hill [4, 5],
Eshelby & Kröner [6, 7], and Vook & Witt [8] are typ i cally
used. The ca pa bil i ties of these mod els were dis cussed in
de tail in [9]. A gen er al ized ap proach for de scrip tion of the
re la tion ship be tween the mea sured lat tice de for ma tion and
the re sid ual stress was de vel oped by Hauk & Dölle [10,
11], who in tro duced the stress fac tors that are ca pa ble of
de scrib ing ob served de pend ence of the lat tice de for ma tion

on the crys tal lo graphic (hkl) and di rect-space di rec tions (j, 

y) for tex tured sam ples. In ma te ri als con tain ing crys tal
struc ture de fects, the mea sured interplanar spac ing can ad -

di tion ally be af fected by the pres ence of such de fects and
by their in ter ac tion with other microstructure fea tures. An
ex am ple of the microstructure de fects that mod ify the
interplanar spac ing are pla nar de fects, in par tic u lar stack -
ing faults [12, 13].

In this con tri bu tion, the ef fect of the in ter play of the
microstructure fea tures on the mea sured interplanar spac -
ings and lat tice de for ma tion will be il lus trated on the ex am -
ple of ther mo dy nam i cally metastable austenitic steels
show ing the trans for ma tion-in duced and/or twinning-in -
duced plas tic ity (TRIP/TWIP) ef fect [14, 15]. The plas tic -
ity of these steels is en abled by the for ma tion of per fect
dis lo ca tions in the fcc aus ten ite, their dis so ci a tion into par -
tial dis lo ca tions, for ma tion of stack ing faults and their wid -
en ing [16]. Dur ing a fur ther plas tic de for ma tion of the
TRIP/TWIP steels, the den sity of stack ing faults in creases,
which fa cil i tates the for ma tion of or dered se quences of
stack ing faults that is fol lowed by the phase tran si tion of

fcc aus ten ite to hcp e-martensite and to bcc a’-martensite,
or by the for ma tion of nanotwins.

The XRD ex per i ments per formed within this study
were car ried out in situ un der de for ma tion, both on a lab o -
ra tory diffractometer and on a high-en ergy syn chro tron
source (PETRA III @ DESY, beamline P07). The in for ma -
tion con tent of the com bi na tion of XRD and me chan i cal
test ing will be dis cussed. Fur ther more, it will be shown
how the in ter play of the microstructure fea tures af fects the
stress fac tors and how the ef fects ob served in the XRD pat -
terns can be used for iden ti fi ca tion of the in di vid ual pro -
cesses dur ing the plas tic de for ma tion and phase tran si tions
and for the con sti tu tive mod el ling [17]. The ben e fits of the
ho lis tic microstructure anal y sis us ing high-en ergy syn -
chro tron ra di a tion and the XRD op er at ing in the trans mis -
sion mode will be il lus trated on a high cov er age of the
re cip ro cal and ori en ta tion space, which is made pos si ble by 
a wide range of the dif frac tion vec tor, by a large va ri ety of
ac ces si ble hkl’s and by a broad ac ces si ble range of the sam -

ple ori en ta tions (j, y) with re spect to the de for ma tion
force.
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Sur face re sid ual stresses in crys tal line ma te ri als have been
mea sured by lab o ra tory X-Ray Dif frac tion (XRD) for 80
years or more and re sid ual stresses deep within a ma te rial
have been mea sured by neu tron dif frac tion for around 40
years by us ing the atomic lat tice planes as a strain gauge.
This pa per de scribes a Proof of Con cept (PoC) pro ject that
has dem on strated, for the first time, mea sure ment of deep
strains in an en gi neer ing sam ple by neu tron dif frac tion us -
ing the ENGIN-X in stru ment (ISIS Neu tron and Muon
Source) at the same time as mea sure ment of sur face re sid -
ual strains in the same sam ple by X-ray dif frac tion. The op -
por tu nity for ex plor ing this kind of dual mea sure ment
arose fol low ing the launch of new ro botic XRD equip ment
(the “X-Raybot” de vel oped MRX-Rays) guided by a la ser
vi sion sys tem (a Stress-Space in no va tion) that fa cil i tates
ac cu rate mea sure ment po si tion ing across the sur face of
com plex ge om e try en gi neer ing com po nents. The great est
chal lenge of the pro ject was to avoid phys i cal col li sions be -
tween the X-Raybot (and its as so ci ated ca bling) with
ENGIN-X in fra struc ture and in par tic u lar the neu tron de -

tec tors. Fol low ing a fea si bil ity study the X-Raybot was
mounted on a pur pose built sta ble plat form be hind the
ENGIN-X po si tion ing ta ble.  This gave the X-Raybot head
ac cess to the top sur face of en gi neer ing sam ples mounted
on the ENGIN-X ta ble and fa cil i tated si mul ta neous sur face 
stress mea sure ments along the di ag o nals (-45o to + 45o),
that is in the same di rec tions as be ing mea sured by neu -
trons. It  also al lowed sur face ar eas of large en gi neer ing
com po nents up to 200 mm above the neu tron gauge vol -
ume cen tre to be mea sured at the same time. A sim ple dem -
on stra tion ex per i ment was per formed where the mean
co ef fi cient of ther mal ex pan sion (CTE) of A508 Class 3
steel for tem per a tures up to 230oC was suc cess fully de ter -
mined from sur face X-ray dif frac tion lat tice plane spac ing
mea sure ments and si mul ta neous neu tron dif frac tion bulk
lat tice pa ram e ter mea sure ments of ad ja cent ma te rial with
-45o and +45o align ments. The CTE mea sure ments com -
pare fa vour ably with each other and pub lished prop er ties at 
tem per a tures above 100 oC. 
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Un der the aque ous con di tions of the long-term wet stor age
of spent Ad vanced Gas-cooled Re ac tor (AGR) fuel pins,
Stress Cor ro sion Crack ing (SCC) poses a risk to the struc -
tural in teg rity of the clad ding. The driv ing force be hind this 
SCC is be lieved to be a ten sile re sid ual stress state within
the clad ding. There is cur rently no in for ma tion about the
mag ni tude and dis tri bu tion of these re sid ual stresses, and
as a re sult, it is un clear what frac tion of the pins is af fected.
At pres ent, com mer cially avail able re sid ual stress mea -
sure ment tech niques are not ap pli ca ble to spent AGR fuel
pins, mainly due to ra dio log i cal and geo met ri cal con -
straints. As a re sult, in this work, the adap tion of var i ous
tech niques for ap pli ca tion on AGR fuel was in ves ti gated.

In re la tion to SCC, the length scale of the me chan i cal
stresses is an im por tant cri te rion to fac tor into the se lec tion
of the mea sure ment tech niques. Clear ev i dence ex ists of a
mac ro scopic thresh old stress be fore the on set of SCC, and,
be yond this thresh old, crack growth rates have been ob -
served to in crease pro por tion ally with the mag ni tude of the
stress. There fore, the first tech nique which was in ves ti -
gated was one at the macro-scale, be ing In cre men tal Cen tre 
Hole Drill ing (ICHD). ICHD was se lected since it yields all 
three in-plane stress ten sor com po nents, while only in flict -
ing lim ited dam age to the sam ple. Fur ther more, ini tial anal -
y sis showed good fea si bil ity for its ap pli ca tion on AGR
fuel clad ding. On the other hand, more re cently, the mi cro -
scopic phe nom ena gov ern ing SCC at the length scale of in -
di vid ual grains have been sub jected to in creased scru tiny
as well. For this pur pose, a sec ond tech nique ca pa ble of
mea sur ing stresses at this length scale was in ves ti gated as

well, be ing mi cro-Hole Drill ing (mHD). Fi nally, X-Ray
Dif frac tion was used as an in de pend ent val i da tion mea -
sure ment for the two other tech niques.

For the ap pli ca tion of ICHD on AGR fuel clad ding,
firstly, be spoke cal i bra tion data was de ter mined us ing Fi -
nite El e ment Anal y sis (FEA). Sec ondly, the clas si cal strain 
gauge ro settes used with ICHD were not com pat i ble with
the clad ding ei ther, there fore Dig i tal Im age Cor re la tion
(DIC) was in ves ti gated as an al ter na tive means for mea sur -
ing strain. Con se quently, an ex per i men tal rig to com bine
ICHD and DIC was de signed and built as well. This rig was 
then used to mea sure the stresses in ex ter nally loaded sam -
ples of AGR fuel clad ding, val i dat ing the pro cess. Then, to
dem on strate the fea si bil ity of the tech nique in a rel e vant
en vi ron ment as well, a pro to type for re motely per form ing
com bined ICHD and DIC mea sure ments on AGR fuel pins
in side a hot cell was de signed and built. Fi nally, this pro to -
type was tested in a mock-up hot cell on cold sam ples, serv -
ing as a rel e vant en vi ron ment with out the risks in volved
with highly ra dio ac tive samples.

Mov ing on to the mi cro-scale, with ìHD, a Fo cused Ion
Beam (FIB) is used to mill mi cro scopic trenches to re lax
stresses sim i larly as with ICHD. Im ages cap tured us ing a
Scan ning Elec tron Mi cro scope (SEM) are ana lysed with
DIC to mea sure the strain re lax ation. For the cur rent study,
a sam ple ex tracted from an unirradiated AGR fuel clad ding 
tube was sub jected Elec tron Back-Scat ter Dif frac tion
(EBSD) prior to ìHD. This al lowed the tar get ing of spe cific 
grains, tak ing into ac count their ori en ta tion and grain
bound ary prop er ties. The mea sured stresses could then be
cor re lated with these microstructural prop er ties.

This work was funded by the Nu clear De com mis sion ing
Au thor ity (NDA) through the NDA Bur sary Scheme. Ad di -
tional fund ing was pro vided by EPSRC and NDA for the
de sign, con struc tion, and test ing of the ICHD-DIC pro to -
type.
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Mac ro scopic phys i cal and me chan i cal prop er ties of many
tech no log i cal ma te ri als are de ter mined by their hi er ar chi -
cally-or ga nized struc tures such as grains, do mains, and de -
fects. These struc tures span over length scales rang ing
from nanometers to mil li me ters. Un der stand ing the in ter -
play be tween these length scales is of crit i cal im por tance
not only for im prov ing ma te rial prop er ties but also for val i -
da tion of multi-scale mod els. Here, we pres ent Dark Field
X-ray Mi cros copy (DFXM), a dif frac tion-based syn chro -
tron method for prob ing 3D nanostructures with their as so -
ci ated strain and ori en ta tion in bulk ma te ri als. Anal o gous
to dark-field elec tron mi cros copy, DFXM com prises an
ob jec tive lens to mag nify dif fract ing fea tures from mil li -
me ter-sized sam ples [1-2]. The re sult ing spa tial and an gu -
lar res o lu tions are on the or der of 100 nm and 0.001°,
re spec tively. DFXM is a full field im ag ing tech nique. This
al lows for re cord ing 3D strain and ori en ta tion maps of the

en tire het er o ge ne ity in a given grain within sec onds to min -
utes, thus cap tur ing time-re solved phe nom ena. The mi cro -
scope can be cou pled with coarser grain map ping meth ods
such as 3DXRD and Dif frac tion Con trast To mog ra phy
(DCT) with out hav ing to dis mount the sam ple. Here, we
dem on strate the microstructure-prop erty re la tion ships in
metal alloys such as steel, aluminum, and nickel along with
functional oxides and semiconductor materials using
DFXM [1-4].

1. Kutsal et al., IOP Conf. Se ries: Ma te ri als Sci ence and En -
gi neer ing, 2019, 580, 012007.

2. Simons et al., Na ture Com mu ni ca tions, 2015, 6, 6098.

3. Yildirim et al., MRS Bul le tin, 2020, 45, 277.

4. Yildirim, et al, Scripta Materialia, 2022, 214, 114689.
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Fig ure 1. a) Sche mat ics of DFXM. A mono chro matic beam with pho ton en er gies rang ing from 15 to 33 keV il lu mi nates the sam ple. An
em bed ded struc tural el e ment (i.e. grain) is aligned such that the beam is dif fracted. The dif fracted beam is fo cused us ing an ob jec tive and 
an im age is pro jected on to a de tec tor lo cated at 5 me ters away from the sam ple. (b) Re con structed cross-sec tional DFXM lo cal ori en ta -
tion map of an em bed ded grain of in ter est in a par tially recrystallized 85% cold-rolled Fe-3%Si-0.1%Sn al loy. (c) Zoom in on
recrystallized grain in re la tion to re tained (non-recrystallized) de formed grain. (d) Color key show ing the lo cal ori en ta tion with an over -
laid con tour map of the integrated intensity distribution, adopted from [4].
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STAINLESS STEELS CLADDING FOR THE NEW GENERATION OF SODIUM-COOLED 
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In the new gen er a tion of so dium-cooled fast nu clear re ac -
tors (SFR), the neu tron fis sion rate is con trolled with B4C
pel lets en cap su lated in austenitic stain less-steel clad ding.
Feed backs from first tests in for mer French ex per i men tal
so dium fast re ac tors ev i denced the pre ma ture fail ure of this 
clad ding. From the ex per tise of the bro ken clad ding, it has
been dem on strated that the car bu ri za tion of the austenitic
stain less-steel (ASS) clad ding, due to in ter ac tion with so -
dium and B4C pel lets at tem per a tures be tween 500 °C and
600 °C, was the main cause of fail ure. From pre vi ous stud -
ies [1 – 4], it has been shown that af ter ex po sure to car bu -
riz ing liq uid so dium: i) a highly car bu rized zone de vel oped 
within the sam ples, ii) de pend ing on the tem per a ture, the
car bon that has dif fused into the steel oversaturated the
austenitic ma trix or formed car bides. More over, ti ta -
nium-sta bi lized austenitic stain less steel (Ti-ASS) and so -
lu tion an nealed 316L al loys that have been stud ied showed
dif fer ent car bon con cen tra tion pro files and car bide vol ume 
frac tions within the depth of the sam ples [1, 2]. The de vel -
oped microstructure leaded to the for ma tion of lay ers with
dif fer ent me chan i cal prop er ties giv ing the ASS clad ding a
me chan i cal be hav iour sim i lar to that of a com pos ite ma te -
rial. To our knowl edge, the me chan i cal be hav iour of these
ASS car bu rized in nu clear in dus try has been only stud ied at 
the mac ro scopic scale [5, 6]. The ob jec tive of this study is
to carry out a com pre hen sive in ves ti ga tion of the evo lu tion
of the me chan i cal be hav iour of Ti-ASS and 316L af ter ex -
po sure to liq uid so dium at 500 °C for 1000 h.

The car bon con cen tra tion pro file within the depth of
the sam ples was mea sured us ing elec tron probe micro -
analyzer (EPMA). Micro hard ness mea sure ments were car -
ried out on the cross sec tion of the sam ples at ini tial state
and af ter car bu ri za tion. In-situ ten sile tests com bined with
high en ergy X-ray dif frac tion (HEXRD) and Dig i tal Im age 
Cor re la tion (DIC) were con ducted at the Petra P21.2
Swed ish ma te ri als sci ence beamline. A high en ergy mono -
chro matic beam (E = 82.5 keV) with di men sions of 300 µm 

(H) ´ 10 µm (V) was used to probe the me chan i cal field
gra di ent within the thick ness of the sam ples. A 2D Varex
de tec tor placed at 1.4 m from the sam ple was used to re cord 
the whole Debye-Scherer rings. The re corded 2D dif frac -
tion im ages were used to de ter mine the pro file of the phase
frac tions, stress gra di ent and stress par ti tion ing be tween

the phases within the sam ple thick ness at dif fer ent load ing
steps. The frac ture sur faces were char ac ter ized us ing scan -
ning elec tron mi cro scope (SEM).

The EPMA re sults showed a car bon pro file gra di ent
within the sam ples. The af fected thick nesses in Ti-ASS and 
316L al loys were equal to 140 µm and 180 µm re spec -
tively. At the sur face of the Ti-ASS sam ple, the car bon
con cen tra tion reached 1.5 wt. % while a higher car bon con -
cen tra tion, 3.1 wt. %, was mea sured at the sur face of the
316L al loy. The HEXRD dif frac tion pat terns col lected on
the 316L sam ple showed the for ma tion of car bides within
the first 70 µm of the sur face. How ever, no car bides were
de tected within the car bu rized Ti-ASS. Micro hard ness
mea sure ments re vealed a hard ness in crease within the af -
fected thick ness as com pared to the ini tial state sam ples.
The micro hard ness and phase frac tion pro files showed a
sym met ri cal be hav iour as ex pected. The mac ro scopic ten -
sile curves showed an evo lu tion in the me chan i cal be hav -
iour for both al loys. For 316L al loy, an in crease in yield
strength ac com pa nied with a loss of duc til ity was ob served. 
The Ti-ASS showed a dif fer ent evo lu tion, with al most no
in crease in yield strength, no loss of duc til ity and an in -
crease in the fail ure stress. The XRD mea sure ments re -
vealed a stress field gra di ent across the sam ple thick nesses
dur ing load ing. For the Ti-ASS, higher yield and fail ure
stresses were ob served in the af fected zone. How ever, in
the core of the sam ple, where ten sile re sid ual stresses were
gen er ated due to car bu ri za tion [2, 3], the yield and fail ure
stresses were lower than in the non-car bu rized al loy. The
full width at half max i mum (FWHM) of the XRD line pro -
files of the dif fer ent phases at the sur face of the car bu rized
316L al loy re vealed decohesion be tween the car bide and
the austenitic ma trix. There fore, brit tle frac ture oc curred in 
the zone where car bides were pres ent. In the car bide-free
zone, the aus ten ite ma trix showed a duc tile be hav iour with
an in crease of the FWHM and con ti nu ity of stress rise.
These ob ser va tions are con sis tent with the fractography
im ages ob served on the 316L alloy.

1. M. F. Slim, G. Geandier, B. Malard, F. Rouillard, Met al -
lur gi cal and. Ma te ri als. Trans ac tions. A, 52, 4438 – 4453,
(2021).
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Ad di tive man u fac tur ing typ i cally gen er ates sig nif i cant re -
sid ual stresses in man u fac tured parts as a re sult of ex po sure 
to re peated high ther mal gra di ents dur ing man u fac tur ing as 
the la ser scans over the part . This re sid ual stress can be det -
ri men tal to the fi nal prop er ties or in ex treme cases if the
stress is high, the part will de form sig nif i cantly when re -
moved from the sub strate. This study was aimed at better
un der stand the is sues as so ci ated with mak ing re li able re -
sid ual stress mea sure ments by neu tron and syn chro tron
dif frac tion. Neu tron dif frac tion (SALSA at ILL [2]) and
mul ti ple syn chro tron X-ray dif frac tion (SXRD) beamlines
(P07 and P61A at DESY, op er ated by Hereon [3]) were
used to map the re sid ual stress within four geo met ri cally
iden ti cal la ser pow der bed fu sion (LPBF) additively man u -
fac tured 316L stain less steel arches. Two dif fer ent man u -
fac tur ing fa cil i ties each pro vided a pair of com po nents,
re ferred to as sets M1 and M2. Aach fa cil ity used a dif fer -

ent sub strate in terms of both di men sions and ma te rial
prop er ties. These sets were then mea sured both as-built and 
af ter iden ti cal stress re liev ing heat treat ments. These com -
po nents rep re sent part of the EASI-STRESS round robin
benchmarking of re sid ual stress mea sure ment tech niques
[4]. The ge om e try is shown in Fig. 1 con sist ing of a 20 mm
square topped arch of height 10 mm. This shape in duces an
over hang in the print ing pro cess, which is a com mon chal -
lenge for LPBF ad di tive man u fac tur ing. The stress was
mea sured by dif frac tion along a path ex tend ing from the
top sur face to the apex of the arch above the void at the
midplane of the com po nent.

De spite dif fer ent pro cess ing con di tions, the re sul tant
stress state in the mea sured lo ca tions is sim i lar for M1 and
M2 (Fig. 2). Both sets are fully dense but made with dif fer -
ent in put vol u met ric en ergy den si ties and a dif fer ent num -
ber of lay ers. For any given layer, the ma jor ity of the stress
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Fig ure 1. LPBF additively man u fac tured arch ge om e try and cross sec tion view show ing mea sure -
ment path at the cen tre of the part in orange.



can only be gin to be ‘locked in’ once the melt pool starts to
so lid ify, the level of stress build up is there fore de fined by
the tem per a ture dif fer ence be tween this so lid i fi ca tion tem -
per a ture and the tem per a ture of the al ready built part and

sub strate. Both man u fac tur ing pro to cols had sub strates
pre heated to the sim i lar tem per a ture, re sult ing in sim i lar
heat trans fer con di tions. The con tri bu tions of those pa ram -
e ters which are dif fer ent be tween the two parts to the re sid -
ual stress, such as any re sul tant tem per a ture gra di ent [5],
must be smaller and on the or der of the mea sure ment un -
cer tainty for the tech niques ap plied so can not in this case
be ob served.

Fig. 2 also shows the stress in the two sets af ter a 2 hour
700 °C heat treat ment in an in ert at mo sphere. Heat treat -
ments are com monly ap plied to LPBF parts in an ef fort to
re duce the re sid ual stress aris ing from the man u fac ture [6].
In both sets the ten sile stress in the x and y di rec tions de -
creases ap pre cia bly. De spite both start ing in the same
stress state, the M2 part ex hib its a larger re duc tion in stress, 
es pe cially at the top sur face, where it falls by 300 MPa as
op posed to 200 MPa for M1. As the yield stress in the arch
falls with in creas ing tem per a ture, plas tic de for ma tion will
oc cur in both arches re sult ing in a stress lev el ling ef fect.
The in creased stress re duc tion in the HT M2 part is driven
by a mis fit be tween the arch and the sub strate caused by
dif fer ences in the rate of ther mal ex pan sion. This misfit is
much less significant in the HT M1 part. 

This work shows that the re sid ual stress within
EASI-STRESS bench mark LPBF parts can be re li ably de -
ter mined by bulk dif frac tion tech niques. The re sid ual
stress in such parts in the as-built con di tion is repro -
duceable by dif fer ent man u fac tur ers and is not nec es sar ily
de ter mined by the choice of pro cess ing pa ram e ters which
pro duce a fully dense part. The heat treat ment ap plied was
shown to re duce the as-built ten sile re sid ual stress and the
ef fec tive ness of such heat treat ments is seen to be in flu -
enced by the choice of substrate and deposition materials.

1. Mercelis, P. and  Kruth, J.P., Rapid Prototyping Jour nal,

12(5), (2006), 254-265.

2. Pirling, T., Bruno, G., and With ers, P. J., Ma te ri als Sci ence 

and En gi neer ing: A, 437, (2006), 139-144.

3. Schell, N., et al., Ma te ri als Sci ence Fo rum, 772, (2014),

57-61.

4. Cui, W., et al., ICRS 11 - The 11th In ter na tional Con fer -
ence of Re sid ual Stresses (2022).

5. Edwardson, S. P.,  Griffiths, J., Dearden, G. , Watkins, K.

G., Phys ics Procedia 5, (2010), 53–63.

6. Wil liams, R.J., et al., Jour nal of Man u fac tur ing Pro cesses,

57, (2020), 641-653.
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Fig ure 2a. Re sid ual stress of the M1 part in the three prin ci pal di -
rec tions both as built (AB) and af ter heat treat ment (HT). 

    Fig ure 2b. Re sid ual stress of the M2 part in the three prin ci pal 
    di rec tions both as built (AB) and af ter heat treat ment (HT).
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This pre sen ta tion is deal ing with mag netic Barkhausen
noise and the role of stresses in this phys i cal phe nom e non.
Fer ro mag netic bod ies con tain do main sub struc ture, when
the neigh bour ing at oms within the do main are aligned in
the same di rec tion. The neigh bour ing mag netic do mains
are sep a rated by do main walls. When the fer ro mag netic
body is ex posed to the al ter ing mag netic field, do main
walls tend align along the di rec tion of this mag netic field.
How ever, their mo tion at low fields is re vers ible due to
pres ence of pin ning sites (lat tice im per fec tions) and their
dis place ment is on the short dis tance only. As soon as the
mag netic field ex ceeds the crit i cal thresh old ex ceed ing the
crit i cal pin ning strength of pin ning sites, ir re vers ible mo -
tion in the form of Barkhausen jumps oc cur. Do main walls
in such case pro duce elec tro mag netic as well as acous tic
pulses which can be de tected on the free sur face. In ter ac -
tion of do main walls with pin ning sites mean that
Barkhausen noise con tains in for ma tion about micro -
structure [1]. On the other hand, Barkhausen noise is also a
func tion of stress state when do mains and the cor re spond -
ing do main walls align along the di rec tion of ten sile
stresses which in turn in creases the am pli tude of Bark -
hausen noise pulses. In the case of com pres sive stresses,
do main walls are aligned in the di rec tion per pen dic u lar
against the di rec tion of the com pres sion which in turn de -
creases Barkhausen noise. The afore men tioned evo lu tion
is valid for Fe al loys due to its pos i tive magneto striction
whereas in the case of Ni and its fer ro mag netic al loys the
evo lu tion is re versed [2].

Evo lu tion of Barkhausen noise along with stresses and
sen si tiv ity of this tech nique with re spect of non-de struc tive 

mon i tor ing is driven by the com pe ti tion be tween the en -
ergy of mag neto crys tal line ani so tropy and mag neto elas tic
en ergy. As soon as the mag neto elas tic en ergy pre vails, the
evo lu tion be tween Barkhausen noise and stress state sat u -
rates. It can be re ported that the in flu ence of re sid ual
stresses with re spect of Barkhausen noise in many cases
(es pe cially when the den sity of lat tice de fects is high) is
weak and microstructure dom i nates. Sen si tiv ity of Bark -
hausen noise with re spect of stresses mea sured in-situ of
for ex am ple uni ax ial ten sile test or com pres sion, bend ing,
etc. is good. How ever early sat u ra tion can be found and
sur face cor ro sion or/and the ini tial microstructure het er o -
ge ne ity pro duced dur ing com po nents man u fac tur ing
makes em ploy ment of Barkhausen noise tech nique for as -
sess ment of stress quite dif fi cult task.  This pre sen ta tion
con tains case stud ies in which Barkhausen noise is in ves ti -
gated in term of stress state. Pro vided re la tion ships were
ob tained dur ing lab o ra tory mea sure ments on the model
ma te ri als to gether with the real in dus trial ap pli ca tion in the
bear ing and au to mo tive in dus try as well as civil en gi neer -
ing. 

1. B.D. Cullity, C.D. Gra ham, In tro duc tion to the mag netic
ma te ri als. New Jer sey: IEEE Press. 2009.

2. S. Chikazumi, Phys ics of fer ro mag ne tism. Ox ford: Ox ford
Uni ver sity Press. 2005.

This work was re al ized within the frame of the pro ject
VEGA pro ject 1/0052/22.
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KL7

SIMULTANEOUS IMPROVEMENT OF FATIGUE STRENGTH AND BIOCOMPATIBILITY
OF Ti-6Al-4V BY LOW-ENERGY LASER PEENING

K. Akita1, Y. Iino1, K. Sugiyama1, A. Momozawa2, Y. Sano3, 4, Y. Mizuta3, S. Tamaki3, and 
T. Shobu5
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sity, 1-28-1 Tamazutsumi, Setagaya-ku, To kyo 158-8557, Ja pan
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5Ma te ri als Sci ences Re search Cen ter, Ja pan Atomic En ergy Agency, Tokai, Ibaraki 319-1195, Ja pan
akitak@tcu.ac.jp

La ser peening (LP) has been ap plied to rel a tively large me -
chan i cal com po nents and struc tures, such as tur bine blades
and nu clear re ac tor welds, for im prov ing fa tigue strength
and pre vent ing stress cor ro sion crack ing, be cause LP can
in tro duce deeper re sid ual stresses than other me chan i cal
sur face treat ment tech niques. One other unique fea ture of
LP is the pre cise con trol la bil ity of the la ser ir ra di a tion con -
di tions in clud ing la ser en ergy, pulse width, spot di am e ter,
pulse den sity. There fore, LP has ex cel lent ap pli ca bil ity to
lo cal ized ar eas and small com po nents. In par tic u lar, the
low-en ergy LPwC uti liz ing re cently de vel oped low-en ergy 
and short-pulse la ser sources [1] is con sid ered to be highly
ap pli ca ble to small com po nents. In the low-en ergy LPwC,
a low-en ergy la ser source with a la ser en ergy of a few mJ,
which is about one-hun dredth that of con ven tional la ser
peening is used. Even with a low la ser en ergy, the peak
power den sity which is a mea sure of the pres sure of plasma
shock wave be come suf fi ciently high by re duc ing the la ser
spot di am e ter and the pulse width, thus en abling the gen er -
a tion of com pres sive re sid ual stresses in the sur face layer
of me tal lic ma te ri als [2].

The au thors are work ing on im prov ing the fa tigue prop -
er ties of small com po nents us ing the low-en ergy LPwC.
One of the ap pli ca tions is den tal and sur gi cal im plants. Ti -
ta nium al loys are mainly used for the load-bear ing parts of
im plants. Both of fa tigue strength and biocompatibility are
im por tant fac tors for the im plant de sign, how ever, it is dif -
fi cult to rec on cile both. To im prove the biocompatibility of
ti ta nium al loys, an ap pro pri ate sur face rough ness is re -
quired, and the sur face rough ness is in tro duced into the
sur face by sur face treat ment tech niques, such as chem i cal
etch ing, grit blast ing, and ox i diz ing. How ever, these sur -
face treat ments of ten lead to a re duc tion in fa tigue strength
[3]. In the pres ent study, we re vealed that the low-en ergy
LPwC can im prove both the fa tigue strength and
biocompatibility of a ti ta nium al loy, si mul ta neously. 

Fig ure 1 shows the ax ial strain dis tri bu tions along the
di am e ter axis of Ti-6Al-4V round bar spec i mens with a di -
am e ter of 5 mm and 3 mm that were treated by a con ven -
tional LP (200 mJ) [4] and the low-en ergy LPwC (1.5 mJ
and 6.3 mJ), re spec tively. Suf fi ciently high com pres sive
re sid ual strains about 5000×10-6 were in tro duced on the

sur face layer for both spec i mens. Whereas the bal anc ing
ten sile strains in side the spec i mens were quite dif fer ent,
there was large ten sion in the con ven tional LP spec i men
even though the spec i men was thicker than the low-en ergy
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Fig ure 1. Ax ial strain dis tri bu tions along the di am e ter axis of la ser
peened Ti-6Al-4Vround bar spec i mens mea sured at
SPring-8/BL22XU.

Fig ure 2.  SEM (up per) and la ser mi cro scope (lower) im ages of
Ti-6Al-4V treated by the low-en ergy LPwC with la ser en ergy of
1.5 mJ.



LPwC spec i mens. The large ten sion is due to the deep com -
pres sion in small spec i mens, which can in duce in ter nal
crack ini ti a tion and short fa tigue lives [4]. On the other
hand, the sur face com pres sion was large and the bal anc ing
ten sion in side was very small in the low-en ergy LPwC
spec i men as shown in Fig. 1, there fore, sur face crack ini ti a -
tion was sup pressed, and early in ter nal crack ing was
avoided. As a re sult, the fa tigue limit of the low-en ergy
LPwC spec i mens are im proved about 20% against that of
the non-LP spec i mens. 

Biocompatibility in im plants, which means the bond ing 
be tween bone tis sue and im plant sur face (namely, osseo -
integration), is as im por tant as fa tigue strength. Ap pro pri -
ate sur face rough ness for the osseointegration is about a
few micrometres. Fig ure 2 (a) and (b) show the sur face
morphologies of Ti-6Al-4V treated by the low-en ergy
LPwC with la ser pulse den sity of 100 and 1600 pls/mm2,
re spec tively. The sur face tex ture was changed reg u larly
with la ser con di tion, and the sur face rough ness was around
1.0-1.2 micrometres. Cell cul ture tests on these spec i mens
were con ducted us ing mouse osteoblast cell line, MC3T3-

 E1 and cell cul ture me dium, a-MEM+FBS (10%). The test
re sults showed fa vour able osseo integration. Al though the
mech a nism of osseointegration is not fully un der stood, it is

con sid ered that not only sur face rough ness but also its mi -
cro scopic shape in flu ences the pro cess. Con sid er ing that
LP also pos sesses con trol over sur face mi cro scopic shape,
fur ther im prove ments in osseointegration per for mance can
be ex pected by op ti miz ing the LP con di tion.

The above re sults show that the fa tigue strength and
biocompatibility of Ti-6Al-4V can be im proved si mul ta -
neously in a sin gle la ser peening pro cess.

1. Y. Sano, Met als, 10, (2020), 152.

2. Y. Sano, K. Masaki, Y. Mizuta, S. Tamaki, T. Hosokai,
and T. Taira, Met als, 11, (2021), 1716.

3. C. Leinenbach and D. Eifler, Biomaterials, 27, (2006),
1200.

4. K. Masaki, Y. Kameshima, N. Hisamori, Y. Sano, K.
Akita, T.Shobu, J. Soc. Ma ter. Sci., Jpn., 62, (2013), 297.

The au thors thank Mr. Reiji Sakata of Kamijima Heat
Treat ment Co., Ltd. for pre par ing sam ples. A part of this
study was sup ported by MEXT KAKENHI Grant Num ber
JP20K04185 and JST-MIRAI Pro gram Grant Num ber
JPMJMI17A1. The syn chro tron ra di a tion ex per i ments
were per formed at the BL22XU of SPring-8 with the ap -
proval of the Ja pan Syn chro tron Ra di a tion Re search In sti -
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EVOLUTION OF STRESS FIELDS DURING CRACK GROWTH AND ARREST IN
MICRO-CANTILEVERS DURING IN SITU BENDING ASSESSED BY

CROSS-SECTIONAL X-RAY NANODIFFRACTION

Mi chael Meindlhumer1, Markus Alfreider1, Manfred Burghammer2, Mar tin Rosenthal2,
Rostislav Dan iel1, Anton Hohenwarter1, Chris tian Mitterer1, Juraj Todt1, Dan iel Kiener1 and
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In or der to im prove our un der stand ing of the frac ture be -
hav iour in nanocrystalline mi cro-can ti le vers, it is nec es -
sary to elu ci date the multiaxial stress and strain fields
through out their ir re vers ible de for ma tion, es pe cially in the
re gime where sim pli fied ho mo ge neous lin ear elas tic as -
sump tions are not valid any more. In this work, cross-sec -
tional X-ray nanodiffraction (CSnanoXRD) with a spa tial
res o lu tion of 200 nm was cou pled with an in situ in den ta -
tion de vice to un cover the multi-ax ial strain fields as so ci -
ated with crack growth. Here, (i) a notched clamped
can ti le ver pre pared from a multi-lay ered thin film com -
posed of four al ter nat ing brit tle CrN and semi-duc tile Cr
lay ers on high-speed steel and (ii) a free stand ing can ti le ver
fab ri cated from a high-pres sure tor sion pro cessed
nanocrystalline FeCrMnNiCo al loy were in situ stepwise
loaded. Both can ti le vers were man u fac tured by con sec u -
tive femto-sec ond la ser ab la tion and fo cused ion beam
mill ing. 

The Cr/CrN clamped can ti le ver was loaded stepwise to
150 and 460 mN and multi-ax ial stress dis tri bu tions were
re trieved in a re gion of in ter est of 40 × 30 µm2. An ef fec tive 
neg a tive stress in ten sity of -5.9±0.4MPa m1/2½ ac com pa -

nied by a plas tic zone ex tend ing up to 1.4 µm around the
notch tip arose in the notched Cr sublayer as a con se quence
of re sid ual stress in the thin film. The in situ ex per i ment in -
di cated a strong in flu ence of the re sid ual stresses on the
cross-sec tional stress fields evo lu tion and crack ar rest ca -
pa bil ity at the CrN-Cr in ter face. In de tail, crack growth in
the notched Cr layer to the ad ja cent CrN-Cr in ter face oc -
curred at a crit i cal stress in ten sity of 2.8±0.5MPa m1/2.

The free stand ing FeCrMnNiCo can ti le ver was loaded
to 22, 45 and 34 mN loads, which cor re sponds to con di -
tions where elas tic load ing, crack tip blunt ing and void for -
ma tion and co ales cence with the crack front are the
gov ern ing mech a nisms, re spec tively. In that case,
CSnanoXRD data were eval u ated in a re gion of
30 × 35 µm2 cen tered around the crack tip. At a load of
22 mN, a bend ing stress up to ~±1 GPa was eval u ated,
while di rectly in front of the notch the crack open ing stress
raised to ~4 GPa. In a 200 nm cir cu lar zone around the
notch the mea sured stress dis tri bu tions de vi ated ev i dently
from the lin ear-elas tic frac ture me chan ics as sump tions. At
45 mN, crack open ing stresses in creased to ~4.5 GPa and
up to 1 µm from the crack tip a dis tinct plas tic zone formed. 
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Fur ther load ing lead to a break down of the com monly as -
sumed crack tip sin gu lar ity and a sig nif i cant de crease of
the eval u ated stress mag ni tude.

The quan ti ta tive ex per i men tal stress re sults pro vide un -
prec e dented in sights into the grad ual stress evo lu tion at the

crack tip and across the can ti le vers as well as as so ci ated
frac ture pro cesses in nanocrystalline materials.

KL9

MICRO- AND NANOMECHANICAL IN-SITU INVESTIGATIONS OF DISTINCT
INTERFACES

M. Burtscher1, M. Alfreider 1, C. Gammer 2, D. Kiener 1

1De part ment of Ma te ri als Sci ence, Montanuniversität Leoben, Franz-Josef Straße 18, 8700 Leoben, Aus tria
2Erich Schmid In sti tute of Ma te ri als Sci ence, Aus trian Acad emy of Sci ences (ÖAW), Jahnstraße 12, 8700

Leoben, Aus tria
mi chael.burtscher@unileoben.ac.at

In situ mi cro- and nano-me chan i cal in ves ti ga tions are a
pow er ful tool to elu ci date de for ma tion con di tion, re sid ual
stress state and frac ture me chan i cal pro cesses. Be ing di rec -
tion-de pend ent and ap pli ca ble to small sam ple vol umes,
these mea sure ments pro vide me chan i cal pa ram e ters for
dif fer ent in ter faces. Im ag ing tech niques can also be used to 
re cord the pre vail ing de for ma tion and frac ture pro cesses
and gain in sights through post-pro cess ing. Se cured me -
chan i cal pa ram e ters are cru cial for pre dict ing com po nent
life time and en sur ing safety in var i ous ap pli ca tions. To
achieve this, it is im por tant to con sider the same length
scale and mag ni tude of the pre vail ing mech a nisms. By us -
ing dif fer ent spec i men prep a ra tion ap proaches, it is pos si -
ble to reach var i ous length scales and de sign spec i mens
that com ply with the pre vail ing loads. These meth ods are
gain ing in creas ing at ten tion in the ma te ri als sci ence com -
mu nity.

This pre sen ta tion will dis cuss var i ous tech niques for
pre par ing mi cro- and nanomechanical spec i mens. To pre -
pare mi cro-me chan i cal spec i mens, a femto second la ser can 
be used to quickly re move vast amounts of sam ple ma te rial
with min i mal im pact on the spec i men sur face [1]. By ap -
ply ing a smart pat tern, re peat able spec i men types can be
eas ily achieved, and the time re quired for fin ish ing by fo -
cused ion beam mi cros copy (FIB) can be min i mized (see
Fig ure 1). To avoid po ten tial size ef fects, which are com -
mon at this length scale, it is vi tal to use dif fer ent spec i men
sizes [2,3]. The syn er getic ef fect of these meth ods is cru -
cial for pre par ing spec i mens at var i ous length scales.

While min ia tur ized de for ma tion and frac ture ex per i -
ments are be com ing in creas ingly com mon, re sid ual
stresses in thin films are com monly mea sured us ing wa fer
cur va ture mea sure ments or X-ray dif frac tion. How ever,
these meth ods only pro vide an av er age of the global
stresses. To re veal the re sid ual stresses along or within in -
di vid ual thin film lay ers, a smart spec i men de sign, lo cal
ma te rial re moval, and in-situ meth ods can be used [4].
There fore, the de flec tion of the re main ing bend ing beam is
used to con tin u ously de ter mine the pre vail ing re sid ual
stresses with a step size of ap prox i mately 50 nm [5].

Ad di tion ally, the me chan i cal prop er ties of free-stand -
ing can ti le vers can be de ter mined us ing an in denter in -
stalled in a scan ning elec tron mi cro scope. Thereby,
mi cro-me chan i cal spec tros copy can be used to de ter mine
the pre cise Young’s modulus and damp ing ca pa bil ity of a
con fined vol ume [6]. More over, by in tro duc ing a notch in
the spec i men, it is pos si ble to de ter mine the frac ture me -
chan i cal descriptors such as the frac ture tough ness, the
J-in te gral, and the crack tip open ing dis place ment through
the eval u a tion of the me chan i cal re sponse com bined with
com puter vi sion tech niques [7].

Sim i lar de for ma tion and frac ture ex per i ments can also
by con ducted us ing a trans mis sion elec tron mi cro scope.
How ever, in this case, the spec i men prep a ra tion is more
del i cate due to the sig nif i cant de crease in length scale. Ad -
di tion ally, other fac tors such as elec tron trans par ency, re -
moval of sur face-sen si tive FIB dam age, and sev eral other
re quire ments must be met (see Fig ure 2). The re spond ing
force sig nal is also lower, rang ing in the µN re gime and
sub ject to un cer tain ties aris ing from mea sure ment phys ics.
How ever, track ing the crack length pro vides ac cess to the
frac ture tough ness of dif fer ent in ter faces. This in for ma tion
is vi tal for sys tems that model mac ro scopic ma te rial be hav -
iour or pre dict life time. Nano-beam dif frac tion can be im -
ple mented to re cord dif frac tion in for ma tion for ev ery point 
along the spec i men. By de ter min ing the rel a tive shift of
these pat terns, strains within the spec i men and along spe -
cific in ter faces can be mea sured with nanometer res o lu -
tion [8]. An ex em plary strain map of a lamellar in ter face is
dis played in Fig ure 3. This can even be achieved dur ing in
situ frac ture ex per i ments by paus ing the in denter and re -
cord ing a strain map at rel e vant po si tions. From this data,
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Fig ure 1. Sketch of spec i men fab ri ca tion via FIB. 



de tailed in for ma tion on the de for ma tion zone in front of the 
crack and dis lo ca tion in ter ac tions are accessible.

In con clu sion, by merg ing dif fer ent min ia tur ized test -
ing tech niques, a com pre hen sive un der stand ing of the re -
sid ual stress state, de for ma tion and frac ture be hav iour of
spe cific in ter faces in en gi neer ing ma te ri als can be de rived.
This knowl edge can in turn be used to tune the in volved in -
ter faces to wards higher strength or duc til ity through al loy -
ing de sign. There fore, mi cro- and nano-me chan i cal
inves ti gations of fer nu mer ous pos si bil i ties for the de vel op -
ment of future smart responsive materials.
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Fig ure 2. Fin ished can ti le ver in STEM mode.

Fig ure 3. Re corded strain map of a lamellar struc ture. 
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RESIDUAL STRESSES IN COLD-FORMED WELDED HIGH STRENGTH STEELS
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Low and high strength steels are widely used in the au to -
mo tive in dus try for body car con struc tions. In or der to
avoid strength re duc tion and weld ing in duced dis tor tion a
gen eral un der stand ing about the in ter ac tion of cold form -
ing con di tion and the evo lu tion of weld ing in duced re sid -
ual stress is of great prac ti cal im por tance.

In ves ti ga tions have been car ried out us ing dif fer ent
steel grades, a nor mal ized S355MC, a high strength TRIP-
 steel HCT690T and a high strength TWIP-steel X40Mn -
CrAlV 19 2.5 2. The re sid ual stress evo lu tion was in ves ti -
gated us ing XRD in welded joints with dif fer ent cold
form ing con di tions. The ex per i men tal in ves ti ga tions are
sup ported by ad di tional nu mer i cal sim u la tions of the weld -
ing in duced ther mal cy cles and re sid ual stresses us ing the
ex per i men tally de ter mined tem per a ture de pend ent me -
chan i cal prop er ties of the in ves ti gated steels and FEM-
 tools ABAQUS and SYSWELD.

The re sults re veal that the re sid ual stress con di tions de -
pend strongly on the tem per a ture cy cles in duced by the
weld ing pro cess. The re sult ing dis tri bu tions of the re sid ual

stresses de pend on the in ter ac tion of the hin dered shrink -
age and the dif fer ent microstructural changes in the welded 
zones. 

Plas tic de for ma tions due to cold form ing re duces the
ini tial re sid ual stresses in the low strength steel (S355MC)
al most com pletely even at low plas tic strains while the high 
strength steels show a more dif fer en ti ated be hav iour. The
TRIP-steel shows a sig nif i cant de pend ency be tween the
heat cy cle, the trans for ma tion be hav iour in the cool ing
state, the in ci dent and the re main ing con tent of re tained
aus ten ite while in the austenitic TWIP-steel the re sult ing
re sid ual stresses are mainly in flu enced by the high
strength en ing ca pac ity in com bi na tion with the par tic u lar
de gree of plas tic de for ma tion. There fore the re sid ual
stresses of the welds is not ex clu sively char ac ter ized by a
strain in duced re sid ual stress re lax ation but also by
increasing residual stress magnitudes in the weld zones.
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Fig ure 1. Com par i son of the lon gi tu di nal re sid ual stresses in dif fer ent cold formed steels af ter TIG-weld ing.
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The so-called Laplace space meth ods were ap plied to mea -
sure gra di ent of re sid ual stresses RS in the subsurface lay -
ers of the sam ple. These tech niques are based on the
as sump tion that the in for ma tion depth in re flec tion mode is
de fined by the ab sorp tion of the X-rays, which in ten sity de -
creases ex po nen tially with the path length of the beam
within the ma te rial. The choice of the mea sure ment method 
and en ergy of ra di a tion used, in gen eral, de pends on the
ma te rial and the range of in ves ti gated depth; how ever, the
data treat ment strat egy is also cru cial. In the pres ent work,
two Laplace space tech niques (ED and AD [1,2]) were ap -
plied to mea sure stress vari a tion in the near-sur face lay ers.
On the other, the dif frac tion meth ods us ing high en ergy
syn chro tron ra di a tions al lowed us to mea sure lat tice strains 
and to de ter mine stress state in the in te rior of the sam ple.

To de ter mine the stress ten sor from the mea sured lat tice 
strains the X-ray stress fac tors (XSF) must be used in anal -
y sis of mea sured lat tice strains [3]. The XSFs can be de ter -
mined from the ex per i ment or cal cu lated us ing the o ret i cal
mod els. The model ap pli ca bil ity must be ver i fied, es pe -
cially for elas ti cally anisotropic crys tals and tex tured sam -
ples. In this work the in-depth evo lu tion of elas tic
in ter ac tions of the grains was de ter mined and used to cal -
cu late XSFs. The proper choice of grain in ter ac tion model

is nec es sary to carry out cor rect stress anal y sis, there fore in
the pres ent study, cal cu la tions of the XSFs were per formed
us ing tree com monly used grain-in ter ac tion mod els
(Reuss, Voigt, Eshelby-Kröner) and newly pro posed “tun -
able Free-sur face” model [4]. Then the ob tained re sults
were com pared with dif fer ent dif frac tion ex per i ments in
which the ex ter nal load was ap plied and cor re spond ing rel -
a tive lat tice strains were mea sured, more over the elas tic
strains with re spect to un loaded sam ple was de ter mined.
This way the in flu ence of re sid ual sec ond or der plas tic in -
com pat i bil ity stresses [1,5] on the ex per i men tally de ter -
mined XSFs was minimized. 

Re sults pre sented in this work were ob tained for me -
chan i cally pol ished austenitic sam ple. The evo lu tion be -
tween Free-sur face (sur face) and Eshelby-Kröner (bulk)
was de scribed by the ex po nen tial de crease of r(z) pa ram e -
ter (where z is the depth be low sur face) ex press ing van ish -
ing of grains in ter ac tion in the di rec tion per pen dic u lar to
the free sur face [4]. It was found that for the in te rior of the
sam ple, the XSFs were cor rectly pre dicted by the
Eshelby-Kröner model, and the rapid de crease of the r(z)
pa ram e ter starts at a depth (z) ap prox i mately equal to the
mean grain size and r(z) de creases to zero to wards the sam -
ple sur face (Fig. 1a). It means that one layer of grains is
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Fig. 1 The in-depth de pend ence of grain in ter ac tion (a), de scribed by the r pa ram e ter (tun able free-sur face model [4]) and
stress  s11 » s22  (b) in func tion of the real depth z be low the sur face. The re sults were ob tained on the ba sis of dif fer ent
types of dif frac tion tests per formed for me chan i cally pol ished austenitic sam ple.



enough to com pen sate for the free-sur face ef fect, and un -
der this layer the Kröner-Eshelby model cor rectly de -
scribes the in ter ac tions be tween grains. The re lax ation of
inter gra nu lar stress close to sam ple sur face leads to good
agree ment of ex per i men tal re sults with free-sur face model. 
Sim i lar con clu sions can be drawn when weighted
Reuss-Voight model is con sid ered, i.e. the Reuss model de -
scribes well the in ter ac tion of grains close to the sur face,
while the Kröner-Eshelby model is cor rect for depths
greater than the av er age grain size [4]. Hav ing val ues of
XSFs the stress in-depth pro file for me chan i cally pol ished
austenitic sam ple was de ter mined and pre sented in Fig. 1b.
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X-ray stress anal y sis (XSA) of polycrystalline ma te ri als is
usu ally based on the as sump tion that the elas tic grain in ter -
ac tion, which can be de scribed by var i ous mod els for cal -
cu lat ing the dif frac tion elas tic con stants (DEC), is
ho mo ge neous and iso tro pic within the depth range cov ered 
by the X-ray beam. In this case, it is pos si ble to de ter mine
the DEC model and the re sid ual stress depth dis tri bu tion si -
mul ta neously for ma te ri als with a cu bic crys tal struc ture
us ing an op ti mi za tion pro ce dure [1]. How ever, as in tro -
duced in [2] and re cently shown ex per i men tally [3], there is 
ev i dence that at least a small sur face layer may fea ture a
dif fer ent, anisotropic grain in ter ac tion be hav ior char ac ter -
ized by a free de for ma tion of the crys tal lites in the sur face
nor mal di rec tion and a con strained de for ma tion par al lel to
it.

In this lec ture, we ad dress the ques tion of the in flu ence
of depth-de pend ent grain in ter ac tion on XSA mea sure -
ments per formed in en ergy-dispersive (ED) dif frac tion
mode through sim u lated case stud ies. For this pur pose, the
grain in ter ac tion in a cer tain sur face layer is de scribed by
the di rec tion-de pend ent Vook-Witt model [4], while the
Eshelby-Kröner model [5, 6], which is iso tro pic at the mac -
ro scopic scale, is as sumed in the bulk ma te rial. For var i ous
com bi na tions of su per im posed re sid ual stress and com po -
si tion depth gra di ents, a hkl

y y-sin 2 -dis tri bu tions are cal cu -
lated and an a lyzed us ing the mod i fied multi-wave length
plot method (MMWP) [7] and the multi-hkl method [8], re -
spec tively.

Against the back ground of a depth de pend ency of the
grain in ter ac tion, the re sults pro vide a dif fer en ti ated pic -

ture con cern ing the suit abil ity of the two meth ods for sep a -
rat ing re sid ual stress and com po si tion depth gra di ents. For
both meth ods, the in flu ence of a depth-de pend ent grain in -
ter ac tion can be sup pressed if the re spec tive eval u a tion pri -
mar ily in cludes those re flec tions hkl with DEC close to the

model-in de pend ent di rec tion G*. In con trast, a com po si -
tion depth gra di ent has a sig nif i cantly dif fer ent ef fect on
the anal y sis. Here, the in te grat ing char ac ter of the MMWP
method leads to sys tem atic shifts in the depth pro files for
both the re sid ual stresses and the strain-free lat tice pa ram e -
ter. In con trast, the multi-hkl method, which is based on the
eval u a tion of sec tional planes par al lel to the sur face, can
cor rectly sep a rate stress and com po si tion gra di ents. 
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La ser peening (LP) is a well-known sur face en hance ment
tech nique that in duces fa vour able com pres sive re sid ual
stresses (RSs) by ir ra di at ing wa ter-cov ered me tal lic ma te -
ri als with in tense la ser pulses [1]. Be fore LP is ap plied, an
ab la tive layer is formed on the sur face to pre vent melt ing or 
dam age from the in tense la ser pulse ir ra di a tion. This tech -
nique im proves the fa tigue prop er ties of me tal lic com po -
nents suf fi ciently so that LP en tered real-world appli-
cat ions in the early 1990s such as re duc ing for eign ob ject
dam age (FOD) in jet en gine fan blades [2]. How ever, ap -
pli ca tions were lim ited to near-flat sur faces due to the dif fi -
culty of form ing ab la tive lay ers on com plex ge om e tries.

The au thors in vented an other type of LP called LPwC
(la ser peening with out coat ing), which does not use ab la -
tive lay ers [3, 4]. LPwC can be used for com plex 3D struc -
tures, such as gears and holes, be cause it only ir ra di ates
la ser pulses onto bare sur faces. How ever, it seems in ev i ta -
ble that ten sile RS will oc cur on the top sur face due to
shrink age af ter la ser pulse ir ra di a tion [5, 6], which poses
an other chal lenge to the reali sa tion of LPwC: how to mit i -
gate the ther mal ef fects of di rect la ser pulse ir ra di a tion.

This study pres ents the de tailed RS dis tri bu tion around
the la ser-ir ra di ated spot by means of syn chro tron ra di a tion
and shows how com pres sive RS can be built up on the sur -
face by suc ces sive la ser pulse ir ra di a tion. Fig ure 1 shows
the RS dis tri bu tion ob tained as a re sult of ir ra di at ing sin gle
or mul ti ple la ser pulses at the same lo ca tion on the sur face

of high-strength steel HT1000 [7]. Large ten sile RSs re -
mained within the la ser spot, while com pres sive RSs were
ob served around the ten sile re gion.

Fig ure 2 sche mat i cally shows the RS state af ter the sin -
gle pulse ir ra di a tion (top) and af ter the suc ces sive la ser
pulse ir ra di a tions with dense and sparse over lap (bot tom).
The red area cor re sponds to the la ser spot with ten sion,
while the blue area is com pres sive and sur rounds the la ser
spot. It can be ex pected that the suc ces sive la ser pulses with 
suf fi cient over lap will erase the ten sile area ex cept for the
last spot [7]. The change in sur face RS due to the LPwC
treat ment with in creas ing over lap is plot ted in Fig. 3, along
with the depth pro file of RS. By in creas ing the over lap, the
top sur face can be com pres sive de spite the in tense ther mal
ef fect of the la ser pulse ir ra di a tion [5, 6]. 
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Fig ure 2. Over lap ef fect of la ser pulses on RS.

Fig ure 1. Sur face RSs in and around la ser spot.

 

Fig ure 3. Over lap ef fect on RS of SUS304.



Roughly speak ing, the sur face RS is de ter mined by the
bal ance be tween the com pres sive com po nent by the la ser
pulse and the ten sile com po nent due to the sub se quent
shrink age. There fore, the sur face RS of ma te ri als with a
lower CTE (co ef fi cient of ther mal ex pan sion) is more
likely to be com pres sive than those with a higher CTE. Fig -
ure 4 plots the sur face RS of sev eral austenitic al loys with a
dif fer ent CTE [8]. There is an al most lin ear re la tion ship be -
tween the sur face RS and CTE. To clearly dem on strate this
re la tion ship, we have ap plied LPwC con di tions that in duce
ten sile RS for a ma te rial with a higher CTE, namely
SUS304. When the op ti mum LPwC con di tions were ap -
plied to these ma te ri als, the sur face RSs would be suf fi -
ciently com pres sive and close to the yield strengths, so this
re la tion ship would not be clear.

Pulse du ra tion is an other im por tant pa ram e ter af fect ing
the sur face RS, as it rep re sents the in ter ac tion time of the
la ser pulse with the ma te rial. The shorter the la ser pulse,

the smaller the ther mal ef fect. We have there fore de vel -
oped Nd:YAG la sers with a pulse du ra tion of about 1 ns,
which is 1/10 of that of con ven tional Nd:YAG la sers [9].
This la ser dra mat i cally re duces ther mal ef fects in LPwC
and can there fore be used with out fear of in ad ver tently in -
duc ing ten sile RSs [10, 11]. 
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Fig ure 4. Re la tion be tween CTE and sur face RS.
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To val i date elasto-plas tic sim u la tions of com plex me chan i -
cal parts, it is cus tom ary to com pare sim u lated strains to
strains mea sured ei ther us ing strain gauges or dig i tal im age 
cor re la tion. Al ter na tively, one can com pare sim u lated
stresses to stresses mea sured by in-situ X-ray dif frac tion.
This ap proach is at trac tive be cause it pro vides di rect ac cess 
to the stresses us ing only lo cal in for ma tion from the dif -
fract ing vol ume. How ever, it re quires (i) ap pro pri ate dif -
frac tion elas tic con stants to com pute stresses from the
mea sured lat tice strains and (ii) to deal with inter gra nu lar
and interphase pseudo-macrostresses that can de velop as a
re sult of plas tic de for ma tion.

Whereas the evo lu tion of inter gra nu lar and interphase
microstresses dur ing plas tic de for ma tion has re ceived con -
sid er able at ten tion – es pe cially from the neu tron and syn -
chro tron com mu ni ties [1] – fewer stud ies in ves ti gated how
dif frac tion elas tic con stants vary with plas tic strains. Ex -
cept for a se ries of ar ti cles by Iadicola and co-au thors [2],
lit tle has been pub lished on that topic since the 1970s (see
for ex am ple [3-5]). Avail able ex per i men tal data show that
de pend ing on the ma te rial, pro cess ing his tory, and dif fract -
ing planes, dif frac tion elas tic con stants can ei ther de crease, 
re main con stant, or in crease with plas tic de for ma tion, with
typ i cal vari a tions of the 1/2 S2 con stant of about 10%, but
some times as large as 40% be ing re ported. Fail ing to take
these vari a tions into ac count re sults in in ac cu rate stresses.
To the best of our knowl edge, ro bust ex pla na tions of this
phe nom e non are still lack ing.

In this con tri bu tion, we pres ent some ex plor atory work
that aims at better tak ing these ef fects into ac count when

per form ing lab o ra tory X-ray stress mea sure ments on uni -
ax i ally plas tic ally de formed spec i mens. In par tic u lar, we
re port a com pi la tion of dif frac tion elas tic con stants de ter -
mined over the 0-2% plas tic strain range us ing a lab o ra tory
X-ray diffractometer and a mi cro-ten sile stage that ex pands 
data pre vi ously re ported in [6]. In ves ti gated ma te ri als in -
clude AISI-1045 steel, 316L steel, 32CrMoV13 steel,
high-strength steel, 2017 alu mi num, and Ti-6Al-4V. Fig -
ure 1 il lus trates for a typ i cal sub set of re sults how, for com -
monly used dif frac tion con di tions, the 1/2 S2 con stant
tends to de crease by 5-10%, the S1 con stant tends to in -
crease by the same amount, and how dif fer ent sur face
conditions can result in markedly different diffraction
elastic constants.
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Fig ure 1. Vari a tion of X-ray elas tic con stants S1 and 1/2 S2 ver sus plas tic strains. Mea sure ments were per formed us ing a Stresstech
G2R diffractometer and a mi cro-ten sile stage. Tri an gle: mea sure ments us ing a Cr an ode of the (211) planes of an nealed then
electropolished CrMoV13 steel. Crosses: mea sure ments us ing a Mn an ode of the (311) planes of an nealed then electropolished 316L
steel. Cir cles: mea sure ments with a Cr an ode of the (211) planes of high strength steel with dif fer ent surface conditions.
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Power elec tron ics face tough chal lenges in au to mo tive ap -
pli ca tions posed by high power den si ties and pulses of
~200 µs. These pulses heat the de vice lo cally above 300°C
as com mon heat dis si pa tion mech a nisms via the pack ag ing
be come in ef fec tive [1]. Cur rently, thick Cu metallizations
are used as heat sinks, but at such small timescales,
thermomechanical cy cling re sults in Cu embrittlement.
This is not triv ial to ver ify since such short timescales make 
ther mal stress evo lu tion chal leng ing to ac cess ex per i men -
tally. In this con tri bu tion, ther mal stresses have been char -
ac ter ized at heat ing rates of 106 K/s us ing 20 kHz
syn chro tron X-ray dif frac tion. Ad di tion ally, intragranular
2nd or der strain dis tri bu tions within Cu grains were eval u -
ated us ing dark-field X-ray mi cros copy (DFXM).

First, the bi axial ther mal stresses of the 20 µm thick Cu
metallization have suc cess fully been mea sured at the
MS-Pow der beamline at Paul Scherrer In sti tute, Swit zer -
land. A ded i cated setup called poly-heater, which can heat
chips at a rate of 106K/s, was trans ferred to the beamline,
and in-situ mea sure ments at 20 kHz were per formed [2].
Fig. 1a shows re sults from a rep re sen ta tive mea sure ment
com pared to a wa fer cur va ture ex per i ment of a sim i lar tem -
per a ture range but at a con sid er ably lower heat ing rate of
10-1K/s. It is ob served that the high strain-rate in creased the 
elas tic re gime up to 400°C and led to a max i mum com pres -
sive stress of -391 MPa, which is far more than the -50 MPa 
ob served at lower strain rate. Fur ther more, cy cling ex per i -
ments have been per formed, show ing a de creas ing yield

strength of the Cu metallization Fig. 1b. Ob ser va tions in
scan ning elec tron mi cros copy show that this weak en ing
cor re lates with the for ma tion of first voids and sec ond
cracks in the metallization.

Sec ond, the setup was trans ferred to the ID06 at the Eu -
ro pean Syn chro tron Ra di a tion Fa cil ity in France. Us ing
DFXM, it was pos si ble to im age sin gle Cu grains and char -
ac ter ize rel e vant phe nom ena such as misorientation and 2nd

or der intragranular strains. Fig. 2 shows the re con structed
DFXM data from an as-de pos ited Cu thin film. Fig. 2a
shows the mosaicity of the grain and dis plays a ver ti cal
bright blue fea ture in the cen ter, which is dif fer ently ori -
ented from the rest of the grain. In com bi na tion with the in -
creased misorientation (Fig. 2b), in creased X-ray elas tic
strain (Fig. 2c), and in creased Full width at half max ima
(FWHM; Fig. 2d), one can clearly dis tin guish a twin
bound ary. These fea tures could be ver i fied via EBSD mea -
sure ments on the very same grain. In our ex per i ment,
thermomechanical cy cling be tween 100-400°C with 200µs 
short heat ing pulses led to in creased 2nd or der stresses and
an in creased num ber of struc tural de fects close to the
high-an gle grain bound ary (HAGB). These find ings are the 
first on ther mal strain at such timescales and sup port ex ist -
ing the o ries on va cancy con den sa tion at HAGB through
par tial an ni hi la tion of dis lo ca tions as a mech a nism of fa -
tigue in Cu thin films.

1. M. Nelhiebel et al., "A re li able tech nol ogy con cept for ac -
tive power cy cling to ex treme tem per a tures,"

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 30,  no. 2  (2024)       119

Fig ure 1. (a) Two stress-tem per a ture di a grams are dis played which were mea sured at heat ing rates of 10-1 and 106 K/s, by wa fer cur va -
ture and XRD re spec tively. (b) Up to 5000 pe ri odic heat ing cy cles be tween 100-400°C were ap plied lead ing to a weak en ing of the Cu
metallization due to fatigue.



Microelectron. Reliab., vol. 51, no. 9-11, pp. 1927-1932,
Sep. 2011, doi: 10.1016/j.microrel.2011.06.042.

2. S. Moser et al., "A Novel Setup for In Situ Mon i tor ing of
Thermomechanically Cy cled Thin Film Metallizations,"
JOM, vol. 71, no. 10, pp. 3399-3406, Oct. 2019, doi:
10.1007/s11837-019-03695-2.

3. K. Hlushko et al., "Intragranular ther mal fa tigue of Cu thin
films: Near-grain bound ary hard en ing, strain lo cal iza tion
and void ing," Acta Ma ter., vol. 253, p. 118961, Jul. 2023,
doi: 10.1016/j.actamat.2023.118961.
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Fig ure 2. Re con structed DFXM data from an as-de pos ited Cu thin film. Dis played are: (a) re sults from a mosaicity w-c scan, (b) ker nel
av er age misorientation, (c) the 2nd or der X-ray elas tic strains and (d) the FWHM val ues in de grees [3].
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BETWEEN NEUTRONS AND X-RAYS, AN OVERVIEW OF THE HIGH ENERGY WHITE
BEAM BEAMLINE P61A @ PETRA III
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 Helmholtz-Zentrum hereon, Notkestraße 85, Ham burg, Ger many
Guilherme.abreu@hereon.de

High en ergy syn chro tron X-ray dif frac tion (SXRD) is in -
stru men tal in the high spa tial res o lu tion mea sure ment of
strain fields. Al though the high en er gies en able mea sure -
ment of parts up to a few centi metre thick, when SXRD is
per formed with a mono chro matic beam in an gle dispersive
ge om e try, in for ma tion is av er aged through the thick ness of 
the part. This makes it dis ad van ta geous in the mea sure ment 
of large parts, as these must be sec tioned, there fore chang -
ing the stress state. Non-de struc tive char ac ter iza tion of
large parts re quire the def i ni tion of a Gauge Vol ume (GV)
in side of the part, as done with neu trons. GV def i ni tion can
be done with an gle dispersive SXRD us ing con i cal slits,
but this co mes at the ex pense of the mea sured q range. In
con trast, En ergy Dispersive (ED) SXRD uses point de tec -
tors, which still mea sure the full q-range. By collimating
the scat tered beam, it is pos si ble to de fine a GV in side of
the sam ple. If a high flux at high en er gies is avail able, mea -
sure ments can be per formed with fast data col lec tion, high
spa tial res o lu tion, and GV con trol.

This work re ports on the ded i cated white beam
beamline P61A. P61A is ac tive since 2021, and is op er ated
by hereon at the PETRA III syn chro tron. Its in ci dent beam
is sup plied by a unique in ser tion de vice: an ar ray of ten 4 m
long damp ing wig glers. These yield a high flux con tin u ous

beam with us able en er gies up to 200 keV. The beamline is
equipped with sev eral ED de tec tors which can be po si -
tioned to mea sure dif fer ent strain com po nents. Each de tec -
tor is equipped with collimating slits al low ing for GV
ad just ment dur ing an ex per i ment. Heavy load sam ple po si -
tion ing de vices are avail able, in clud ing a 20 kg load ca pac -

ity Eulerian cra dle, en abling sin2y or strain pole fig ure
mea sure ments. P61A’s char ac ter is tics make it ideal for

stress de ter mi na tion ex per i ments. GVs of 0.05 ´ 0.05 ´
0.75 µm3 can be achieved, and mea sure ments in up to 40
mm thick steel sam ples have been per formed. As an in stru -
ment, P61A’s per for mance fits the niche be tween neu tron
and high en ergy mono chro matic SXRD beamlines, de liv -
er ing high spa tial res o lu tion, short ac qui si tion times and
the abil ity to mea sure through centi metre thick parts. The
white beam brings an other ad van tage: when mea sure ments 
are done in re flec tion ge om e try, near sur face stress gra di -
ents can be de ter mined by the use of Laplace space meth -
ods. At P61A, stress gra di ents can be de ter mined through
depths down to 250 µm thick in steels.

This pre sen ta tion will cover the beamline key in stru -
men ta tion and per for mance fig ures, in clud ing ex am ples of
stress de ter mi na tion ex per i ments carried out so far.
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