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Me dium man ga nese steels be long to the fam ily of steels
with very high me chan i cal strength. Their good formability 
and high strength are due to their par tic u lar du plex micro -
struc tures that con tain a mi crom e ter-sized “fer rit ic” ma trix
and a sig nif i cant amount of re sid ual aus ten ite that is trans -
formed into martensite dur ing me chan i cal load ing. The
pro gres sive trans for ma tion of duc tile aus ten ite into hard
martensite causes a rapid in crease in mac ro scopic work
hard en ing, due to the ef fect of trans for ma tion-in duced
plas tic ity. The un der stand ing of the sta bil ity of re sid ual
aus ten ite and the me chan i cal re sponse of these steels is of
great sci en tific and in dus trial in ter est.

Eight dif fer ent micro struc tures have been de signed via
sim ple or dou ble an neal ing, based on thermodynamical
cal cu la tions in or der to eval u ate the re spec tive ef fect of the
mor phol ogy, com po si tion and grains size on aus ten ite sta -
bil ity. The for ma tion of the du plex micro struc tures dur ing
intercritical an neal ing have been char ac ter ized in situ by
high-en ergy X-ray dif frac tions (HEXRD) ex per i ments on
syn chro tron beamline. Fig ure 1 pres ents a se ries of
microstructure elab o rated via sim ple annealing at different
intercritical temperatures.

The ten sile me chan i cal be hav iour of the stud ied steels
has been mea sured in com bi na tion with HEXRD ex per i -
ments and Dig i tal Im age Cor re la tion mea sure ments. These
unique in situ ex per i ments per mit to mea sure si mul ta -
neously the strain-in duced martensitic trans for ma tion ki -
net ics, the stress par ti tion ing be tween phases (namely

fer rite,  aus ten ite and martensite) us ing sin2y meth ods and
the lo cal strains all along the ten sile spec i mens. These lat ter 
serve in par tic u lar to char ac ter ize Lüders and Portevin-Le
Chatelier bands which af fect the stud ied me dium Mn

steels. Fig ures 2-4 pres ent the evo lu tion of Von Mises
stresses in the main phases on four micro struc tures ob -
tained by chang ing the intercritical tem per a ture.

All those ex per i men tal in puts have served to de velop an 
in no va tive mean field micromechanical frame work to pre -

dict the ten sile be hav iour of me dium Mn steels with aus ten -
ite-fer rite-martensite micro struc tures. It re lies on the de -
scrip tion of the lo cal be hav iours of each con sti tut ing phase

Fig ure 1: microstructure ob tained af ter sin gle an neal ing at four intercritical tem per a tures.

Fig ure 2: Com par i son of Von Mises Stress in fer rite for four
intercritical tem per a tures



and of the train-in duced martensitic trans for ma tion of re -
tained aus ten ite, both cal i brated on our HEXRD
experiments [1]. 

1. Lamari, M. ; Allain, S.; Geandier, G.; Ponçot, M. ; Perlade, 
A. ; Zhu, K, In ter na tional Jour nal of Plas tic ity , Vol. 173
(2024) 103866.

We ac knowl edge DESY (Ham burg, Ger many), a mem ber
of the Hemholtz As so ci a tion HGF, for the pro vi sion of ex -
per i men tal fa cil i ties. Parts of the re search work was car -
ried out at Petra III, P07 beamline. Beamtime was
al lo cated for pro posal 20191150 EC.
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Fig ure 3. Com par i son of Von Mises Stress in aus ten ite for four
intercritical tem per a tures.

Fig ure 4. Com par i son of Von Mises Stress in martensite for four
intercritical tem per a tures,
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Par tic u larly in lab o ra tory XRD mea sure ments, where the
in ten si ties in dif frac tion ex per i ments tend to be low, an
adap tion of the ex po sure time to the in ves ti gated micro -
structure is cru cial [1]. Mea sure ment times that are too
short re sult in poor sig nal-to-back ground ra tios or dom i -
nant sig nal noise, mak ing sub se quent eval u a tion more dif -
fi cult or even im pos si ble. Then, it is nec es sary to re peat
mea sure ments with ad justed, usu ally sig nif i cantly lon ger
mea sure ment time. To pre vent re dun dant mea sure ments, it
is state-of-the-art to use the full mea sure ment range re gard -
less of whether the mea sure ment points are rel e vant and
con trib ute to the sub se quent ma te ri als char ac ter iza tion.
Ex am ples for such cases are tex ture [2] and re sid ual stress
mea sure ments [3]. Since the first eval u a tion steps fol low -
ing the mea sure ment are stan dard ized pro ce dures, they
pro vide an in ter est ing ap proach for in tel li gent meth ods di -
rectly em bed ded in the mea sure ment se quence [4]. In the
pres ent study, dif fer ent ap proaches are in ves ti gated that
an a lyze the con tin u ously grow ing data set dur ing an en ergy 
dispersive dif frac tion mea sure ment on a com plex ap pli ca -
tion like shown in [5]. Dif fer ent se lec tion strat e gies are
pro posed that in tel li gently choose the next point of in ves ti -
ga tion by means of key char ac ter is tics of prior ac quired
data. It is shown that such strat e gies are able to sig nif i -
cantly min i mize the re quired mea sure ment time ac cord ing
to the ma te rial’s microstructure with out los ing data qual ity
for sub se quent anal y ses, thus, open up the pos si bil ity for in
pro cess ac tive ex per i men tal de sign.

1. T. Manns, B. Scholtes: Dif frac tion re sid ual stress anal y sis
in tech ni cal com po nents — Sta tus and pros pects, Thin
Solid Films (2012), doi:10.1016/j.tsf.2012.03.064.
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Brass al loys, due to their unique prop er ties such as high
ther mal and elec tric con duc tiv ity, cor ro sion re sis tance and
ex traor di nary an ti bac te rial prop er ties, have been widely
used in in dus tries such as elec tron ics, au to mo tive and san i -
tary in dus try [1]. There fore, is im por tant to study plas tic
de for ma tion of such ma te ri als at mac ro scopic scale, as well 
as at the scale of polycrystalline grains. Es pe cially im por -
tant is  de ter mi na tion of the crit i cal re solved shear stresses
(CRSSs) nec es sary for ac ti va tion of slip sys tems, as well as 
to mea sure the stresses at polycrystalline grains. In this
work sig nif i cantly tex tured two-phase CuZn39Pb3 brass
was in ves ti gated and the me chan i cal be hav iour of each
phase of the brass was ex per i men tally de ter mined. The ori -

en ta tion dis tri bu tion func tion for a and b phases, mea sured 
us ing X-ray dif frac tion, is shown in Fig. 1.

Dur ing the ex per i ment car ried out in this work, an in -
creas ing com pres sive stress was grad u ally ap plied to the
sam ple and the evo lu tion of the ma te rial was in ves ti gated,
in par tic u lar the lat tice strains in the polycrystal grains were 
mea sured by dif frac tion. The mea sure ments were car ried
out in situ by us ing the time of flight (TOF) neu tron dif frac -
tion to ex am ine interplanar spac ings  (EPSILON diffracto -
meter, JINR, Dubna). 

Based on the lat tice strains de ter mined by nine de tec -
tors hav ing dif fer ent ori en ta tions with re spect to the sam -
ple, the crys tal lite group method (CGM) [2,3] was used to
de ter mine the stresses for se lected grain ori en ta tions. It
should be emphasised that dif fer ent hkl re flec tions in both
phases were mea sured for each di rec tion of the scat ter ing
vec tor. Hav ing mea sured stress ten sor for cho sen ori en ta -
tions of crys tal lat tice (Fig.1) the evo lu tion of the re solved
shear stresses (RSS) for po ten tially ac tive slip sys tems was
found (Fig. 2). The ex per i men tal val ues of CRSS, Given in
Ta ble 1, were de ter mined as the val ues of sig nif i cant
change in the evo lu tion of RSS dur ing plas tic de for ma tion.
The ob tained CRSSs were then ver i fied by elas tic-plas tic
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Fig ure 1. Ori en ta tion dis tri bu tion func tion for the a (a) and b (b) phases of CuZn39Pb3 brass. Cross-sec tions through the re -

duced space of Eu ler an gles are shown, with the step of 5° along the j2 axis.

Phase Slip sys tem CRSS (MPa)

b (bcc)
{110} <111>

{112} <111>
130

a (fcc) {111} <110> 120

Ta ble 1. Ex per i men tal val ues of CRSS for slip sys tem ac ti vated
in the stud ied CuZn39Pb3 brass.
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self-con sis tent (EPSC [4]) model ob tain ing a good agree -
ment be tween mea sured and sim u lated evo lu tions of lat tice 
strains, as well as mac ro scopic stress-strain curve.

It can be concluded that the val ues of dif fer ent slip sys -
tems in both phases of stud ied brass are very sim i lar.

1. P. Stavroulakis, A.I. Toulfatzis, G.A. Pantazopoulos, A.S.
Paipetis, Met als, 12, (2022), 246.

2. V. Hauk, Struc tural and Re sid ual Stress Anal y sis by Non -
de struc tive Meth ods, Am ster dam: ELSEVIER. 1997.

3. P. Kot, M. Wroñski, A. Baczmañski b, A. Ludwik, S.
Wroñski, K. Wierzbanowski, Ch. Scheffzük, J. Pilch, G.
Farkas, Mea sure ment, 221, (2023), 113469.

4. P. Lipinski, M. Berveiller, Int. J. Plast., 5, (1989), 149.
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Stress mea sure ment us ing X-ray or neu tron dif frac tion in
sin gle crys tals can be de scribed as a se ries of four dif fer ent
tasks.
1.) The ex act ori en ta tion of the spec i men is to be de ter -
mined.
2.) One must find a sam ple of measureable lat tice planes,
which meets the de mand for high ac cu racy of the re sult.
3.) Mea sure lat tice plane dis tances.
4.) Cal cu late the stress ten sor from these mea sured data.

For better un der stand ing sin gle crys tal stress mea sure -
ment it is help ful to com pare it with stress mea sure ment of
a quasiisotropic polycrystalline ma te rial.

Ad 1: In a polycrystal there is of course no need to de -
ter mine any ori en ta tion.

In sin gle crys tal mea sure ment, how ever, it is in dis pens -
able to know the ori en ta tion. For ori en ta tion de ter mi na tion
one can use ei ther the Laue method or the aid of a tex ture
goniometer.

Ad 2: For a mea sure ment in a  polycrystalline ma te rial

the choice of the re flec tions (j, y, hkl) is easy and well
known: Bragg‘s an gle must be as high as pos si ble, the max -
i mum value for the f val ues must be as large as pos si ble,

and the dis tri bu tion of j/y over the ori en ta tion sphere and

over sin2y must be as ho mo ge neous as pos si ble.
In a sin gle crys tal it is much more dif fi cult since we

usu ally can not use only one (hkl) for the stress / strain mea -
sure ment. That is, from a larger num ber of dif fer ent (hkl)s,
ac ces si ble for mea sure ment, one must find a set which pro -
vides the high est ac cu racy. Ac cu racy of the then cal cu lated
stress ten sor de pends not only on the ac cu racy of the sin gle
mea sure ments but also very much on the dis tri bu tion of the
(hkl)s [1, 2]. An ex tra dif fi culty in this search lies in the fact 
that each sin gle d(hkl) mea sure ment has its own sta tis ti cal

er ror. This is due to dif fer ent Bragg‘s an gles q.
There fore it is vir tu ally im pos si ble to find the best set

by hand se lec tion, and we rec om mend the use of a com -
puter programme.

Ad 3: Nearly all meth ods to mea sure polycrystals are
de signed so that only one type of (hkl) is used for all mea -

sure ment points. (Best ex am ple is the  sin2y method. [3])
This has the great ad van tage that a sys tem atic er ror (for in -
stance due to an im proper align ment of the sys tem) has vir -
tu ally no det ri men tal in flu ence to the re sult ing stress
val ues. A poor align ment could only re sult in a wrong lat -
tice pa ram e ter.

Fig ure 2. Re solved shear stress evo lu tion dur ing elastoplastic de for ma tion ver sus sam ple strain E for slip sys tems in a (a) and b (b)
phases of CuZn39Pb3 brass.



In sin gle crys tal stress mea sure ment the sit u a tion is
com pletely dif fer ent. A bad align ment, say a wrong zero
point of the goniometer, would al ways give the same er ror

for q, but there fore dif fer ent sys tem atic de vi a tions in
d(hkl). And even very small er rors in d(hkl) would cause
rel e vant er rors in sij. The so lu tion is not only to use (hkl)s

with q as high as pos si ble but also to rely on one of the spe -
cial meth ods for d-mea sure ment in sin gle crys tals. This is
the fa mous method de vel oped by Bond [4], or, if one has
no ac cess to the needed Bond ap pa ra tus, the method pro -
posed by the au thor [5]. Ei ther method, prop erly ap plied,
leads to the re sult of suf fi ciently ac cu rate d-val ues.

Ad 4: Cal cu la tion of the stress (and strain) ten sor is the
eas i est part of the whole endeavour: easy be cause the the -
ory is very clear and not loaded with any un cer tain ties as in
polycrystal mea sure ment.

Two meth ods are avail able. In one method, de vel oped
by the au thor, one cal cu lates at first the full strain ten sor
and then from it the stress ten sor. The other method is
based on the ba sic equa tion of dif frac tion stress mea sure -

ment, the re la tion ship among sij and e(j, y, hkl): the fa -
mous equa tion dis cov ered by Dölle and Hauk. [6, 7]

We will dem on strate all these four steps in two ex am -
ples: a sin gle crys tal line film with re sid ual stress and one
un strained.

At first we will show how to de ter mine the film‘s ori en -
ta tions by us ing a pole fig ure ob tained in a tex ture
goniometer.

Af ter the ori en ta tion is known, all measureable re flec -
tions (hkl) to gether with their sta tis ti cal ac cu racy are cal cu -
lated.

Next we will show how a best set of (hkl)s is found. For
that pur pose we use a com puter programme, the prin ci ple
of it will be given.

Rather in tri cate is the ac tu a tion of the goniometer and
the Eulerian cra dle to get the spec i men in the dif fer ent po si -
tions where re flec tion can oc cur. Equa tions for the cal cu la -
tion of the Eulerian an gles will be given.

Mea sure ment of lat tice plane dis tances is also some -
what com pli cated, be it us ing Bond‘s [4] or Ortner‘s [5]
method. Since we do not have a Bond‘s ap pa ra tus we will
only show how a mea sure ment  is done us ing Ortner‘s
method. Rock ing curves will be given and the method of
how to op ti mise ac cu racy.

As al ready men tioned, the last step – the cal cu la tion of
the stress ten sor – is the eas i est one, and it will be done us -
ing Dölle-Hauk‘s equa tion [6,7]. We will ex plain it with
the aid of a sys tem of lin ear equa tions.

1. B. Ortner, Adv. X-ray Anal.,  99 (1986), 113-118.
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3. Vic tor Hauk Ed., Struc tural and Re sid ual Stress Anal y sis

by Non de struc tive Meth ods: Elsevier 1989.

4. W.L. Bond, Acta Cryst. 13 (1960), 814-818.

5. B. Ortner, J. Appl. Cryst. 38, (2005),  678-684.

6. H. Dölle, V. Hauk, Z. Metallkde. 70 (1979), 682-685.

7. H. Dölle, V. Hauk, Z. Metallkde. 69 (1978), 410-417.
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Gas-nitriding is an in dus tri ally ap plied thermo-chem i cal
sur face mod i fi ca tion pro cess for steel to in crease its hard -
ness, wear re sis tance, and fa tigue strength. A gra di ent ma -
te rial is cre ated by the dif fu sion of ni tro gen at oms in the
base ma te rial, form ing a ce ramic com pound layer on the
sur face. While the for ma tion of the com pound layer and its
cor re la tion with pro cess pa ram e ters dur ing gas-nitriding is
well un der stood, chal lenges re main in fully elu ci dat ing
spa tially re solved val ues for its me chan i cal prop er ties as
well as the dis tri bu tion of re sid ual stresses in the near-sur -
face re gion of steels. A de tailed un der stand ing of these
char ac ter is tics is im por tant as it will en able faster and more

ac cu rate sim u la tions, ul ti mately re duc ing the de sign ef fort
for many in dus trial ap pli ca tions.

In this study, a gas-nitrided 42CrMo4 steel was in ves ti -
gated us ing cor re la tive cross-sec tional anal y ses to gain an
in-depth un der stand ing of the gra di ents in phase com po si -
tion, microstructure, me chan i cal prop er ties and dis tri bu -
tion of re sid ual stresses on the mi cro- and nanoscale. For
this, the sam ple was in ves ti gated by cross-sec tional mi cro-
and nano-X-ray dif frac tion (CSmicroXRD and
CSnanoXRD) in trans mis sion ge om e try at ID13 beamline
of the Eu ro pean Syn chro tron Re search Fa cil ity (ESRF) in
Grenoble, France, and at the High-En ergy-Ma te ri als-Sci -
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ence beamline HEMS of the PETRAIII stor age ring in
Ham burg, Ger many, us ing en er gies of 15.2 and 87.1 keV,
re spec tively. Thus, a spa tial res o lu tion be yond 500 nm was
achieved. The re sults from the syn chro tron ex per i ments
were cor re lated with data from op ti cal and scan ning elec -
tron mi cros copy, micro hard ness pro fil ing and nano -
indentation. In ad di tion, micromechanical can ti le ver
bend ing tests were per formed to eval u ate stress-strain data
and frac ture tough ness val ues in the com pound layer.

CSmicroXRD anal y sis al lowed the iden ti fi ca tion of a
char ac ter is tic re sid ual stress pro file show ing max i mum
com pres sive re sid ual stresses of ~-192 MPa at a depth of
~100 µm be low the sur face due to the (in ter sti tial) dif fu -
sion of N at oms into the martensitic base ma te rial. The
broad en ing of the ob served hkl peaks as an other con se -
quence of the ma te rial’s mod i fi ca tion by N dif fu sion can be 
ob served up to a depth of ~169 µm. This re sult is con sis tent 
with the re sults of (i) the chem i cal char ac teri sa tion by en -
ergy dispersive X-ray spec tros copy and (ii) the micro hard -
ness pro fil ing as the core hard ness value of ~335 HV0.1
was de ter mined at depths be low the N dif fu sion zone. 

Re sults of CSnanoXRD re vealed that the ten sile re sid -
ual stresses were strong enough to crack the layer at the top

and fur ther re lax within the po rous e-nitride Fe2-3N, which
is ~3 µm thick. Be low this, the com pound layer con sists

mainly of the g´-nitride phase (Fe4N). This re gion of the
com pound layer com prises a fur ther ~3 µm and is sub -
jected to ten sile stresses of ~500 MPa. The fact, that this

ten sile load re laxes at the in ter face be tween the g´-nitride
and the martensite base ma te rial by in duc ing ten sile re sid -
ual stresses in the martensite can not be ob served by any
other char ac teri sa tion meth ods than the one used, i.e.
CSnanoXRD.

Mi cro-can ti le ver tests were perfomed on unnotched

and notched beams in the g´-nitride re gion. The re sults re -
vealed a Young’s modulus of ~158 ±18 GPa and a frac ture
tough ness of ~1.81±0.22 MPa·m0.5. These re sults are lower 
than those ob tained from nanoindentation ex per i ments

where the re duced Young’s moduli for e-nitride and

g´-nitride were de ter mined to be 142 ±6 and 201 ±8 GPa,
re spec tively.

Overall, this comprehensive analysis is an example of
the use of advanced correlative characterisation in
materials engineering applications, as the results provide a
future perspective in the context of advanced char ac teri sa -
tion of gradient materials.
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ROLE OF THE SEC OND OR DER PLAS TIC IN COM PAT I BIL ITY STRESSES IN

DE FORMED TI TA NIUM
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One of the im por tant rea sons for the for ma tion of re sid ual
stresses in polycrystalline ma te ri als is the ani so tropy of the
plas tic de for ma tion pro cess. Dif fer ent slip sys tems ac tiv ity
leads to dif fer ent plas tic de for ma tions of polycrystalline
grains. The re sult ing mis fit (in com pat i bil ity) be tween
neigh bor ing grains is the source of the sec ond or der in com -
pat i bil ity stresses. These stresses can not be mea sured di -
rectly but can be pre dicted by elastoplastic de for ma tion
mod els. They are cor re lated with the nonlinearity of lat tice

strains <e(y,f)>{hkl} vs. sin2y plots, de ter mined ex per i -
men tally [1]. 

The lat tice strains <e(y,f)>{hkl} in plas tic ally de formed
ma te rial can be ex pressed as a su per po si tion of strains in -
duced by first or der stresses and by sec ond or der in com pat -
i bil ity stresses which re main in a ma te rial (af ter un load ing
of the first or der stress). It can be shown [2] that an av er age
lat tice pa ram e ter, mea sured in the di rec tion of the scat ter -
ing vec tor, can be ex pressed as: 

a F hkl q a
hkl ij ij

I II

hkl
( , ) [ ( , , ) ( , ) ]

{ }

,f y f y s e f y= + model
0 0+ a

(1)

where Fij (hkl, f, y) are dif frac tion elas tic con stants, s ij
I  -

mac ro scopic stresses, a0 - the equiv a lent lat tice pa ram e ter

in a stress-free ma te rial. The áeII, model(f,y)ñhkl  ten sor char -

ac ter ises in com pat i bil ity stresses which re main af ter the

un load ing of macro-stresses (Sij®0) and are caused by

inter-grain plas tic de for ma tion in com pat i bil ity. The  áeII,

model(f,y)ñ)hkl strain re mains af ter un load ing of the
macrostresses and it can be cal cu lated by the self-con sis -
tent model. The ani so tropy of the in com pat i bil ity stresses
can be cor rectly pre dicted by the model if the ex per i men tal
tex ture is used as the in put data. How ever, the ab so lute val -
ues of the stresses de pend on the hard en ing pro cess oc cur -
ring dur ing plas tic de for ma tion, which has gen er ally a
com pli cated char ac ter. Hence, to re late the mag ni tude of
the o ret i cal in com pat i bil ity stresses to the real one, an un -
known scal ing fac tor q is in tro duced. Only the am pli tude of 

the the o ret i cal func tion  áeII, model(f,y)ñ)hkl  is rescaled by the 
q fac tor, while its de pend ence on the ori en ta tion of the scat -

ter ing vec tor (i.e., on f and y an gles) is given by the model. 
It should be noted that if the de ter mined value of q is near 1, 
the model pre dicts cor rectly the am pli tude of the stress ten -
sor, but if q < l, the mag ni tude of the o ret i cal stresses is
over es ti mated.

In this work the stresses in de formed ti ta nium al loys
Ti40 are stud ied. The graz ing in ci dence X-ray dif frac tion
mea sure ments [3] were per formed dur ing “in situ” ten sile
test in transvers di rec tion. To pre dict the evo lu tion of lat -
tice pa ram e ter dur ing ten sile test the Elas tic-Plas tic
Self-Con sis tent (EPSC) model de vel oped by Lipiñski and
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Fig ure. 1. Mea sured lat tice pa ram e ters (points) and the o ret i cal re sults (lines) vs. sin2y  for un loaded sam ple. Red lines for q ¹ 0 (the sec -
ond or der stresses are taken into ac count)  and black lines for q=0 (the in flu ence of sec ond-or der stresses is ne glected).



Berveiller [4]. The ex per i men tal <a(f,y)>{hkl} vs. sin2 y
curve for un loaded sam ple was pre sented in Fig ure 1. As
shown by red line, the qual ity of the fit im proves
significantly when the sec ond or der stresses are taken into
ac count in the anal y sis and q is de ter mined from Eq. (1).
This im por tant im prove ment of fit ting qual ity – when the q
pa ram e ter is ad justed – proves that the anal y sis is car ried
out cor rectly and the sig nif i cant sec ond or der stresses are
gen er ated dur ing plas tic de for ma tion in the stud ied sam ple.

In fig ure 2, the val ues of c2 pa ram e ter (char ac ter is ing
the qual ity of the least square fit ting based on Eq. (1)) are
com pared for two dif fer ent data treat ments, as sum ing q =0
(the in flu ence of the sec ond-or der stresses is ne glected) or

q is ad justed in Eq. 1. As seen, the value of c2 is much
higher (worse qual ity of fit ting) for the anal y sis with q = 0
com pared to that ob tained when q is ad justed. The dif fer -

ence be tween  c2  for two op tions of fit ting is small in the
case of elas tic de for ma tion, but it sig nif i cantly in creases
with prog ress of plas tic de for ma tion, and re mains large for

the un loaded sam ple. The mean value of von Mises stress

sII
Mis (mean value of sij

II(g), cal cu lated over whole ori en ta -
tion space) in creases when plas tic de for ma tion be gins. It is
also seen that the sII

Mis value stay con stant dur ing sam ple
un load ing.
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Fig ure. 2. Evo lu tion of fit ting qual ity pa ram e ter c2 and mean von Mises sec ond or der stress sII
Mis vs. mac ro scopic true stress S22.
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Re cently stress cor ro sion crack ing (SCC) of butt-welded
stain less steel pipes with small bore have been found out.
To solve this prob lem, it is nec es sary to cre ate stress maps
with high spa tial res o lu tion. How ever, it is dif fi cult to mea -
sure stresses of welded parts due to coarse grains and den -
drite struc ture. 

A dou ble ex po sure method (DEM) with high en ergy
X-rays is use ful for the stress mea sure ment of welded parts
[1-3]. In the DEM, a dif frac tion im age from the trans mis -
sion X-ray beam is mea sured at two po si tions P1 and P2 us -
ing an area de tec tor (CdTe pixel de tec tor) as shown in Fig.
1. The dif frac tion im ages of P1 and P2 are sim i lar. An a lyz -
ing both im ages, we are able to de ter mine each dif frac tion

po si tion, and cal cu late the dif frac tion an gle, 2q, from the

dif frac tion ra dius r (= r2 - r1) as 2q = arctan (r/L). In this
method, the dif frac tion ra dius is de ter mined by the rel a tive
dif fer ence be tween P1 and P2, so the er ror in the dif frac tion 
ra dius caused by the dif frac tion po si tion within the sam ple
can be cancelled out.

We pre pared the austenitic stain less steel pipe with an
outer di am e ter of 110 mm and a thick ness of 11 mm
(100A). These pipes were butt-welded by tung sten in ert
gas arc weld ing. A welded spec i men for syn chro tron ex -
per i ments was re moved from the welded pipe by elec tric
dis charge ma chin ing (EDM). The stress mea sure ment of
the welded spec i men was per formed at the BL14B1 of

SPring-8. The X-ray en ergy was 70 keV, the di men sions of
the X-ray beam were 0.4 mm2 and the stress map was cre -
ated by mea sur ing the strains with a step of 0.4 mm. 

In this study, the waves of P1 and P2 were ob tained
from a cir cum fer ence in te gral of the dif frac tion im ages.
The peak po si tion was de ter mined us ing cross-cor re la tion
al go rithm be tween these waves [4]. As a re sult, we were
able to ef fi ciently de ter mine the dif frac tion an gles for all
mea sure ments. How ever, the hoop stress of the spec i men
has been re leased due to the re moval with the EDM. To ap -
prox i mate the triaxial stress state, we con sider the cor rec -
tion, as sum ing a plane strain. Ap ply ing the hoop stresses
which are mea sured by the neu tron method un der a plane
strain, the de tails of the stress maps in a triaxial stress state
were ob tained. Fig ure 2 shows the re sid ual stress maps
around the back-bead which is the weld ing bead on the in -
ner sur face. These stress maps sup port the phe nom e non
that the SCC oc curs from the bound ary with the heat af -
fected zone of the in ner sur face of the butt-welded pipe. 
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Fig ure 1. Dou ble ex po sure method. The dif frac tion is mea sured
by the area de tec tor at P1 and P2.

Figure 2. Re sid ual stress maps around back-bead of welded 
pipe. The ax ial and ra dial stresses are ob tained by com bin -
ing the ax ial and ra dial strains mea sured by the DEM and
the hoop stress mea sured by neu trons. 
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Beam Sci ence, 8, (2024), 1.

4. K. Suzuki and Y. Miura, J. Ma te ri als Sci ence, Ja pan, 72-4,

(2024). To be pub lished.

This work was sup ported by JSPS KAKENHI No.
22K03819. The syn chro tron ra di a tion ex per i ments were

per formed at the QST beam-line BL14B1 with the ap proval 
of QST (No. 2023A3684) and QST-ARIM (JPMXP1223
QS0011). The neu tron ex per i ments were car ried out un der
the Inter-Uni ver sity Pro gram for the Joint-use of
JAEA/QST Fa cil i ties, Nu clear Pro fes sional School, School 
of En gi neer ing, the Uni ver sity of To kyo, at the Re search
Re ac tor JRR-3, JAEA (No. 2023105204).

S2 - 3
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Due to the sig nif i cant elas tic nonlinearity and strain de -
pend ence, mod el ling the elas tic be hav iour of dual-phase
steels is still a chal lenge. Mi cro scopic in-situ stud ies are re -
quired since it is an tic i pated that the or i gins of this can be
traced back to microstructural be hav iour. How ever, anal y -
sis is dif fi cult as the martensite and fer rite dif frac tion peaks 
over lap. In this study, we ex am ined the steel CR590Y980T 
(DP1000) in a con tin u ous cy clic ten sion-com pres sion test
while ex posed to syn chro tron ra di a tion at DESY’s Petra III 
High En ergy Ma te rial Sci ence. An as sess ment method to
ex am ine the dual-phase dif frac tion pro files in or der to dif -
fer en ti ate martensite and fer rite is dem on strated. The re -
spec tive phase frac tion, were cor rob o rated by scan ning
elec tron mi cros copy (SEM) anal y sis. The find ings con trib -

ute to a better un der stand ing of the microstructure-level
elas tic-plas tic be hav iour of DP steels and hold tre men dous
prom ise for char ac teri sa tion and mod el ling im prove ments
re lated to springback pre dic tion.

The dif fi cul ties in sim u lat ing the be hav iour of elas tic
ma te ri als can be summed up as fol lows: determination of
the ini tial elas tic modulus; the on set of plas tic yield ing in
the case of a steady elas tic-plas tic tran si tion; early re-yield -
ing or a sig nif i cant Bauschinger ef fect. The meth od ol ogy
of Li and Wag oner [1], who equated anelasticity to non lin -
ear elas tic ity in their thor ough in ves ti ga tion, is used in this
work. Fig ure 1 shows a graph i cal and math e mat i cal de -
scrip tion of that [2].

In the cur rent study, con tin u ous cy clic ten sile tests are
car ried out. High fre quency (1 Hz) dif frac tion mea sure -
ments are syn chro nous per formed with these tests. Ad di -
tion ally, dur ing the test, the spec i men tem per a ture is
re corded for anal y sis and de ter mi na tion of the load ing
modulus and the on set of plas tic yield ing via the
thermoelastic ef fect [3]. Fur ther more, a con tin u ous ten -
sion-com pres sion test is per formed to ex am ine the
microstructural be hav iour both for the un load ing and for
com pres sion. In this way, early re yielding, or the
Bauschinger effect is analyzed.

In the pres ent study, it was pos si ble to as sess fer rite and
martensite in di vid u ally us ing a dif frac tion pro file eval u a -
tion method which was ca pa ble to ex tract both martensite
as well as fer rite peak in for ma tion. Form these re sults,
interphase stresses were cal cu lated and di rectly com pared
to the mac ro scopic ma te rial be hav iour. As an ex am ple the
re sults for the (211) lat tice plane are shown in Figure 2 and
3.

It turned out that when the spec i men is elas ti cally re -
leased, the martensite ab sorbs much greater stresses and re -
stricts the fer rite phase to com pres sion. A re la tion be tween
the be hav iour of elas tic strain and the re sid ual
micor-stresses of the sec ond or der could be es tab lished.
The microstructural eval u a tion from the ten sion-com pres -
sion tests was fur ther used to ana lyse the re-yield ing be hav -
iour and mi cro scop i cally show the Bauschinger ef fect. In
ad di tion, the phase in ter ac tion, which en ables the ma te rial
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E0 is the ini tial Young's, s the cur rent true stress or Cauchy 
stress



to re cover dur ing vari a tions in load was dem on strated. Af -
ter com pres sive load ing, the phase stresses in this pro cess
caused a rise in the mac ro scopic elas tic modulus.
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Fig ure 3. (a) Phase stresses and the interphase stresses at zero mac ro scopic stress af ter ten sile load ing (state 1) and af ter
com pres sive load ing (state 2) are plot ted.  b) True stress-strain curve and elas tic chord moduli for ten sion Echord,T and
com pres sion Echord,C

Fig ure 2. (a) Phase stress ver sus true strain. High lighted are the phase stress at un loaded state  (0 MPa) and their dif fer ence 
(delta). (b) Delta val ues at un loaded state ver sus true plas tic strain.
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Dif fer ent join ing tech niques are widely used in air craft
struc ture. Due to dom i nant ad van tages in many as pects in -
clud ing sta bil ity, high re li abil ity, sim ple pro duc tion pro -
cess and low cost, riv et ing is widely used. Riv eted lap joint
struc ture in cludes two over lap ping plates con nected with
riv ets. As weak est struc tures in mod ern air craft as sem bly,
these joints are prone to fa tigue fail ures due to the load cy -
cles in ser vice. Stresses re sult ing from ten sile load ing su -
per im pose with the stress caused by a phe nom e non called
sec ond ary bend ing, lead ing to com plex load ing sce nario.

Ex ten sive stud ies have been con ducted in the past to in -
ves ti gate the re la tion be tween fa tigue life and sev eral ef -
fect ing fac tors such as rivet de sign, rivet ma te rial, and
man u fac ture rou tine. Most of in ves ti ga tion as cribed to the
gen er a tion of re sid ual stresses in the sheet ma te rial as a pri -
mary rea son of fa tigue life en hance ment. These find ings
shift the fo cus of the re cent stud ies on ad di tional pro cesses
that gen er ates ben e fi cial re sid ual stresses. In this man ner,
one of the highly used tech niques to in crease fa tigue life of
rivet holes is split-sleeve cold ex pan sion in which a ta pered 
man drel cov ered by an in ter nally lu bri cated split sleeve is
pulled through the hole to cre ate a plas tic ally de formed
area, gen er at ing ben e fi cial com pres sion re sid ual stresses
around the rivet hole. 

De spite widely re ported pos i tive ef fect of cold ex pan -
sion on the fa tigue life of riv eted joints, cold ex pan sion also 
ex hib its in her ent dis ad van tages. In par tic u lar, non-ho mo -
ge neous re sid ual stresses are gen er ated in ax ial and hoop
di rec tion and ten sile re sid ual stresses could re sult in crit i cal 

re gions. As well, con sid er able sur face de for ma tion es pe -
cially on the man drel out let side of the hole takes place
where the high est com pres sive re sid ual stresses re sults, but 
also en hances the level of ten sion in the tran si tion zone at
some dis tance away from the hole which there fore could
act as crack ini ti a tion points. La ser shock peening has been
con sid ered for the treat ment of crit i cal re gions of riv eted
lap joints, since it of fers cer tain flex i bil ity and possibly a
beneficial distribution of compressive residual stresses. 

The aim of this study is to evaluate the effect of laser
shock peening on the fatigue life of riveted lap joint
structure compared to conventional treatment using cold
expansion. To reach the given aim, LSP parameter study
was performed to evaluate the process impact on residual
stress distribution and surface topography. Riveted lap
joint samples were treated with different parameters and
evaluated regarding their fatigue properties. Different
performances of the LSP treated samples could be
observed, compared to the samples treated with cold
expansion, with partly higher and partly lower fatigue life.
Comprehensive analysis of the underlying mechanisms
was analysed by investigating the stability of generated the
residual stresses at different number of cycles by using
non- de struc tive energy dispersive synchrotron mea su re -
ments at DESY. Additional analysis of fatigue crack
initiation and propagation, as well as local loading strain
analysis allowed identifying critical regions and enabled to
correlate the local loading condition with the observed
behaviour of the treated parts.
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Un in ten tional re sid ual stresses within a com po nent can
strongly af fect its struc tural in teg rity and there fore re duce
its ser vice life. This is the case for welded struc tures, in
which the ma te rial mis fit aris ing from the ther mal and ex -
ter nal load ap plied dur ing weld ing gen er ates stresses that
can over come the yield stress of the ma te ri als. There fore, it
is com mon to ap ply sub se quent ther mal treat ments to re -
lieve or at least par tially re lax these stresses.

Nickel al loys are used, among other fields, in welded
com po nents for pres sur ized wa ter re ac tors (PWRs). Nickel 
al loy dis sim i lar metal welds in PWRs are not heat treated,
lead ing to the pres ence of large re sid ual stresses which
orig i nate higher sus cep ti bil ity to stress cor ro sion crack ing,
fa tigue, and creep. Many ef forts have been per formed so
far to un der stand the de vel op ment of these re sid ual stresses 
(e.g. the Eu ro pean Net work on Neu tron Tech niques Stan -
dard iza tion for Struc tural In teg rity - NeT [1]). Mea sure -
ments and sim u la tions have been part of these ef forts, with
the for mer usu ally eval u ated us ing the neu tron dif frac tion
tech nique. Its large scat ter ing an gles and gauge vol ume
(com pared to syn chro tron dif frac tion) al lows to de ter mine
the strain in three or thogo nal di rec tions deep in side the
bulk of the welded ma te rial even when the di men sions of
the plate are centi metres or the grain size is large.

A nickel-based al loy plate (Al loy 600) with a 3-pass
slot weld (named TG6 here af ter) was pro duced us ing an
au to mated gas tung sten in ert gas weld (GTAW/TIG) with a 
com pat i ble nickel-based Al loy 82 filler ma te rial [2]. The
di men sions of the plate are 150 × 200 × 12 mm3 with a weld 
bead di men sion equal to 76 × 5 × 5 mm3. An au to mated
TIG weld ing ma chine has been em ployed for weld ing the
plates at the Électricité de France (EDF) lab o ra tory in
Chatou, France. The main microstructural fea tures, de -
tailed in [2], are: 1) the grain size in the zones un af fected by 

weld ing is ap prox i mately 20 mm; 2) grain coars en ing starts
at around ~ 1 mm away from the fu sion bound ary of the
weld to par ent ma te rial; 3) the coars est grain size in the heat 

af fected zone of the weld is equal to 40 mm and within the

weld, the grain size in creases to 200 mm in the first weld
bead; 4) a weak roll ing tex ture in lon gi tu di nal di rec tion for
par ent ma te rial and also a strong tex ture in the nor mal di -
rec tion on top weld mea sure ment have been doc u mented.
How ever, at the bot tom of the weld, the ori en ta tion den sity
is low in lon gi tu di nal di rec tion. Neu tron dif frac tion has al -

ready been em ployed to cap ture the re sid ual stress within
the bulk of this sam ple at dif fer ent po si tions [2].

The use of syn chro tron dif frac tion is ini tially hin dered
for the strain cal cu la tion in the di rec tion or thogo nal to the
base plate as it would lead to a high path length for the
beam, ow ing to the low scat ter ing an gle. Nev er the less, syn -
chro tron dif frac tion can be ad van ta geous if some con di -
tions are ful filled: a) the ab sence of stresses or thogo nally to 
the plate, b) the sam ple can be os cil lated to in crease the sta -
tis tics in the welded and heat af fected zones, and c) the use

of the sin2y method. The first re quire ment was proven in
[2], the sec ond can be over come with a spe cific setup, and
the lat ter can be eas ily im ple mented with a syn chro tron
mea sure ment.

Dif fer ent tech niques can be used at a syn chro tron fa cil -
ity to de ter mine bulk re sid ual stresses. A mono chro matic
X-ray beam with high pho ton en er gies in com bi na tion with 
a con i cal slit cell (CSC) [3] en ables the de ter mi na tion of the 
strain com po nents over the whole sam ple thick ness with
suf fi cient spa tial res o lu tion. A white X-ray beam in trans -
mis sion mode also en ables strain mea sure ments within the
bulk of the part while the re flec tion mode al lows the char -
ac ter iza tion of re sid ual stresses close to the sur face.

With the aim of strength en ing the in dus trial ac cess to
the non-de struc tive syn chro tron tech nol o gies at large-scale 
fa cil i ties, the EU pro ject EASI-STRESS is us ing the TG6
sam ple for the benchmarking and cross-com par i son be -
tween dif fer ent fa cil i ties. With this work, we aim at show -
ing that syn chro tron dif frac tion can be a suit able tool for
the mea sure ment of re sid ual stresses in a Nickel-based
welded plate. The P07/HEMS and P61A/WINE beamlines
at DESY, op er ated by Hereon, were used for this pur pose.
Dif fer ent scan lines in trans verse and lon gi tu di nal di rec -
tions were stud ied at dif fer ent depths from the top sur face.
More over, the pos si ble pres ence of shear stresses will be
ad dressed.

1. https://www.net-net work.eu/

2. V. Akrivos, R.C. Wimpory, M. Hofmann, B. Stew art, O.
Muransky, M.C. Smith, J. Bouchard, J. Appl. Crystallogr.
53, (2020), 1181.

3. P. Staron, T. Fischer, J. Keckes, S. Schratter, T.
Hatzenbichler, N. Schell, M. Müller, A. Schreyer, Mater.
Sci. Forum, 768-769, (2014), 72.

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 30,  no. 2  (2024)       135



S2 - 6

PROBING DEFORMATION BEHAVIOR OF A REFRACTORY HIGH-ENTROPY ALLOY
USING IN SITU NEUTRON DIFFRACTION

Wenli Song1,2, Yuanbo Zhou1,2,3,4, Fei Zhang1 , Yanchun Zhao3, Dong Ma4
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The grain ori en ta tion-de pend ent lat tice strain evo lu tion of
a (TiZrHfNb)98N2 re frac tory high-en tropy al loy (HEA)
dur ing ten sile load ing has been in ves ti gated us ing in situ
neu tron dif frac tion. The equiv a lent strain-hard en ing rate of 
each of the pri mary <hkl>-ori ented grain fam i lies was
found to be rel a tively low, man i fest ing the mac ro scop i -
cally weak work-hard en ing abil ity of such a body-cen tered
cu bic (BCC)-struc tured HEA. This find ing, along with the
post-mor tem trans mis sion elec tron mi cros copy (TEM)
char ac ter iza tion, is in dic a tive of a dis lo ca tion pla nar slip
mode that is con fined in a few sin gle-slip planes and leads
to in-plane soft en ing by high pile-up stresses. In par tic u lar,
dur ing plas tic de for ma tion, the <110>-ori ented grains
yield pref er en tially, fol lowed by lat tice re lax ation, while
the load trans fers to the <200>-ori ented grains as a re sult of 
plas tic ani so tropy. Our work pro vides a new per spec tive
for un der stand ing the strain-hard en ing be hav iour and the
role of pla nar slip in the plas tic de for ma tion of BCC-struc -
tured HEAs. 

1. Z. F. Lei, X. J. Liu, Y. Wu, H. Wang, S. H. Jiang, S. D.
Wang, X. D. Hui, Y. D. Wu, B. Gault, P. Kontis, D. Raabe, 
L. Gu, Q. H. Zhang, H. W. Chen, H. T. Wang, J. B. Liu, K. 
An, Q. S. Zeng, T. G. Nieh, Z. P. Lu, Na ture, 563, (2019),
546.

2. Y. Wu, W. H. Liu, X. L. Wang, D. Ma, A. D. Stoica, T. G.

Nieh, Z. B. He, Z. P. Lu, Appl. Phys. Lett., 104, (2014),
051910.

3. M. Naeem, H. Y. He, F. Zhang, H. L. Huang, S. Harjo, T.
Kawasaki, B. Wang, S. Lan, Z. D. Wu, F. Wang, Y. Wu, Z. 
P. Lu, Z. W. Zhang, C. T. Liu, X. L. Wang, Sci. Adv., 6,

(2020), eaax4002.

This work was sup ported by the fi nan cial sup port from the
Na tional Key R&D Pro gram of China (No. 2020YFA
0405902), the Mo bil ity Programme en dorsed by the Joint
Com mit tee of the Sino-Ger man Cen ter (M-0728) and the
in vi ta tion from Forschungs-Neutronenquelle Heinz Maier-  
Leibnitz (FRM II). The neu tron dif frac tion ex per i ments at
the Ma te ri als and Life Sci ence Ex per i men tal Fa cil ity of the 
J-PARC were per formed un der a gen eral user pro gram
(Pro ject No. 2020A0241).

Ó Krystalografická spoleènost

136 ECRS-11   Ses sion II Ma te ri als Struc ture, vol. 30, no. 2 (2024)

a)

b)

Fig ure 1. (a) True ten sile stress-strain curve for ten sile load ing
of the (TiZrHfNb)98N2 RHEA, the in set in (a) shows the
work-hard en ing rate curve of the cur rent RHEA. (b) Se lected
neu tron dif frac tion pat terns col lected with re spect to the load -
ing di rec tion dur ing ten sile load ing of (TiZrHfNb)98N2 RHEA.
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a) b)

Fig ure 2. (a)True stress–lat tice strain curves for five <hkl>//LD fam i lies of grains ob tained dur ing ten sile load ing at room tem per a ture.
(b) Mag ni fied lat tice strain evo lu tion with true stress for the (TiZrHfNb)98N2 RHEA dur ing yield and plas tic de for ma tion pro cess.

a)

Fig ure 3. Evo lu tion of dif frac tion peak in ten sity (a) and FWHM (b) of the (TiZrHfNb)98N2 RHEA as a func tion of ap plied stress dur ing
ten sion.

b)
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EXPERIMENTAL VALIDATION OF IHD CALIBRATION COEFFICIENTS DETERMINED
BY MACHINE LEARNING FOR LAYERED COMPOSITE MATERIALS
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1School of Me chan i cal, In dus trial and Aero nau ti cal En gi neer ing, Uni ver sity of the Witwatersrand, Pri vate Bag 
3, Wits 2050, South Af rica

2De part ment of Me chan i cal En gi neer ing, Se oul Na tional Uni ver sity, 1 Gwanak-ro, Gwanak-gu, 
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In cre men tal hole-drill ing (IHD) is a pop u lar re lax ation
tech nique for re sid ual stress mea sure ment. It con sists of
incrementally drill ing a small hole into a sam ple, thereby
re mov ing stressed ma te rial, while mea sur ing the ac com pa -
ny ing de for ma tions on the top sur face for each in cre men tal
depth, com monly us ing a strain gauge ro sette that is con -
cen tric with the hole. Cal i bra tion co ef fi cients are re quired
to re late the mea sured de for ma tion to the re sid ual stress
dis tri bu tion that ex isted in the ma te rial prior to drill ing. The 
ASTM E837 stan dard [1] pro vides poly no mial func tions
for de ter mi na tion of the nec es sary cal i bra tion co ef fi cients
for the in te gral com pu ta tional method in me tal lic ma te ri als
for any com bi na tion of hole di am e ter, spec i men thick ness,
ma te rial prop er ties and in cre men tal depth dis tri bu tion.
How ever, in the case of lay ered com pos ite ma te ri als, the
cal i bra tion co ef fi cients must be de ter mined from fi nite el e -
ment (FE) anal y ses [2] for the spe cific com bi na tion of hole
di am e ter, sam ple thick ness, ma te rial prop er ties and stack -
ing se quence of the sam ple be ing in ves ti gated. Hun dreds
of ad di tional FE anal y ses may be re quired for a sin gle lam i -
nate con fig u ra tion, de pend ing on the un cer tainty sources
con sid ered, which can be come stren u ous if nu mer ous lam i -
nate con fig u ra tions are un der in ves ti ga tion. 

This work in ves ti gates the use of ma chine learn ing
(ML) to pre dict cal i bra tion co ef fi cients of the in te gral
method for ev ery pos si ble sym met ric and bal anced con fig -

u ra tion of an eight-ply fi bre re in forced plas tic (FRP) lam i -

nate where the plies can be ori en tated at 0°, 90° or ±45°.
The ar chi tec ture of the ML model is pri mar ily grounded in
op er a tor learn ing, spe cif i cally Deep Op er a tor Net work
(DeepONet) [3]. This ar chi tec ture was mod i fied by in te -
grat ing a lin ear branch net work with a graph con vo lu tion
trunk net work, en abling the ef fec tive learn ing of data from
FE anal y ses. The model is trained us ing the dis place ment
field on the top sur face of the sam ple for ev ery stress ap pli -
ca tion depth and drill ing in cre ment for 30 out of the 70 pos -
si ble sym met ri cal and bal anced eight-ply lam i nate
con fi g u ra tions. Lam i nates se lected for ex per i men tal com -
par i son were ex cluded from the train ing set. In the train ing
of the model, a com bined mean squared er ror loss for dis -
place ment and strain was uti lized while stress er ror served
as the met ric for val i da tion in each train ing ep och. Upon
com ple tion of the train ing, the model is ca pa ble of con -
struct ing a cal i bra tion ma trix through for ward pre dic tions
of unit stress. The er ror in the pre dicted cal i bra tion co ef fi -
cients, re sult ing from the pre dic tion of con fig u ra tions out -
side the train ing data (epistemic un cer tainty), was
es ti mated us ing Monte Carlo drop out, a tech nique that ap -
prox i mates a Gaussi an process. 

IHD was per formed us ing a SINT MTS3000-Restan
sys tem to drill a hole of 1.54 mm di am e ter in FRP lam i -
nates of [0/0/90/90]s and [0/+45/90/-45]s con struc tion and
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x i Descrip ti on p(x i) Type No mi nal va lue, un cer ta in ty

h0 Zero depth Rectan gu lar B 0 mm, 13.33 mm

hi In cre men tal depths Rectan gu lar B 13.33 mm, 0.50 mm

emeas Me a su red ex pe ri men tal strain Nor mal B In di ca ted strain, 1.54%

eno i se Ex pe ri men tal no i se Nor mal A 0, 0.61 mm/m

FE Fi ni te ele ment cal cu lati ons Nor mal B FE out put, 2%

ML Ma chi ne lear ning pre dicti ons Nor mal A
ML out put, Mon te Car lo dro -

pout

Ta ble 1. Sources of un cer tainty and their as signed prob a bil ity den sity func tions.



a thick ness of 1.6 mm man u fac tured from E-glass/ep oxy
prepreg ma te rial. Sixty depth in cre ments were per formed
up to the midplane to min i mize drill ing in duced heat ing ef -

fects and to ob tain suf fi cient strain data for ro bust in ter po -
la tion to eight com pu ta tional depth in cre ments, in clud ing
as so ci ated zero depth and in cre men tal depth un cer tain ties.
The dom i nant ex per i men tal and com pu ta tional un cer tainty
sources con sid ered are pro vided in Ta ble 1. The calculated
re sid ual stress dis tri bu tions ob tained through the use of FE
gen er ated cal i bra tion co ef fi cients and ML pre dicted cal i -
bra tion co ef fi cients are pre sented in Figs. 1 and 2.

The agree ment in cal cu lated stress dis tri bu tions dem on -
strates that cal i bra tion co ef fi cients pre dicted by ML have
prac ti cally ac cept able ac cu racy while sig nif i cantly re duc -
ing the num ber of FE anal y ses re quired. While this is per -
haps not fully ap pre cia ble when deal ing with eight plies
and 70 pos si ble con fig u ra tions, it dem on strates the pos si -
ble im ple men ta tion when deal ing with 16 plies and thou -
sands of pos si ble con fig u ra tions, for ex am ple. It also
dem on strates the fea si bil ity of cre at ing a much larger da ta -
base and ML model for the re sid ual stress com mu nity that
can in clude ranges for any com bi na tion of ma te rial prop er -
ties, num ber of plies, ply thick ness and hole di am e ter. This
could al low rapid gen er a tion of cal i bra tion co ef fi cients for
any com bi na tion of lam i nate con fig u ra tion, ma te rial prop -
er ties and hole di am e ter with out the need to per form any
FE anal y ses which can be a step to wards stan dard iz ing
IHD in com pos ite ma te ri als to ben e fit the re sid ual stress
community.

1. ASTM E837-20. Stan dard Test Method for De ter min ing
Re sid ual Stresses by the Hole-Drill ing Strain-Gage
Method. ASTM In ter na tional, West Conshohocken, PA,
www.astm.org, 2020.

2. Akbari S, Taheri-Behrooz F, and Shokrieh MM. Char ac ter -
iza tion of re sid ual stresses in a thin-walled fil a ment wound
car bon/ep oxy ring us ing in cre men tal hole drill ing method.
Com pos ites Sci ence and Tech nol ogy, 94:8–15, 2014. ISSN
02663538. doi:
https://doi.org/10.1016/j.compscitech.2014.01.008.

3. L. Lu, P. Jin, G. Pang, Z. Zhang, G.E. Karniadakis, Learn -
ing non lin ear op er a tors via DeepONet based on the uni ver -
sal ap prox i ma tion the o rem of op er a tors, Na ture Ma chine
In tel li gence. 3:218–229, 2021. doi:
https://doi.org/10.1038/s42256-021-00302-5.
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Fig ure 1. Mea sured re sid ual stress dis tri bu tion in a [0/0/90/90]s

lam i nate.

Fig ure 2. Mea sured re sid ual stress dis tri bu tion in a
[0/45/90/-45]s lam i nate.
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Nu clear power plant sys tems are con structed by join ing
pres sure ves sels and pip ing com po nents us ing mod ern
weld ing pro cesses, how ever weld ing, and weld re pairs
which are some times nec es sary, in tro duce high mag ni tude
re sid ual stresses. Such stresses are sig nif i cantly reduced by 
ap ply ing a stress re lief heat treat ment (SRHT) typ i cally at
tem per a tures close to 600°C for the car bon-man ga nese
steel joints. This pa per deals with the char ac teri sa tion of
weld re sid ual stresses of a mi cro-al loyed car bon-man ga -
nese fer rit ic steel pipe with a U-groove girth weld of 40 mm 
thick ness. Re sid ual stress mea sure ments were con ducted at 
dif fer ent stages; as-welded (AW) and SRHT and af ter dif -
fer ent weld re pair con fig u ra tions. The ob jec tives were to
con firm the ef fi ciency of the SRHT and char ac ter ise the re -
sid ual stress pro files in duced by the lo cal re pairs.

The re sid ual stress mea sure ments were con ducted us -
ing dif fer ent mea sure ment tech niques, namely Deep Hole
Drill ing (DHD) at the weld cen tre-line, and the multi-cut
Con tour method for the weld re pairs. The re sults con firmed 
that the SRHT has sig nif i cantly re duced the weld ing
stresses in the girth weld, from a max i mum of 500 MPa in
the as-welded con di tion to <100 MPa in most of the pipe
thick ness with a peak of 150 MPa at about 10 mm from the
outer di am e ter af ter SRHT. It was also found that the re pair 
welds in tro duce more com plex high mag ni tude dis tri bu -
tions of re sid ual stresses into the welded pipe in as-welded
con di tion, thus, max i mum ten sile hoop stresses higher than 
the yield strength of the weld metal were mea sured near the 
re pair weld centreline in the deep re pairs; in the range of
550 – 650 MPa.
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Fig ure 1. Sche matic draw ing of the orig i nal “U” groove and the
re pair ex ca va tion (dashed blue line).

Fig ure 2. Re sid ual hoop stress Con tour map ob tained on one of
the weld re pairs con ducted on this pro ject in the as-welded con di -
tion.
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MEASUREMENTS OF RESIDUAL STRESS IN AN INTERNATIONAL BENCHMARK
SPECIMEN – NET TG8

C. E. Tru man
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Within the NeT pro ject [1] Task Group 8 (TG8) ex am ines a 
steel plate (French grade 18MND5, which is sim i lar to
ASTM A508 Gr.3) con tain ing a five pass “slot” weld made 
with Ni base al loy (Al loy 52) consumables. NeT TG8 is
mo ti vated by weld ing re pair is sues, and is man aged by
EDF, France. The TG8 round robin spec i men is closely
based upon the TG4 de sign , ex cept for the plate thick ness
that is in creased to 30 mm for more ther mal in er tia,
self-clamp ing con di tions and to re duce dis tor tions that may 
af fect the ac cu rate def i ni tion of re sid ual mea sure ment po si -
tion. It thus pres ents all the ad van tages and chal lenges of
the TG4 spec i mens, namely, the gen er a tion of a com plex
3D re sid ual stress dis tri bu tion in a com pact, por ta ble spec i -
men that is ame na ble to rapid mea sure ment of re sid ual
stresses by di verse tech niques, with a sig nif i cant vol ume of 
weld metal that un der goes mul ti ple high tem per a ture
thermo-me chan i cal load cy cles. The use of a nickel-based
al loy as filler metal adds con sid er able re sid ual stress mea -
sure ment chal lenges, while this con fig u ra tion un der goes a
com plex mis match be hav iour with the base metal where
phase trans for ma tions and tem per ing ef fects oc cur in the
Heat Af fected Zone.

This pa per pres ents through-thick ness mea sure ments
of the lon gi tu di nal, trans verse and shear re sid ual stresses
pres ent in the as-welded TG8 sam ple. Mea sure ment re sults 
are ob tained us ing the in cre men tal deep hole drill ing

(iDHD) tech nique [3] at weld cen tre and weld stop. Com -
par i sons are made to other tech niques and nu mer i cal sim u -
la tions. The re sid ual stresses are then mapped into a fi nite
el e ment model and used as a set of ini tial con di tions for a
sim u la tion of the post weld heat treat ment (PWHT) pro -
cess. Fi nally, fur ther iDHD and DHD mea sure ments are
un der taken on a post weld heat treated sam ple (termed
“phase 2”) and com pared to pre dic tions. The re sults will be 
con trib uted to the in ter na tional round robin. The ef fec tive
of the PWHT pro cess will be con sid ered.

1. V. Robin, J. Draup, M. C. Smith, A. Vasileiou, V. Akrivos, 
R. C. Wimpory, L. Depradeua, A. Brosse, D. Gallitelli, F.
Hosseinzadeh, C. E. Tru man, S. Pascal, S. Hendili, J.
Delmas and C. Ohms, NeT Pro ject Task Group 8 – An in -
ter na tional bench mark on re sid ual stress as sess ment for
weld ing re pair with dis sim i lar ma te ri als – first phase re -
sults, Pro ceed ings of the ASME 2023 Pres sure Ves sels and
Pip ing Con fer ence, 2023.2. M C Smith, A C Smith, C

2. Ohms and R C Wimpory, The NeT Task Group 4 re sid ual
stress mea sure ment and anal y sis round robin on a
three-pass slot-welded plate spec i men, In ter na tional Jour -
nal of Pres sure Ves sel and Pip ing 164, 3-21 (2018).

3. A. H. Mahmoudi, S. Hossain, C. E. Truman, D. J. Smith
and M. J. Pavier, A new procedure to measure near yield
residual stresses using the deep hole drilling technique,
Experimental Mechanics, 49, 595-604, 2009. 
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For pas sen ger’s safety and to im prove roll ing stock main te -
nance, the French rail way com pany SNCF is study ing the
op ti mi za tion of me chan i cal com po nents. As part of a pro -
ject aimed at mak ing rail way ax les more re sis tant by heat
treat ment, the Rail way Test ing Agency stud ied the re sid ual 
stress lev els reached in these ax les by three com ple men tary 
meth ods. These three meth ods are X-Ray Dif frac tion,
DHD method and con tour method. The XRD an a lyzes
were car ried out in our lab o ra tory while the deep drill ing

and con tour meth ods were outsourced. The two ma te ri als
of rail way ax les, A4T steel (25CrMo4, bainitic) and A1N
steel (C40, fer rit ic-pearl it ic), were stud ied. This ar ti cle
pres ents the re sults ob tained by each of these three meth ods 
as well as their complementarity for an in-depth study of
re sid ual stresses.
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RESIDUAL STRESS-BASED HOLE EXPANSION PROCRSS OPTIMIZATION AND
INVESTIGATION OF RESIDUL STRESS EFFECT ON FATIGUE CRACK GROWTH 
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Hyun-sung Choi1, Yong-Nam Kwon1 , Tae-Gyu Park2
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Re sid ual stress in duced plas tic de for ma tion dur ing the fab -
ri ca tion of air craft com po nents sig nif i cantly in flu ences
their fa tigue life and crack prop a ga tion char ac ter is tics.
Hole ex pan sion pro cess has been widely used to gen er ate
re sid ual stress in these com po nents By ex pand ing the hole
around a des ig nated area, this pro cess gen er ates com pres -
sive re sid ual stress, ef fec tively mit i gat ing crack growth.
The sur face com pres sive re sid ual stress aug ments the fa -
tigue limit and en hances me chan i cal prop er ties, par tic u -
larly by sup press ing stress cor ro sion crack ing (SCC).
Achiev ing the de sired mag ni tude of re sid ual stress ne ces si -
tates the de sign of an op ti mal hole ex pan sion pro cess. Con -
duct ing re pet i tive ex per i men tal de signs for this pur pose
proves to be pro hib i tively costly and time-con sum ing.
Thus, it is nec es sary to ef fi ciently an a lyze the re la tion be -

tween the pro cess vari ables and the pri mary out puts
through fi nite el e ment anal y sis. In this study, the op ti mized 
hole ex pan sion pro cess has been de sign by an a lyz ing the
re la tion be tween de sign vari ables of hole ex pan sion pro -
cess such as In sert An gle, Man drel Di am e ter, and Plate
Hole Di am e ter and the pri mary out puts of the pro cess such
as re sid ual stress mag ni tude and dis tri bu tion, and stress of
man drel. By uti liz ing the re sul tant op ti mal pro cess, we
have com pared and as sessed the re sid ual stress in duced in
the ma te rial dur ing the hole ex pan sion pro cess us ing three
dif fer ent type of mea sure ment methods, namely X-ray
diffraction (XRD), hole drilling, and contour analysis.
Subsequently, we have analyzed the implications of these
findings on fatigue crack growth.
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THE USE OF PLASMA FOCUSED ION BEAM DIGITAL IMAGE CORRELATION TO
INVESTIGATE MICRO-RESIDUAL STRESSES IN FUSION REACTOR DISSIMILAR

JOINTS
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The pros pect of fu sion en ergy is an ex cit ing endeavour for
hu man ity, able to pro vide an abun dant and green house
gases free form of en ergy that will be un doubt edly play a
fu ture piv otal role in de car boni sa tion and tack ling cli mate
change world wide [1].  Hence, it is of no sur prise that ad -
vance ments in fu sion re search have been ac cel er at ing
through global pro jects such as the In ter na tional Ther mo -
nu clear Ex per i men tal Re ac tor (ITER) and its suc ces sor,
DEM On stra tion Power Plant (DEMO), aimed at prov ing
the fea si bil ity of fu sion on a com mer cial level. The as sess -
ment of struc tural ma te ri als is vi tal to en sur ing the safety,
re li abil ity, and lon gev ity of fu sion re ac tors. These ma te ri -
als en coun ter nu mer ous chal lenges stem ming from the
unique fu sion en vi ron ment, where they are sub jected to
high heat fluxes, ir ra di a tion, and plasma bom bard ments.
Such ex treme con di tions can in ev i ta bly im pact the prop er -
ties and micro struc tures of the ma te ri als.  Fur ther more, the
join ing of dis sim i lar ma te ri als is nec es sary from a de sign
per spec tive in many re ac tor com po nents [2]. This is bound
to in duce re sid ual stresses, which can fur ther de grade and
re duce the ser vice life of com po nents [3].    

The com bi na tion of Plasma Fo cused Ion Beam and
Dig i tal Im age Cor re la tion (PFIB-DIC) cre ates a pow er ful
tool that en ables the anal y sis of multiscale re sid ual stress
states [4]. Par tic u larly, type II re sid ual stresses which are
typ i cally ig nored de spite their in flu ence on the ini ti a tion
and prop a ga tion of microcracking [5]. The prin ci ples of
mea sur ing the mi cro re sid ual stresses us ing FIB-DIC rely
on uti lis ing ions to mill mi cro-trenches in the ma te rial,
while sub se quently us ing Scan ning Elec tron Mi cros copy
(SEM) to im age the mill ing pro cess. DIC anal y sis is then
ap plied to the rel e vant re gions of SEM im ages to ex tract
the dis place ment and strain fields, from which the re sid ual
stresses can be ac cu rately de ter mined [6].  In this pa per, the 
use of PFIB-DIC tech nique to as sess the re sid ual stresses in 
Tung sten (W)/Cop per (Cu)/ Cop per Chro mium Zir co nium
(CuCrZr) dis sim i lar joints used in the crit i cal divertor com -
po nent is pre sented. The ef fects of HHF (20 W/m²) on the
W ar mour microstructure and re sid ual stress pro file is also
eval u ated. It was found that the dis tri bu tion of mi cro-re sid -

ual stresses near the in ter face was pri mar ily in flu enced by
the tex ture and polycrystalline grain struc ture of W and
CuCrZr.  The larger grains in the pure Cu layer al low stress
map ping over a sin gle grain. The re sults re veal height ened
com pres sive re sid ual stresses near the Cu/W in ter face, as
ex pected due to the no ta ble dif fer ence in the co ef fi cient of
ther mal ex pan sion be tween Cu and W. HHF were also
found to af fect the hard ness and re sid ual stress dis tri bu tion
across W, this was at trib uted to the recrystallisation that oc -
curs which in flu ences the dis lo ca tion den sity, con firmed
by Elec tron Back Scatter Data (EBSD). The findings will
provide a better understanding of residual stress generation 
within the Divertor component of fusion reactors.

1. F. Romanelli, L. H. Federici, R. Neu, D. Stork, and H.
Zohm, “A roadmap to the re al iza tion of fu sion en ergy,”
Proc. IEEE 25th Symp. Fu sion Eng., pp. 1–4, Jan. 2013.

2. J. H. You et al., “Con cep tual de sign stud ies for the Eu ro -
pean DEMO divertor: Ra tio nale and first re sults,” Fu sion
En gi neer ing and De sign, vol. 109–111, no. PartB, pp.
1598–1603, Nov. 2016, doi:
10.1016/J.FUSENGDES.2015.11.012.

3. H. E. Coules and G. C. M. Horne, “Ef fects of re sid ual
stresses and local ised strain-hard en ing on the frac ture of
duc tile ma te ri als,” Procedia Struc tural In teg rity, vol. 17,
pp. 934–941, 2019, doi: 10.1016/J.PROSTR.2019.08.124.

4. B. Zhu et al., “A novel path way for multiscale high-res o lu -
tion time-re solved re sid ual stress eval u a tion of la -
ser-welded Eurofer97,” Sci Adv, vol. 8, no. 7, Feb. 2022,
doi: 10.1126/sciadv.abl4592.

5. H. Fu et al., “Evo lu tion of the re sid ual stresses of types I,
II, and III of du plex stain less steel dur ing cy clic load ing in
high and very high cy cle fa tigue re gimes,” Int J Fa tigue,
vol. 142, p. 105972, Jan. 2021, doi:

10.1016/J.IJFATIGUE.2020.105972.

6. E. Salvati and A. M. Korsunsky, “An anal y sis of macro-
and mi cro-scale re sid ual stresses of Type I, II and III us ing
FIB-DIC mi cro-ring-core mill ing and crys tal plas tic ity FE
mod el ling,” Int J Plast, vol. 98, pp. 123–138, Nov. 2017,

doi: 10.1016/j.ijplas.2017.07.004.
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Ad di tive man u fac tur ing pro cesses such as di rect en ergy
de po si tion (DED) arc weld ing en able the weight-op ti mized 
and near-net-shape pro duc tion of com plex struc tures.
Light weight con struc tion prin ci ples al low a re duc tion of
CO2 emis sions by sav ing time, costs, and re sources. Fur -
ther ef fi ciency can be achieved by us ing high-strength
steels. Filler met als are al ready avail able on the mar ket, but
a lack of knowl edge and guide lines re gard ing weld ing re -
sid ual stresses dur ing pro duc tion and op er a tion pre vents a

wide in dus trial ap pli ca tion. This study fo cuses on the in -
ves ti ga tion of re sid ual stresses us ing the con tour method.
This method en ables the anal y sis of the two-di men sional
map of re sid ual stresses nor mal to a cut ting plane us ing a fi -
nite el e ment model. Com ple men tary X-ray dif frac tion con -
firmed high ten sile re sid ual stresses in bulk and sur face of
the struc ture. Hard ness mea sure ments indicate a cor re la -
tion between the local microstructure and the residual
stress formation.
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SENSITIVITY ANALYSIS OF THE CONTOUR METHOD: INFLUENCE FROM
MEASURING AND PROCESSING OF THE DEFORMATION DATA 

Jonas Holmberg1, Johan Berglund1, Hue Houng2 Pe ter Ottosson1, Ramin Moshfegh, 
Mats Werke1

1RISE Re search In sti tutes of Swe den AB, Argongatan 30, 431 53 Mölndal, Swe den
2Sys tem 3R In ter na tional AB, Sorterargatan 1, 162 50 Vällingby, Swe den
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Know ing the in ter nal stress state of ma te ri als and com po -
nents is of ten of great in ter est as it may lead to dis tor tion
dur ing a sub se quent ma te rial pro cess ing, such as ma chin -
ing the fi nal ge om e try of a part. This is es pe cially crit i cal
and may re sult in se vere dis tor tion if the in ter nal stresses
are high and un evenly dis trib uted as the fi nal ge om e try is
slen der. Much work has been done to de velop of the con -
tour method, in clud ing use ful guide lines [1, 2], which
guide the user though the ba sic pro cess ing steps of; (1)
Stress free sec tion ing, (2) high-res o lu tion sur face ge om e -
try mea sure ment of sec tioned sur faces (3) data anal y sis of
the de formed sur faces and re con struc tion of stresses by
FEA. How ever, the im pact and sen si tiv ity of the rec om -
mended pro cess ing steps is not well de scribed, which has
been the in ten tion in this work. 

In ves ti ga tions have been per formed on a tool steel,
mod i fied AISI 420, start ing with con tour mea sure ment of
the re sid ual stresses from ma te rial man u fac tur ing, which

was fol lowed by mea sure ment af ter heat treat ment for the
same ma te rial. Eval u a tion of the im pact on the fi nal cal cu -
lated stresses has been done by us ing dif fer ent mea sure -
ment sys tems, an op ti cal 3D scan ner as well as probe
mea sure ments us ing a Co or di nate Mea sur ing Ma chine
(CMM), for ac quir ing the high-res o lu tion ge om e try of the
cut sur face. The im pact from pro cess ing the data was also
eval u ated for the cal cu lated stresses by al ter ing the cut-off
length of the ap plied fil ter when ac quir ing the mean de for -
ma tion sur face. The ob jec tive has been to study the ro bust -
ness of the con tour method in this per spec tive.

1. Hosseinzadeh F, Kowal J, Bouchard PJ (2014) To wards
good prac tice guide lines for the con tour method of re sid ual 
stress mea sure ment. The Jour nal of En gi neer ing
2014:453–468. https://doi.org/10.1049/joe.2014.0134

2. Prime MB, DeWald AT (2013) The Con tour Method. In:
Prac ti cal Re sid ual Stress Mea sure ment Meth ods. pp
109–138.
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Fig ure 1. Ex am ple of con tour stress mea sure ments of AISI 420 steel plates be fore and af ter heat treat ment.
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AN ALGORITHM FOR CORRECTING THE ZERO-DEPTH ERROR IN HOLE-DRILLING
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Er rors en coun tered in hole-drill ing re sid ual stress mea -
sure ments are com monly clas si fied as “left-side” and
“right-side” er rors [1] , con tin gent upon whether they pri -
mar ily im pact the cal i bra tion ma trix or the strain read ings,
re spec tively. Left-side er rors pre dom i nantly orig i nate from 
fac tors such as in ac cu ra cies in hole ec cen tric ity and depth,
whereas right-side er rors typ i cally re sult from sources like
elec tri cal noise and re sid ual stresses in duced by drill ing.
Among left-side er rors, the un cer tainty as so ci ated with
zero-depth de tec tion plays a piv otal role in de ter min ing the
ac cu racy of re sid ual stress val ues at the sur face [2], a do -
main where X-ray dif frac tion mea sure ments are con ven -
tion ally per ceived to pos sess an ad van tage over
hole-drill ing meth ods.

This study in tro duces a cor rec tive al go rithm de signed
to ad dress in ac cu ra cies in zero-depth de tec tion, val i dated
through ex per i men tal com par i sons with ex ter nally ap plied
stress dis tri bu tions. These com par i sons are fa cil i tated by a
cal i bra tion bench de vel oped by the au thors [3-5], en abling
the ap pli ca tion of a known bend ing stress dis tri bu tion on a
spec i men while si mul ta neously con duct ing X-ray dif frac -
tion or hole-drill ing re sid ual stress mea sure ments. There -
fore, a di rect val i da tion of re sid ual stress re sults is
achieved, up to the ac cu racy of the ap plied bend ing
stresses, which sur passes that of the iden ti fied re sid ual
stresses by at least an or der of mag ni tude.

Through a comparative analysis of surface residual
stresses obtained via hole-drilling measurements com ple -

mented with the proposed correction algorithm and those
obtained with standard X-ray diffraction mea su re ments, it
is demonstrated that, when the zero-depth error is
appropriately accounted for, the accuracy of the two
methods at the surface is clearly comparable.

1. G. S. Schajer and E. Altus, "Stress Cal cu la tion Er ror Anal -
y sis for In cre men tal Hole-Drill ing Re sid ual Stress Mea -
sure ments," J. Eng. Ma ter. Technol., vol. 118, no. 1, pp.
120-126, Jan. 1996, doi: 10.1115/1.2805924.

2. D. Peral, J. de Vicente, J. A. Porro, and J. L. OcaZa, "Un -
cer tainty anal y sis for non-uni form re sid ual stresses de ter -
mined by the hole drill ing strain gauge method,"
Mea sure ment, vol. 97, pp. 51-63, Feb. 2017, doi:
10.1016/j.mea sure ment.2016.11.010.

3. M. Beghini, T. Grossi, C. Santus, and E. Valentini, "A cal i -
bra tion bench to val i date sys tem atic er ror com pen sa tion
strat e gies in hole drill ing mea sure ments," in ICRS 11-11th
In ter na tional Con fer ence on Re sid ual Stresses, 2022.

4. M. Beghini, T. Grossi, C. Santus, and E. Valentini, "Re -
veal ing sys tem atic er rors in hole drill ing mea sure ments
through a cal i bra tion bench: the case of zero-depth data," 
J. Theor. Comput. Appl. Mech., Oct. 2023, doi:
10.46298/jtcam.10080.

5. M. Beghini, T. Grossi, and C. Santus, "Val i da tion of a
strain gauge ro sette setup on a can ti le ver spec i men: Ap pli -
ca tion to a cal i bra tion bench for re sid ual stresses," 
Ma ter. To day Proc., p. S2214785323031371, Jun. 2023,
doi: 10.1016/j.matpr.2023.05.505.
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Re sid ual stresses are a key to un der stand ing how the man u -
fac tur ing pro cesses in flu ence the struc tural in teg rity of
safety-crit i cal me chan i cal com po nents. There are sev eral
re sid ual stress mea sure ment tech niques avail able, among
which, the con tour method stands out as ca pa ble of gen er -
at ing a cross-sec tional map of the re sid ual stresses af ter in -
tro duc ing a cut into the test com po nent of in ter est. This cut
has a very par tic u lar set of re quire ments, such as: al ready
cut sur faces can not be re-cut and the cut width needs to be

uni form through out. Be cause of these strin gent re quire -
ments, to date, only elec tro-dis charge ma chin ing (EDM)
has been suc cess fully used to map re sid ual stresses across a 
test sam ple. At tempts to use other tech niques, such as
waterjet or la ser cut ting have failed to pro duce cut sur faces
with high enough qual ity. Since Elec tro-dis charge ma chin -
ing can only be used to cut elec tri cally con duc tive ma te ri -
als, the con tour method has been lim ited to this type of
ma te rial.

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 30,  no. 2  (2024)       145



For the first time, we pres ent the re sults from the use of
abra sive di a mond wire cut ting for mea sur ing a non-con -
duc tive PEEK pipe us ing the con tour method. Re sults
show the ex pected trend and mag ni tudes in the hoop
stresses and also vari a tions in the re sid ual stresses where
the man u fac tur ing pro cess had a dis con ti nu ity. These are

en cour ag ing pre lim i nary re sults and the cut ting method
will be ex plored fur ther for the ap pli ca tion of the con tour
method in ma te ri als that were pre vi ously im pos si ble.
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THE USE OF NON-STANDARD TRIAXIAL STRAIN GAUGE ROSETTES FOR
INCREMENTAL HOLE-DRILLING IN COMPOSITE LAMINATES
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Fi bre re in forced plas tic (FRP) lam i nates are not crys tal line
and hence re sid ual stress mea sure ment in these ma te ri als
re quires the use of re lax ation tech niques. Amongst the
range of tech niques avail able, in cre men tal hole-drill ing
(IHD) is widely used and ac cepted. A stan dard ized test
pro ce dure (ASTM E837 [1]) ex ists for IHD in iso tro pic
ma te ri als, which in cludes the use of spe cific strain gauge
ro settes for par tic u lar hole di am e ter ranges. While the stan -
dard ized test pro ce dure does not ex tend to com pos ite ma te -
ri als, the gen eral pro ce dure is the same and the spe cial
strain gauge ro settes de vel oped for IHD are still used. Nu -
mer ous man u fac tur ers pro vide these spe cial hole-drill ing

ro settes, how ever in re cent years the 350 W variants of
these ro settes have been dis con tin ued. As a re sult, it is cur -

rently nec es sary to use the 120 W hole-drill ing vari ants of
these ro settes.

This poses prob lems in FRP lam i nates be cause they
have poor ther mal con duc tiv ity and the heat gen er ated by
cur rent flow ing through the strain gauge grid is not eas ily
dis si pated. This can lead to lo cal ized heat ing of the gauge
area, even ex tend ing to the lo ca tion where the hole is to be
drilled and ar ti fi cially in tro duc ing ad di tional re sid ual
stresses be yond those that are un der in ves ti ga tion. This ef -
fect can cause sig nif i cant er rors in the mea sured strains and 
hence the cal cu lated stress dis tri bu tions. The most ef fec -
tive way of re duc ing this is sue is to re duce the ex ci ta tion
volt age of the grids in the ro sette, but this re duces the sen si -

tiv ity of the strain mea sure ments. De pend ing on the sit u a -
tion, this loss of res o lu tion can sig nif i cantly im pact on the
ac cu racy of the re sid ual stress mea sure ments. 

Since IHD in FRP lam i nates can never con form to the
ASTM E837 stan dard due to the orthotropic na ture of each
play in the lam i nate, it is pos si ble to ex ploit the op por tu ni -
ties avail able in de vi at ing from the stan dard. One pos si ble

ap proach is to re vert to the non-stan dard 350 W strain
gauge ro settes that are widely avail able, but which are not
in tended for IHD. This ap proach al lows the use of a higher
ex ci ta tion volt age with a cor re spond ing in crease in sen si -
tiv ity with out sig nif i cant self-heat ing ef fects. The dis ad -
van tage of this ap proach is that the non-stan dard ro sette
con fig u ra tions are not op ti mized for use with IHD. There
thus ex ists the pos si bil ity of a loss in res o lu tion, and an in -
crease in hole po si tion ing (off set) er rors, de pend ing on the
lo ca tion and size of the drilled hole within the ro sette. 

The po si tion and size of the hole rel a tive to a non-stan -
dard triaxial ro sette is there fore of par tic u lar im por tance
and the op ti mal po si tion needs to be de ter mined to en sure
that these ef fects do not ne gate the in crease in sen si tiv ity
as so ci ated with a higher ex ci ta tion volt age. The op ti mal
po si tion prob a bly var ies de pend ing on the na ture of the re -
sid ual stresses pres ent. For in stance, in a bi axial lam i nate,
where it is ex pected that the re sid ual shear stresses are neg -
li gi ble, it is pos si bly best to op ti mize the po si tion and size
of the hole such that the 0° and 90° grids have max i mum
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xi Description p(xi) Type
No mi nal va lue, 
un cer ta i ni ty

emeas Me a su red ex pe ri men tal strain Nor mal B In di ca ted strain, 1.54 %

xoff set Hole off set in the x di recti on Rectan gu lar B 0 mm, 5 mm

yoff set Hole off set in the y di recti on Rectan gu lar B 0 mm, 5 mm

eno i se Ex pe ri men tal no i se (350 W) Nor mal A 0, 0.61 mm/m

eno i se Ex pe ri men tal no i se (120 W) Nor mal A 0, 1.36 mm/m

FE Fi ni te ele ment cal cu lati ons Nor mal B FE out put, 2 %

Ta ble 1. Sources of un cer tainty and their as signed prob a bil ity den sity func tions.



sen si tiv ity. In con trast, where it is ex pected that sig nif i cant
shear stresses are pres ent, a com pro mise is re quired so that
all three grids pro vide ac cept able sen si tiv ity, with out any
sin gle one of them be ing op ti mized. In such a sit u a tion, the
hole must move closer to the 45° grid, and is no lon ger lo -
cated on the axes of ei ther of the re main ing grids. In con se -
quence, there can be sig nif i cant trans verse strains across
these grids. The cal i bra tion co ef fi cients there fore need to
be care fully cal cu lated mak ing use of fi nite el e ment mod els 
that prop erly rep re sent the tested ge om e try. Since this ap -
proach is re quired even when us ing spe cial IHD gauges,
how ever, this is not a sig nif i cant dis ad van tage of the pro -
posed method.

This work in ves ti gates the use of the readily avail able
KFRPB-2-350-D22 strain gauge ro sette from Kyowa [2].

This ro sette has gauges of 350 W re sis tance and 2 mm
length with grids aligned at 0°, 90° and 45°. The 45° grid of 
this ro sette is lo cated fur ther from the in ter sec tion of the
axes of the 0° and 90° grids than these two other grids. Two 
sym met ric GFRP lam i nates of eight plies each;
[0°/90°/0°/90°]s and [+45°/-45°/0°/90°]s, re spec tively, are
in ves ti gated by sim u lat ing the IHD pro cess con ducted on
known stress dis tri bu tions with holes of 4 mm di am e ter.
The hole of the first lam i nate is lo cated at the in ter sec tion

of the 0° and 90° grids. The hole of the sec ond lam i nate is
lo cated at an op ti mised po si tion closer to the 45° gauge
along its axis and is con se quently off set from the axes of
the other grids. Re sults are com pared to those re sult ing

from the use of stan dard IHD ro settes of 120 W re sis tance,
KFGS-3-120-D28 [2]. The dom i nant ex per i men tal un cer -
tainty sources used in the sim u la tions are shown in Ta ble 1.

Figs 1 and 2 show that the non-stan dard KFRPB-2-350 -
-D22 strain gauge ro sette pro vides ac cu rate re sid ual stress
mea sure ments for both lam i nate con fig u ra tions con sid -
ered, and with re duced un cer tainty. The re duc tion in stress
un cer tainty is a re sult of the re duced ex per i men tal strain

noise of the 350 W gauges aris ing from their higher ex ci ta -
tion volt age. The RMS of the stress un cer tainty over the en -
tire mea sure ment depth is re duced by roughly 50 %
com pared to the stan dard KFGS-3-120-D28 IHD ro sette. 
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Fig ure 1. Mea sured re sid ual stress dis tri bu tion in a
[0°/90°/0°/90°]s lam i nate.

Fig ure 2. Mea sured re sid ual stress dis tri bu tion in a
[+45°/-45°/0°/90°]s lam i nate.


