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La ser peening (LP) is a post-pro cess ing method to im prove 
fa tigue strength, re sid ual stress, and stress cor ro sion re sis -
tance of struc tural welds and me chan i cal parts. LP can in -
duce com pres sive re sid ual stress on the sur face of a
ma te rial by us ing the im pact force of high-pres sure plasma, 
which reaches sev eral GPa, gen er ated by ir ra di at ing a
high-in ten sity la ser beam on a metal sur face cov ered with
wa ter [1,2]. This re sid ual com pres sive stress on the ma te -
rial sur face is one of the main fac tors that im prove the
strength of the ma te rial.

In con ven tional LP, the la ser pulse en ergy is large
(0.1-10 J) and the pulse width is long (sev eral ns to sev eral
tens of ns). There fore, de vi a tion from the op ti mal LP ap pli -
ca tion con di tions may cause macro melt ing on the metal
sur face due to the large ther mal ef fect of la ser ir ra di a tion.
This would put the metal sur face in a state of ten sile stress
af ter la ser ir ra di a tion, re sult ing in the start ing point of
embrittlement and crack ing of the ma te rial. On the other
hand, the micro chip la ser [3] used in this study has a pulse
width and pulse en ergy that are ap prox i mately 1/10 or less
than those of con ven tional LP la sers, and has the ad van tage 
of min i miz ing the ther mal ef fects on the metal sur face and
min i miz ing the ad verse ef fects de scribed above. By tak ing
ad van tage of the above fea tures, we have de vel oped a tech -
nol ogy to in tro duce shal low com pres sive re sid ual stress
due to LP into thin plate parts [4].

In this study, low-en ergy short-pulse micro chip LP was 
ap plied to butt-welded A5083 alu mi num al loy sheets 2 mm 
thick, and im prove ments in sur face re sid ual stress was con -
firmed. The re sults of LP treat ment on A5083 weld sam -
ples are shown in Fig.1 and Fig. 2.

Fig. 1 shows the re sults of the re sid ual stress mea sure -
ments on A5083 af ter low-en ergy short-pulse LP treat ment 
(1 to 4 in the graph in di cate ar bi trary mea sure ment points.). 
The welded sam ple was sub jected to low-en ergy LP in 5
mm wide ar eas cov er ing the weld-toe on both sides. The la -
ser ir ra di a tion en ergy is 1.0 mJ, the fo cus ing di am e ter is
0.18 mm, and the ir ra di a tion pulse du ra tion is 0.43 ns. Fig.
1 shows that the sur face re sid ual stress of the sam ples af ter
LP treat ment is sig nif i cantly im proved com pared to that
be fore LP. Fig. 2 shows the re sults of re sid ual stress depth
pro file mea sure ment of A5083 base metal af ter LP (The la -
ser pa ram e ters used were the same as de scribed above.).
X-ray dif frac tion and elec tro lytic pol ish ing were re peated
al ter nately to ob tain RS depth pro files of peened and

unpeened ar eas. It was shown that suf fi cient re sid ual com -
pres sive stress was in tro duced to a depth of about 0.1 mm. 

From the above, low-en ergy short-pulse micro chip LP
is ef fec tive in im prov ing the sur face re sid ual stress of thin
metal ma te ri als. In the pre sen ta tion, de tailed fa tigue test re -
sults will be pre sented in ad di tion to the re sid ual stress re -
sults.
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Fig ure 1. Sur face Re sid ual stress of A5083 welded sam ple

 

Fig ure 2. Re sid ual stress depth pro file of A5083  base metal.
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Ef fi cient and en vi ron men tally friendly use of ma te ri als in
mo bile ma chines of ten means the de sign of struc tures with
the per for mance-to-weight ra tio at the high est pos si ble
level. In the case of steels, this means, for ex am ple, steels
pro duced with min i mum emis sions and re duc tion of steel
con sump tion, fa vour ing high-strength steels. In prac tice,
stress lev els can be as sumed to arise, lead ing eas ily to fa -
tigue fail ure, the well-known fail ure cri te rion in welded
struc tures un der cy clic and fluc tu at ing loads. Com pre hen -
sive and pow er ful fi nite el e ment soft ware have en abled the
use of ad vanced as sess ment meth ods, mak ing it pos si ble to
take fa tigue into ac count al ready at the de sign stage. In ad -
di tion, fa tigue as sess ment meth ods are con stantly stud ied
and com pared e.g. with new ma te ri als and man u fac tur ing
meth ods, mak ing lat est in for ma tion well avail able. In ad di -
tion, new as sess ment meth ods are tak ing in the field, such
as the 4R method de vel oped by the Lab o ra tory of Steel
Struc tures, LUT Uni ver sity [1, 2].

The es tab lish ment of both new post-weld treat ments
and ef fi cient fa tigue as sess ment meth ods in the scope of in -
ter na tional stan dards and guide lines is time-con sum ing and 
re quires com pre hen sive re search stud ies. One of the lat est
up dates in the field is the high-fre quency me chan i cal im -
pact (HFMI) treat ment of the weld toe. Re search on the
tech nique in creased in the late 1900s. In 2016, the HFMI
treat ment was em bed ded in a guide line by the In ter na tional
In sti tute of Weld ing (IIW) [3] and will prob a bly be rec og -
nized in the next ver sion of Eurocode 3 [4]. The tech nique
is based on im pact ing lo cally weld toe with a nee dle-like
tool. As a re sult, the pro cess mod i fies smoother tran si tion
ge om e try, im proves sur face qual ity, and in tro duces com -
pres sive re sid ual stresses. Fi nally, an in crease in the fa tigue 
strength ca pac ity of HFMI-treated welds can be ob tained.
Al though the prin ci ple of the HFMI treat ment it self is com -
monly known, the uni form treat ment pa ram e ters are not
pos si ble to pro vide due to the great in flu ence of struc tures
be ing treated as well as dif fer ent HFMI de vices unique fea -
tures. From the fa tigue view point, this is not in great im por -
tance, since de spite the vari a tion in the out come, a
con sid er able in crease in the fa tigue life can be achieved, by 
fol low ing the gen eral and equip ment man u fac turer’s in tro -
duc tions as well as by per form ing qual ity con trol [3]. How -
ever, vari a tion in re sid ual stress dis tri bu tion and lo cal
ge om e try poses a chal lenge to the use of more ac cu rate as -
sess ment meth ods [1, 2] and fi nite el e ment (FE) based as -
sess ments [5], de mand ing uni form treat ment qual ity and
de tail-based ver i fied pa ram e ters.

In this study, the ef fect of HFMI treat ment on the fil let
weld toe ge om e try and sur face re sid ual stresses was stud -
ied. Both as-welded (AW) and HFMI-treated spec i mens
were ex am ined, how ever, more fo cus in this work was put

on com par ing re sults ob tained us ing dif fer ent HFMI pin
ra dii. The HFMI treat ments were per formed us ing a pneu -
matic HiFIT de vice, ap ply ing three dif fer ent stan dard pins
with di am e ters of 3, 4, and 5 mm of fered by the man u fac -
turer. The treat ments were car ried out by an ex pe ri enced
lab o ra tory per son ac cord ing to the man u fac turer’s in struc -
tions, re cord ing all pro cess pa ram e ters. In ad di tion to the
pin di am e ter, dif fer ent base ma te rial grades, namely S355,
S700, and S1100, were stud ied. In all stud ied cases, struc -
tural steel in plate thick ness of 8 mm and Böhler Weld ing
Un ion X96 solid wire was ap plied. The test spec i mens
were man u fac tured in the LUT Lab o ra tory of Steel Struc -
tures.

The lo cal weld toe ge om e tries were stud ied by mea sur -
ing weld toe af ter and be fore HFMI treat ment us ing the
Keyence VR-3000 profilometer. Sub se quently, the fit ted
curves could be com pared both nu mer i cally and graph i -
cally, as shown in Fig ure 1. Transversal re sid ual stresses at
the treated toe and plate sur face were mea sured be fore and
af ter the HFMI treat ment, mea sur ing the stress dis tri bu tion
along the spec i men 

As ex pected by the ob ser va tions in the pre vi ous stud ies
[3], HFMI treat ment can clearly mod ify lo cal ge om e try and 
re sid ual stress con di tions at the weld toe. In all cases, the
shape of the weld toe at the crit i cal point be came smoother,
and the ra dii changed con sid er ably (Fig ure 1). Both weld
and base met als were pro cessed, and a clear bound ary be -
tween the base ma te rial and filler metal could not be ob -
served af ter the HFMI treat ments. Be fore the treat ment,
mea sured toe ra dii were roughly 0.1 to 0.5 mm, while af ter
it, they cor re sponded to the pin ge om e try. The ma te rial
strength was not found to have a sig nif i cant ef fect on the
re sults, al though there was a slight vari a tion in the re sults.
It could also be noted that af ter the treat ment, the weld geo -
met ri cal start ing point was slightly re po si tioned due to the

Fig ure 1. Weld toe round ing in as-welded and HFMI-treated con -
di tion.
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treat ment groove. The depth of the groove var ied from 0.13 
mm to 0.04 mm, de pend ing on the ma te rial strength and pin 
ra dius.

Com pres sive re sid ual stresses at weld toe were in tro -
duced by the HFMI treat ments. In the AW state, the re sid -
ual stresses var ied be tween ten sile 300 MPa to
com pres sive -50 MPa, while af ter HFMI treat ment stresses
were com pres sive side from -200 to -700 MPa. The max i -
mum com pres sive stress de pended on the steel grade, with
the pin size only af fect ing the shape of re sid ual stress dis tri -
bu tion (Fig ure 2).

Based on this study, the ef fect of HFMI treat ment on lo -
cal ge om e try and re sid ual stress dis tri bu tion should be
stud ied in more de tail. From the fa tigue view point, a lot of
re search work on HFMI treat ments has been car ried out

over the past de cades. How ever, in creas ing use of sim u la -
tion-based as sess ment meth ods ne ces si tates more ac cu rate
data from ac tual struc ture. For ex am ple, in the 4R method,
both the shape and the re sid ual stresses of the lo cal de tail
are uti lized in fa tigue as sess ment. For de tails in the
as-welded state, this is usu ally not a prob lem, as ge om e try
and re sid ual stress data are well avail able, or they can be
con ser va tively ap prox i mated. In ad di tion, man u fac tur ing
crit i cal de tails are of ten care fully in structed and con trolled, 
en sur ing con sis tent weld qual ity. How ever, HFMI treat -
ment is rarely as con trolled, re sult ing in large vari a tions
and rough as sump tions, fi nally mak ing ap prox i ma tion
meth ods in ac cu rate. 
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Local ised heat in put into me tal lic ma te ri als, such as from a
la ser beam, and sub se quent rapid cool ing leads to dis tor -
tion and re sid ual stresses in com po nents. As well as a loss
of geo met ric ac cu racy, this can also lead to cat a strophic
fail ure of the de sign if the loads ap plied to the com po nent
in ser vice are su per im posed on the re sid ual stresses and the
yield point is ex ceeded.

The de ter mi na tion of re sid ual stresses in com po nents
made from en gi neer ing al loys is there fore the ba sis for ap -
pli ca tion-ori ented de sign. Us ing high flux den sity white
syn chro tron ra di a tion, the pres ent work com pares spec i -
mens of struc tural steel grade S235 with spec i mens of
chro mium-nickel steel ma te rial num ber 1.4304 with re -
spect to their re sid ual stresses in the com po nent af ter la ser
bead-on-plate weld ing. The ex per i ments were car ried out

at the Ger man Elec tron Syn chro tron (DESY) in Ham burg.
The high-en ergy wig gler beamline P61A of the Petra III
elec tron ac cel er a tor was used. The white X-ray beam used
at the beamline is char ac ter ised by a broad en ergy spec trum 
from 0 keV to 200 keV ap plied to an en ergy dispersive dif -
frac tion setup. [1]

Lat tice dis tor tions due to lo cal heat in put from the la ser
beam will re sult in a peak shift to wards dif fer ent en ergy
lev els in the ex per i men tal setup. This peak shift be hav iour
can be ob served with the real ised trans mis sion-based dif -
frac tion setup. In con trast to sur face dif frac tion meth ods,
this ap proach us ing the high flux syn chro tron beam al lows
mea sure ments to be made at a depth of 4 mm within a sam -
ple of 8 mm thick ness. Even with this ma te rial thick ness,
ex po sure times of only 1 s could be achieved. The re sult ing

Fig ure 2. Dis tri bu tion of stresses per pen dic u lar to weld, mea -
sured from the sur face of the plate.
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peak shift to dif fer ent en er gies can be ob served as the sam -
ple cools. In ad di tion, grain growth within the mea sure -
ment can be ob served as well as the phase trans for ma tion in 
the mild steel sam ple from aus ten ite to fer rite due to cool -
ing. (Fig ure 1) Par tic u lar at ten tion is paid to the dif fer -
ences in stress de vel op ment due to the dif fer ent phase
trans for ma tion be hav iour and the dif fer ent co ef fi cients of
ther mal ex pan sion. 

The ba sis of the com par i son is a pre cise knowl edge of
the phase trans for ma tions and ther mal ex pan sions which
are de ter mined by quench ing dilatometry. Small cy lin dri -
cal spec i mens of the ma te rial, 10 mm in height and 3 mm in
di am e ter, are pre pared and heated to above the
austenitisation tem per a ture. The ma te rial is then quenched
us ing a stream of in ert gas and the change in length of the
sam ple is ac cu rately re corded. Re peat ing this pro ce dure
gives a pre cise knowl edge of the cor re la tion be tween cool -
ing rate and phase trans for ma tion tem per a ture. The su per -
po si tion of dilatometry tests with dif frac tion-based strain
mea sure ments al lows a quan ti ta tive con clu sion to be drawn 
about the metal phys i cal pro cesses that con trib ute mainly
to the de vel op ment of re sid ual stresses in the se lected en gi -
neer ing al loys.

The find ing of a higher strain in the bead-on-plate
welded spec i men of the al loyed 1.4304 steel com pared to

S235 in di cates a re duc tion in stresses pos si bly due to the
aus ten ite-fer rite phase trans for ma tion. This find ing was
sup ported by the de ter mi na tion of the phase trans for ma tion 
in the dilatometer. One way of ex plain ing this be hav iour is
the in ter fer ence of the stresses de vel oped with the phase
trans for ma tion in the weld ing ex per i ment. [2]
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tems Char ac ter iza tion, 22(6), (2005), 391–396.
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Steel In sti tute of Ja pan, 22 (7), (1982), 504–513
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Fig ure 1. Dif frac tion peak shift over time for the (400) peak.
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Re sid ual stresses gen er ated dur ing the weld ing pro cess of
ho mo ge neous parts af fect the fa tigue life and fa tigue crack
growth of the parts. De fects and re sid ual stresses that oc cur 
dur ing weld ing cause cracks in the weld area and lead to
frac ture. To solve these prob lems, re search is be ing con -
ducted to con trol the re sid ual stress oc cur ring in welds and
eval u ate the ef fects of re sid ual stress. In this study, we
mea sured and com pared the ef fects of re sid ual stress on the 
oc cur rence of cracks in the weld zone and me chan i cal
prop er ties of S45C ma te rial, a me dium-car bon steel used in 
au to mo bile parts. To mea sure and an a lyze re sid ual stress,
three mea sure ment tech niques, the Con tour method,
hole-drill ing method, and XRD method were used to con -

duct com par a tive anal y sis and es tab lish a mea sure ment
tech nique suit able for welded parts. Re sid ual stresses in
three di rec tions were an a lyzed us ing the mul ti ple method
method. In ad di tion, three sur face treat ment pro cesses were 
used to ap ply com pres sive re sid ual stress to the weld zone:
la ser shock peening (LSP), ul tra sonic nanocrystalline sur -
face mod i fi ca tion (UNSM), and shot peening (SP).
Changes in re sid ual stress for each pro cess were an a lyzed
and op ti mal post-pro cess con di tions were de rived. Fa tigue
tests were con ducted be fore and af ter ap ply ing com pres -
sive re sid ual stress to eval u ate mechanical properties, and
the effect of changes in microstructure caused by post- pro -
cess ing on hardness was analysed.
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Welded as sem blies are widely used in in fra struc ture pro -
jects, in clud ing bridges, build ings, and off shore struc tures
like oil plat forms and wind tur bines. How ever, as sess ing
the in teg rity and en sur ing the long-term du ra bil ity of
welded struc tures re main chal leng ing due to fa tigue and
en vi ron men tal ef fects like cor ro sion. Fa tigue leads to crack 
ini ti a tion and prop a ga tion, es pe cially in stress con cen tra -
tion ar eas at the weld toe. The crack growth ki netic is
strongly in flu enced by the stress state, in clud ing re sid ual
stress and stress con cen tra tion [1]. To en hance the life span
of welded as sem blies, var i ous sur face treat ment and
post-weld fin ish ing meth ods are em ployed to re duce ten -
sile stress con cen tra tions at the weld toe. These pro cesses
in volve re leas ing stresses lo cally, mod i fy ing lo cal ge om e -
try to re duce the stress con cen tra tion fac tor, or more likely
in tro duc ing ben e fi cial com pres sive stresses in the weld re -
gion. Pre vi ous re search on fa tigue in high-strength steel
(HSS) welded as sem blies, has fo cused on study ing the ef -
fects of post-weld treat ments on the fa tigue per for mance of 
welded joints [2]. How ever, ex ist ing lit er a ture of ten fo -
cuses on ex per i men tal re sults for ini tial post-weld treat -
ment be fore the struc ture is put into ser vice and ages.

More over, most stud ies in volve shot peening or grind ing as 
a post-weld fin ish ing method [3, 4], but al ter na tive meth -
ods with fewer im ple men ta tion con straints, such as no need 
for a con fine ment area, less bulky and costly equip ment,
are equally no ta ble.

This pa per pres ents an on go ing study on HSS welded
T-joint aim ing to com ple ment ex ist ing re search by con sid -
er ing the im pact of the ul tra sonic im pact treat ment (UIT) as 
a post-weld fin ish ing op er a tion at dif fer ent stages of the
welded as sem bly’s life span. The study in cludes both ex -
per i men tal and nu mer i cal works. The fi nite el e ment (FE)
model is used to sim u late var i ous load ing con di tions and
pre dict the thermomechanical be hav iour from the weld ing
phase, in clud ing cool ing and the gen er a tion of ini tial re sid -
ual stresses, to the post-weld treat ment and the re sult ing re -
sid ual stresses. Ex per i men tal tests are con ducted to
de ter mine the fa tigue life span of each spec i men se ries, cor -
re spond ing to dif fer ent stages of their ser vice life be fore
post-weld fin ish ing. The ref er ence spec i mens, la belled
“TW”, cor re spond to the welded T-joint with out any
post-weld treat ment and hav ing a FAT90 fa tigue class ac -
cord ing to Eurocode 3 part 1-9 [5]. The lev els of fa tigue ag -
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ing, be fore post-weld treat ment, are ex pressed as a
per cent age of the life span ob tained for the ref er ence spec i -
mens un der a given stress range and a stress ra tio R set at
0.1. Ta ble 1 pro vides de tails on the lev els of fa tigue ag ing,
no men cla ture, and the num ber of tested spec i mens in each
se ries.

The S-N curve ob tained for the TW-UIT-PF0 se ries
shows the im prove ment in fa tigue life achieved by ap ply -
ing UIT to the welded joint at the ini tial stage. Com pared to 
the ref er ence spec i mens, both the cut-off limit (en dur ance
limit) and the slope of the S-N curve are mod i fied. Ap ply -
ing UIT at dif fer ent fa tigue ag ing lev els also ap pears ben e -
fi cial for spec i mens with ini tial fa tigue ag ing of 25 % and
50 % of the fa tigue life. For TW-UIT-PF75 spec i mens,
with 75 % ini tial fa tigue ag ing, a ser vice life equiv a lent to
that of the ref er ence spec i mens was achieved. This sug -
gests that the fa tigue ag ing of the spec i mens has al ready
caused sig nif i cant dam age to the welded T-joint, ren der ing
post-weld treat ment in ef fec tive. In con clu sion, this study
shows that ul tra sonic im pact treat ment sig nif i cantly en -
hances the fa tigue life of unaged and aged welded T-joints.
These ini tial tests es tab lish a da ta base of re sults ap pli ca ble
to fa tigue de sign, cal cu la tion, and ver i fi ca tion of welded
struc tures. Fur ther in ves ti ga tions are re quired to op ti mize
treat ment pa ram e ters while con sid er ing prac ti cal con -
straints. A com pre hen sive un der stand ing of the un der ly ing
mech a nisms re spon si ble for the ob served fa tigue life en -
hance ment will be achieved through ana lys ing re sid ual
stresses be fore and af ter UIT and com par ing them with
data from FE mod els. Fi nally, ex plor ing the ef fects of en vi -
ron men tal ag ing would be of in ter est in fu ture stud ies. 

1. N. T. Ninh, M. A. Wahab, The ef fect of re sid ual stresses
and weld ge om e try on the im prove ment of fa tigue life.
Jour nal of Ma te ri als Pro cess ing Tech nol ogy, 48(1–4),
(1995), pp. 581–588. 

2. I. Sas, J. Lukács, Post-treat ment of weld ing joints of high
strength steels I.: im prov ing weld ge om e try - over view,
Multidiszciplináris tudományok, 12. kötet, 1. sz. (2022),
pp. 13–27.

3. L. Dieng, D. amine, Y. Falaise, S. Chataigner, Para met ric
study of Fi nite El e ment mod el ling of shot peening on
welded joints, Jour nal of con struc tional steel re search,
130, (2017), pp. 234-247.

4. A. V. Hansen, H. Agerskov, J. Bjørnbak-Hansen, Im prove -
ment of fa tigue life of welded struc tural com po nents by
grind ing, Weld ing in the World, 51, (2007), pp. 61–67.

5. EN 1993-1-9; Eurocode 3: De sign of Steel Struc tures –
Part 1-9: Fa tigue. CEN: Brussels, Bel gium. 2005.

The au thors would like to thank SONATS – Eu rope Tech -
nol ogy for its con tri bu tion to the post-weld fin ish ing
method pre sented in this ar ti cle.
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Se ries Le vel of fa ti gue age ing Post-weld treat ment Num ber of spe ci mens 

TW re fe ren ce spe ci mens No post-weld treat ment 9

TW-UIT-PF0 0 % UIT 9

TW-UIT-PF25 25 % UIT  2 

TW-UIT-PF50 50 % UIT 3

TW-UIT-PF75 75 % UIT 3

Ta ble 1. De tails of each se ries of tested spec i mens.

 

Fig ure 1. Fa tigue life for each se ries of spec i mens.
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INFLUENCE OF THE WELD GEOMETRY ON THE RESIDUAL STRESS REDUCTION
USING LOW TRANSFORMATION TEMPERATURE WELDING CONSUMABLES

Mar tin Hübner1, Arne Kromm1, Thomas Kannengießer1, Florian Dittmann2, 
Igor Varfolomeev2 

1Bundesanstalt für Materialforschung und- prüfung (BAM), Unter den Eichen 87, D-12205 Berlin
2Fraun hofer In sti tute for Me chan ics of Ma te ri als IWM, Wöhlerstraße 11, D-79108 Freiburg

mar tin.huebner@bam.de

Low trans for ma tion tem per a ture (LTT) weld ing consu -
mables of fer an in no va tive ap proach to in creas ing the fa -
tigue strength of welded high-strength steel struc tures,
apart from the con ven tional meth ods of post-weld heat
treat ment [1] . LTT weld ing consumables are char ac ter ized 
by a martensitic phase trans for ma tion near am bi ent tem -
per a ture, which gen er ates com pres sive re sid ual stresses in
the weld and heat af fected zone (HAZ) [2]. The aim is to
achieve a weld ge om e try, which gen er ate high com pres -
sive re sid ual stresses at the fa tigue crack crit i cal weld toe. 

Lon gi tu di nal stiff en ers were gas metal arc welded us -
ing a con ven tional weld ing con sum able; the base ma te rial
was a high strength steel S700M. A chro mium-nickel al -
loyed LTT con sum able was de posit sub se quently just on
front sides of the stiff en ers (Fig ure 1). Dif fer ent weld ing
speeds and off sets led to vary ing cross sec tions of the weld
(Fig ure 2). The re sid ual stresses were de ter mined us ing
X-ray dif frac tion (XRD) in the crack crit i cal HAZ [3]. 

When us ing only the con ven tional, the HAZ is char ac -
ter ized by high ten sile re sid ual stresses of about 350 MPa.

The ad di tional ap pli ca tion of the LTT al loy leads to a sig -
nif i cant re duc tion of the ten sile re sid ual stresses. De pend -
ing on the weld ge om e try, even com pres sive re sid ual
stresses up to -150 MPa can be ob served at the weld toe.

1. Hensel, J., et al., Ca pa bil ity of martensitic low trans for ma -
tion tem per a ture weld ing consumables for in creas ing the
fa tigue strength of high strength steel joints. Ma te ri als
Test ing, 2020. 62(9): p. 891-899.

2. Kromm, A., J. Dixneit, and T. Kannengiesser, Re sid ual
stress en gi neer ing by low trans for ma tion tem per a ture al -
loys-state of the art and re cent de vel op ments. Weld ing in
the World, 2014. 58(5): p. 729-741.

3. Hobbacher, A.F., The new IIW rec om men da tions for fa -
tigue as sess ment of welded joints and com po nents - A
com pre hen sive code re cently up dated. In ter na tional Jour -
nal of Fa tigue, 2009. 31(1): p. 50-58. 
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Fig ure 2. Cross sec tion of the geometries.

Fig ure 1. Lon gi tu di nal stiff ener with ad di tional LTT.
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NON-DESTRUCTIVE ESTIMATION OF THREE-DIMENSIONAL RESIDUAL STRESSES
IN SPOT-WELDED JOINTS USING X-RAY DIFFRACTION AND EIGENSTRAIN

THEORY

M. Ogawa, T. Tanaka, R. Okui, D. Kamata

Kogakuin Uni ver sity, 1-24-2 Nishishinjuku, Shinjuku-ku, To kyo 163-8677, Ja pan
ogawa-masaru@cc.kogakuin.ac.jp

As the re sid ual stress has a rel a tively large in flu ence on the
crack growth rate, the fa tigue life can be pre dicted if the
three-di men sional re sid ual stress dis tri bu tion can be as -
sessed non-de struc tively in the field. How ever, the X-ray
dif frac tion method can only mea sure re sid ual stresses on
the sur face of a com po nent. Neu tron dif frac tion can be
used for the non-de struc tive mea sure ment of 3D re sid ual
stresses down to a depth of sev eral tens of milli metres;
how ever, it can only mea sure them dis cretely and re quires
con sid er able time. There fore, Korsunsky et al. used the
eigenstrain re con struc tion method [1-3] to de ter mine the
re sid ual stress dis tri bu tion over an en tire struc ture from the
elas tic strains mea sured by neu tron dif frac tion. How ever,
neu trons are only avail able in ded i cated fa cil i ties, mak ing
it dif fi cult to per form mea sure ments at man u fac tur ing sites. 
There fore, there is a need for the prac ti cal ap pli ca tion of a
three-di men sional re sid ual stress es ti ma tion method us ing
X-ray dif frac tion and the eigenstrain the ory [4]. In this
method, the three-di men sional eigenstrains [5] are es ti -
mated from the non-de struc tively mea sured sur face elas tic
strain us ing in verse anal y sis [6]. The es ti mated
eigenHstrains are then ap plied to a fi nite el e ment model to
re pro duce the three-di men sional re sid ual stress dis tri bu -
tion. The aim of this study was to dem on strate via nu mer i -
cal anal y sis that the re sid ual stress dis tri bu tion in spot
welds can be eval u ated with a rel a tively high ac cu racy us -
ing this method, even as sum ing er rors in X-ray dif frac tion
mea sure ments.

The eigenstrain, as de fined in this study, is the in elas tic
strain that causes re sid ual stress and does not nec es sar ily
cor re spond to the ac tual phys i cal in elas tic strain. The re la -
tion ship be tween the elas tic strain  at the sur face of the

struc ture and the three-di men sional eigenstrain {e*} can be 
ex pressed as fol lows:

                          { } [ ]{ },*e ee R=                                  (1)

where [R] is the elas tic re sponse ma trix re lat ing the sur face
elas tic strain to the eigenstrain over the en tire struc ture,
which can be de ter mined if the Young’s modulus, Pois -
son’s ra tio, and ge om e try (in clud ing con straint con di tions)
of the tar get mem ber are known. Based on the re la tion ship
in Eq. (1), the in verse anal y sis used to es ti mate the three-di -
men sional eigenstrain us ing the sur face elas tic strain can be 
ex pressed as fol lows:
                         
                             { } [ ] { },e e*

e= +R                                  (2)

where [R]+ is the Moore-Penrose gen eral in verse [7, 8] of
the ma trix [R]. As the elas tic strain of the com po nent sur -

face can be mea sured non-de struc tively us ing X-ray dif -
frac tion, the eigenstrain of the en tire com po nent can be ob -
tained non-de struc tively. The three-di men sional re sid ual
stress dis tri bu tion was de ter mined by in put ting the es ti -
mated eigenstrain into a fi nite el e ment model.

The in verse anal y sis in this study es ti mates the three-di -
men sional eigenstrain from two-di men sional sur face in for -
ma tion. To ob tain a rel a tively high es ti ma tion ac cu racy, the 
num ber of un knowns should be re duced such that it is suf -
fi ciently smaller than the amount of mea sured in for ma tion.
In this study, the eigenstrain dis tri bu tion de cay ing ra di ally
from the weld point was ap prox i mated us ing a func tion that 
mul ti plied a Gaussi an func tion and a Chebyshev poly no -
mial. Seven func tions of or der 0 to 6 were ap prox i mated

for the r-, q-, and z-di rec tional com po nents of the
eigenstrain con trib ut ing to the re sid ual stresses. The dis tri -
bu tion width of the Gaussi an func tion was de ter mined us -
ing the re sponse sur face method, where the dif fer ence
be tween the mea sured and es ti mated sur face elas tic strains
was the ob jec tive func tion. Fur ther more, Tikhonov’s op ti -
mi sa tion method [9] was used for the so lu tion in the in verse 
anal y sis.

The fi nite el e ment model used in this anal y sis is shown
in Fig. 1. The model con sists of two disks of 2 mm thick -
ness with spot weld ing at r = 0 mm, closely welded from r = 
0 mm to r = 4 mm at z = 2 mm. The model is 1/36 from 0 to
10° due to the axisymmetric bound ary con di tions. The
elas tic strains used for the es ti ma tion are the val ues of the r- 

and q-di rec tional com po nents at all nodes on the sur face of
the plate (z = 4.0 mm). Val ues fol low ing a nor mal dis tri bu -
tion with a stan dard de vi a tion of 20 MPa were de ter mined
us ing ran dom num bers and added to each sur face elas tic
strain as a mea sure ment er ror.

A com par i son be tween the cor rect and es ti mated re sid -
ual stresses is shown in Fig. 2 and Fig. 3. The es ti mated re -
sid ual stresses us ing elas tic strains on the top sur face (z = 4
mm) with out and with mea sure ment er ror are shown as
black dot ted and yel low dashed lines, re spec tively. The re -
sults of the es ti ma tion of the re sid ual stresses us ing this
method showed that the re sid ual stresses could be es ti -
mated with a rel a tively good ac cu racy. The es ti ma tion ac -
cu racy of this method was found to be less sen si tive to
mea sure ment er rors.

1. A. M. Korsunsky, Jour nal of Me chan ics and struc tures, 1,
(2006), pp. 259–277.

2. A. M. Korsunsky, A Teach ing Es say on Re sid ual Stresses
and Eigenstrains, Butterworth-Heinemann, (2017).

3. F. Uzun and A. M. Korsunsky, Fi nite El e ments in Anal y sis
and De sign, 155, (2019), pp. 43–51.
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4. M. Ogawa, Trans ac tions of the Ja pan So ci ety of Me chan i -
cal En gi neers, 80, (2014), SMM0195.

5. T. Mura, Micromechanics of de fects in sol ids, Martinus
Nijhoff Pub lish ers, 1987.

6. S. Kubo, In verse Prob lem, Baifukan, 1992.

7. E. H. Moore, The Amer i can philo soph i cal so ci ety, 1,
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Fig ure 1. Fi nite el e ment model of re sis tance spot weld ing with 1/36 due to ax ial sym me try con di tions.

(a) sr (b) sq

Fig ure 2. Com par i son of the ex act and es ti mated re sid ual stresses at q = 0 de gree and z = 0 mm.

Fig ure 3. Com par i son of the ex act and es ti mated re sid ual
stresses in the thick ness di rec tion at r = 0 mm.
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RE SID UAL STRESS FOR MA TION DUR ING RE PEATED GOUG ING AND RE PAIR
WELD ING CY CLES OF HIGH-STRENGTH STEELS

L. Reichel1, D. Schroepfer1, A. Kromm1, T. Kannengiesser1,2, A. Becker1

1Bundesanstalt für Materialforschung und -prüfung (BAM), Berlin, Ger many
2Otto-von-Guericke Uni ver sity, Magdeburg, Ger many
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The con struc tion of foun da tion and erec tion struc tures for
wind power plants re quires the use of mod ern, sus tain able
and re source-ef fi cient high-strength fine-grained struc tural 
steels. Weld de fects due to the weld ing pro cess are un ac -
cept able. To over come this is sue, lo cal ther mal goug ing
fol lowed by re-weld ing is a com mon and cost-ef fec tive
method. The high shrink age re straint of the gouge by the
sur round ing struc ture can cause crack ini ti a tion when de -
sign and re-weld in duced re sid ual stresses are su per im -
posed. This risk is in ten si fied by the pro gres sive
deg ra da tion of the microstructure and me chan i cal prop er -
ties of high-strength steels dur ing the weld re pair pro cess.

This in ves ti ga tion fo cuses on high-strength steels
S500MLO for off shore ap pli ca tions and S960QL for mo -

bile crane ap pli ca tions. The re duc tion and de vel op ment of
re sid ual stresses caused by lo cal ther mal goug ing and
re-weld ing was in ves ti gated. Dig i tal Im age Cor re lated
(DIC) stress-strain anal y sis was per formed dur ing pre heat -
ing, weld ing and cool ing. The re sults of the global DIC
anal y sis and lo cal lon gi tu di nal and trans verse re sid ual
stresses of the weld de ter mined by X-ray dif frac tion were
found to be in good agree ment. Fur ther more, dif fer ent
stress lev els were iden ti fied dur ing goug ing and weld ing.
Re peated re pair cy cles led to an in crease of lon gi tu di nal
and trans verse re sid ual stresses in the weld metal as well as
a hard ness in crease in the heat af fected zone.
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INVESTIGATION OF RESIDUAL STRESSES IN HOLE FILLING REPAIR WELDS BY
TENSILE TESTING AND DIGITAL IMAGE CORRELATION

P. Dewald, K. Mäde, R. Sharma, U. Reisgen

Weld ing and Join ing In sti tute,RWTH Aachen Uni ver sity Pontstraße 49 52062 Aachen, Ger many
Pe ter.dewald@isf.rwth-aachen.de

Yield strength and ten sile strength are me chan i cal prop er -
ties of ma te ri als of ten used as a ba sis for de sign and con -
struc tion. A sim ple method com monly used to de ter mine
these prop er ties is the ten sile test, where a force reg u la tion
or a con stant strain rate is ap plied to the spec i men. The ap -
plied force is mea sured, and the ef fec tive bulk stress can be
de duced from geo met ric mea sure ments of the spec i men.
Us ing Dig i tal Im age Cor re la tion (DIC), which de tects
changes in an su per fi cially ap plied speckle pat tern, the lo -
cal strain on the sur face of the spec i men can be cal cu lated.
The re sis tance de ter mined us ing a load cell dur ing the ten -
sile test ing is a su per po si tion of re sid ual stresses re sult ing
from man u fac tur ing pro cesses such as roll ing and weld ing,
and the test ing load, which is ap plied to main tain the de -
sired strain rate. The lo cal strength dis tri bu tion in su per po -
si tion with re sid ual stresses have an im pact on the frac ture
re sis tance of me tal lic parts. 

Hole welds or fil let welds in holes of fer a way to in duce
ther mal stresses in flat spec i men. His tor i cally, these types
of weldments have been reg u lated by [1] Amer i can AWS
D1.1 and [2] Eu ro pean DIN EN 1993-1-8, with the Eu ro -
pean stan dard al low ing re sid ual stresses in the part to be ig -
nored. How ever, de pend ing on the size of the voids filled
with filler ma te rial, the stress may not be neg li gi ble, so the

ef fects and mag ni tudes of the re sid ual stresses are
investigated.

In the pres ent work, flat ten sile test spec i mens of de -
fined ge om e try were pro duced. These spec i mens con tain
holes of dif fer ent di am e ters and hole pat terns which are
additively filled us ing a gas metal arc weld ing (GMAW)
pro cess with vary ing infill strat e gies. Be fore weld ing the
pre pared spec i men, as well as un dam aged spec i mens of the 
same ma te rial, were stress-re lief an nealed. Af ter an neal ing
the spec i mens were clamped onto a tilt-turn ta ble with the
hole in flat po si tion. Us ing spac ers, a steel plate was po si -
tioned be neath the hole to pre vent fu sion with the ta ble. Af -
ter prep a ra tion the hole was filled up layer by layer us ing
dif fer ent infill strat e gies. Fol low ing, the plate was re -
moved, and the bot tom site welded with an ad di tional layer
to close even tual fu sion de fects. The welded and the un -
dam aged ref er ence spec i mens were than milled to an uni -
form ge om e try. Af ter wards ten sile tests were car ried out
us ing full-field three-di men sional strain mea sure ment.
This al lowed con clu sions to be drawn about the re sid ual
stress dis tri bu tion and the ef fects of dif fer ent infill strat e -
gies on the re sid ual stress dis tri bu tion. The stress val ues
ob tained were ver i fied us ing Elec tronic Speckle Pat tern In -
ter fer om e try (ESPI). An ex em plary ESPI mea sure ment is
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shown in fig ure 1. The pre sented mea sure ment was taken
next to the melt line on the base ma te rial site. It can be seen, 

that aside from two out li ers the shear stress txy is close to
zero over the en tire depth. This spec i men had a di men sion
of x = 250 mm, y = 50 mm and z = 10 mm, where it was
milled on both sides to 8 mm af ter weld ing.  The weld ing
path used was al ter nat ing line welds along the x-axis of the

spec i men. The mea sure ment shows ten sile stress in both
the x- and y-axis, with the stress the weld ing di rec tion be -
ing slightly higher. The av er age ten sile stress for both axes
is close to the min i mum yield strength of the base ma te rial.

In fig ure 2 an ex em plary strain plot is shown. The DIC
im age shows a strain con cen tra tion along the centreline of
the x-axis out side of the weld ing zone. The frac ture ob -
served re sulted at a fu sion de fect. The weld metal, due to
the higher ten sile strength shows a re duced strain rate.
Close to the weld metal, around the area where the
ESPI-mea sure ment was per formed, the strain rate is lower
than far ther away form the weld. This may be due to the
ten sile stress mea sured with the ESPI-method, re duc ing the 
duc til ity and thus the strain reserves of this area. 

The find ings of these tests in di cate a cor re la tion be -
tween re duced strain rate seen dur ing the ten sile test and
the re sid ual stresses con cluded by the ESPI-method.

1. AWS D1.1: Struc tural Weld ing Code-Steel, Amer i can
Weld ing So ci ety 2000.

2. DIN EN 1993-1-8, Eurocode 3: Bemessung und
Konstruktion von Stahlbauten - Teil 1-8: Bemessung von
Anschlüssen 2010.

This re search is funded by the Deut sche Forschungs -
gemeinschaft (DFG, Ger man Re search Foun da tion) –
Pro ject num ber 455781630 and the Col lab o ra tive Re -
search Cen tre SFB1120- 260036980 “Pre ci sion Melt En -
gi neer ing”.
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Fig ure 1. Ex em plary ESPI re sid ual stress mea sure ment.

Fig ure 2: This is a fig ure cap tion.
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Weld ing of me tal lic ma te rial is a flex i ble method for
achiev ing the join ing of mul ti ple parts. Al though the struc -
tural per for mance of welded struc tures has sig nif i cantly
im proved in the last de cades, yet, there is still room for en -
hance ment as tes ti fied by the gap in the per for mance when
com pared with the base ma te rial. The au thors seek to re -
duce such a gap by in tro duc ing mac ro scopic un even ness to
the weld pro file, mim ick ing in ter lock ing mech a nisms of ten 
found in na ture. To me thod i cally ex plore this pos si bil ity,
two sets of la ser-welded plates were man u fac tured. The
for mer is man u fac tured by us ing the tra di tional lin ear
weld ing pro file, while the lat ter by fol low ing a wave-like
path.

Al though sev eral char ac ter is tics and prop er ties can be
stud ied con cern ing these welds, the fo cus of this spe cific
study is the ex per i men tal eval u a tion of re sid ual stress. Re -
sid ual stress is one of the key causes of me chan i cal per for -
mance de cay of weldments – es pe cially when sub jected to
fa tigue load ings – along with other microstructural
heterogeneities found in welds, such as de fects, tex ture,
grain size and phase change. For this rea son, a cor rect char -
ac teri sa tion of re sid ual stress in weldments is a man da tory
pre req ui site for un der stand ing whether pos si ble ac tions
can be taken to mini mise its im pact and to ac cu rately pre -
dict the me chan i cal per for mance of the part when in ser -
vice.

The re sid ual stress eval u a tion is car ried out by ex ploit -
ing the Neu tron Dif frac tion tech nique, spe cif i cally con -
cern ing the lon gi tu di nal and trans verse com po nents of
stress, with re spect to the weld ing di rec tion. This method is 
sys tem at i cally em ployed for each stud ied weld, with ad di -
tional mea sure ments car ried out at spe cific lo ca tions of the
wave-like weld.

The exploitation of these results is widely discussed in
the context of structural integrity and op ti mi sa tion. 
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Fig ure 1. Over view of the ana lysed weldments.
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Steel grades used for con struct ing car bod ies have seen sig -
nif i cant ad vance ments in re cent years, driven by the need
for eco nomic and en vi ron men tal ef fi ciency in mod ern in di -
vid ual trans por ta tion. These im prove ments have be come
pos si ble due to the cre ation of steels, which com bine ex cel -
lent formability with high strengths, en hanc ing both pas -
sen ger safety and ve hi cle per for mance and ef fi ciency.
Steels with in creased man ga nese con tent are par tic u larly
im por tant in the cat e gory of au to mo tive body sheet ma te ri -
als. These ma te ri als achieve their fi nal me chan i cal prop er -
ties through de for ma tion-in duced twinning (TWIP ef fect)
and the de for ma tion-in duced martensite for ma tion in in di -
vid ual re sid ual aus ten ite grains (TRIP ef fect). TWIP and
TRIP steels are char ac ter ized by their high ten sile strengths 
af ter form ing and their very high de for ma tion re serves [1].
In the con text of au to mo tive con struc tion, struc tural steel
com po nents are to this day typ i cally joined us ing weld ing
meth ods. The spe cif ics of weld ing TWIP and TRIP steels
are cov ered else where [2-3]. The in ter re la tion be tween
weld seams and struc tural steel is com plex. Firstly, the
microstructure of the steel is lo cally melted dur ing weld -
ing. Upon so lid i fi ca tion, the microstructure within the
weld seams changes sig nif i cantly from its orig i nal state,
dis play ing ei ther a coarse den dritic or a fine martensitic
struc ture, de pend ing on the al loy ing el e ments. Sec ondly,
the con straint dur ing cool ing be tween the weld seam and
the ad ja cent base ma te rial re sults in high re sid ual stresses
along the length of the weld seams and in case of
multi-phase micro struc tures it can be nec es sary to de ter -
mine the phase-spe cific re sid ual stresses us ing X-ray dif -
frac tion meth ods. The in tri cate micro struc tures found in
both the weld seams and the typ i cally pre-de formed base
ma te rial make the as sess ment of stresses as ba sis of X-ray
dif frac tion stress anal y sis more chal leng ing. As the weld
seam of these struc tural steels is a safety-crit i cal el e ment in
ve hi cle con struc tion and the in ter ac tion has not been con -
clu sively clar i fied, high safety fac tors must be used in the
de sign plan ning pro cesses.

Within the pres ent study, X40MnCrVAl 19-2 (mat.-no. 
1.7401), HCT690T (mat.-no.1.0947) and S355MC
(mat.-no.1.0976) metal sheets with a thick ness of approx. 2 
mm were ex am ined. While the com mon fer rit ic weld -
ing-steel S355MC merely serves as a ref er ence ma te rial,
the study’s sci en tific fo cus is on the TWIP steel
X40MnCrVAl 19-2 as well as the TRIP steel HCT690T.
The TWIP steel is purely austenitic and shows no
martensite for ma tion dur ing de for ma tion. The mainly fer -
rit ic TRIP steel ex hib its a microstructure with approx. 15
vol% aus ten ite in its ini tial state.

To take the multi-phase struc ture of the lo cal ma te rial
states into ac count, in situ X-ray dif frac tion meth ods were
used to in ves ti gate how plas tic de for ma tion and the weld -
ing of joints in flu ence the de vel op ment of re sid ual stresses
on both mac ro scopic and mi cro scopic scales, as well as the
hard en ing con di tions. Start ing with an a lyz ing the ini tial
states of the two ma te ri als, spec i mens that had un der gone
pre-de for ma tion were also in ves ti gated. This anal y sis re -
vealed that as de for ma tion in creases, the ma te rial’s ani so -
tropy be comes in creas ingly pro nounced, pos ing chal lenges 

to stan dard eval u a tion meth ods such as the sin2y method.
Syn chro tron ex per i ments are par tic u larly suit able for in -
ves ti gat ing de for ma tion be hav ior, as they al low real-time
in sights into the de vel op ment of ma te rial ani so tropy. In
par tic u lar, syn chro tron ex per i ments en able the anal y sis of
sev eral in ter fer ence lines as shown in fig ure 1 and the as so -
ci ated in ves ti ga tion of the trans for ma tion ki net ics re sult ing 
from the TWIP and TRIP ef fect, re spec tively. To gain a
sub stan tial com pre hen sion on the ef fect of large plas tic de -
for ma tions on the evaluability of X-ray dif frac tion stress
anal y sis for the ma te ri als of in ter est, con tin u ous and dis -
con tin u ous ten sile load ing ex per i ments were per formed at
the DESY beamline P21.2@PETRA-III. For this pur pose,
spec i men cut in roll ing di rec tion from the metal sheets
were de formed to a to tal strain of up to 40 % us ing the cus -
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Fig ure 1. Mea sur able in ter fer ence lines, exemplarily listed for the 
austenitic TWIP steel (top) and the TRIP steel (bot tom).



tom-built min ia ture ten sile test ing rig shown in fig ure 2,
which was spe cif i cally de signed for these in situ in ves ti ga -
tions. 

Un der stand ing the changes in crys tal lo graphic tex ture
and inter gra nu lar strains aids in an a lyz ing load and re sid ual 
stresses and in case of multi-phase ma te rial also the load
par ti tion ing be hav ior on the phases in volved by means of
X-ray dif frac tion, even when the ma te rial is in an
anisotropic state. The in for ma tion gath ered from these
stud ies will be valu able for im prov ing eval u a tion of X-ray
stress anal y sis in sam ples af fected by ani so tropy ef fects
and by this means also en hanc ing the ac cu racy of fu ture
weld ing sim u la tions, since fi nally more mean ing ful ex per i -
men tal data can be pro vided for val i da tion of sim u la tion re -
sults.

1. W. Bleck, Mat.-wiss. u. Werkstofftechn., 31/2, (2000),
162-168.

2. S. Russo, M. de Maddis, G. D’Antionio, F. Lombardi, Met -
als, 6/11, (2016), 270.

3. A. Buchwalder, K. Rüthrich, R. Zenker, H. Biermann, Adv. 
Eng. Ma ter., 15/7, (2013), 566-570.

This re search was funded by the Ger man Re search Foun -
da tion (DFG) within the pro ject “Re sid ual stresses in
welded joints of work hard en ing steels with high man ga -

nese con tent” (GI 376/17-1). The sup port by the Ger man
Re search Foun da tion (DFG) is grate fully ac knowl edged.
Fur ther more, we thank DESY Pho ton Sci ence for grant ing
beamtime and the sup port in car ry ing out the ex per i ments.

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 30,  no. 2  (2024)       185

 

Fig ure 2. Ex per i men tal setup at the DESY beamline
P21.2@PETRA-III.
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NANOSCALE GRADIENTS OF RESIDUAL STRESSES AND MICROSTRUCTURE IN
PERFORMANCE-CRITICAL REGIONS OF HARD CERAMIC THIN FILMS
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The func tional prop er ties of var i ous high-de mand ing ap -
pli ca tions in mi cro elec tron ics, avi a tion, au to mo tive, as
well as in the met al work ing in dus try are based on the ap pli -
ca tion of thin films. De spite tre men dous ef fort over the last
de cades to un veil the com plex re la tion ship be tween the
film’s microstructure, stress gra di ents, pro cess pa ram e ters
and ma te rial se lec tion, lit tle is known about the prop er ties
of thin films at per for mance-crit i cal re gions such as curved
sur faces, edges and pits.

In this sub mis sion, we clar ify the com plex re la tion ship
be tween de po si tion con di tions and both lat eral and depth
gra di ents of re sid ual stresses and microstructure in
nanocrystalline pro tec tive thin films. Our pri mary fo cus is
on the edge re gion of cut ting tools. The re sults doc u ment
that the re sid ual stress state, microstructure, and me chan i -
cal prop er ties are sig nif i cantly in flu enced by the non-pla -
nar sub strate shape. These fac tors are in tri cately
in ter con nected with the func tional prop er ties of the cut ting
in serts. 

Microstructural prop er ties and re sid ual stress gra di ents
across the cut ting edge area of an AlTiN thin film, ap plied
on a ce mented WC-Co in sert, were char ac ter ized by
cross-sec tional syn chro tron X-ray nanodiffraction
(CSnanoXRD) at the ID13 beamline of the ESRF in
Grenoble. The in ter face be tween the thin film and sub strate 
was pre cisely aligned par al lel to an X-ray beam, which was 

collimated to a cross-sec tion of 75 × 75 nm2 us ing multi -
layer Laue lenses (MLL). Two-di men sional diffractograms 
were col lected from ap prox i mately 40 µm thick cross-sec -
tional lamellae us ing an Eiger 4M de tec tor (Fig. 1). The
data ac qui si tion in volved a field-of-view of 20 × 20 µm2,
scanned with a step of 50 nm. The col lected Debye-
 Scherrer rings were ana lysed us ing the pyFAI soft ware
pack age and eval u ated ac cord ing to the meth od ol ogy out -
lined in [1].

The re sults from the syn chro tron ex per i ments re veal
that the cross-sec tional re sid ual stress gra di ents within the
thin film are more pro nounced at the cut ting edge with a
curved sub strate in ter face than at the pla nar sub strate-thin
film re gions lo cated ad ja cent to the cut ting edge area. Com -
pres sive re sid ual stresses up to -5 GPa were mea sured at
the cut ting edge, im ply ing that the re sid ual stresses are in -
creased up to 100% in com par i son to the ad ja cent re gions.
Ad di tion ally, the re sults re vealed a pres ence of strong lat -
eral gra di ents of microstructure and stress, which in di cate
dif fer ent thin film growth con di tions at the cut ting edge. In
ad di tion, the col lected syn chro tron re sults were cor re lated
with the data from com ple men tary scan ning and trans mis -
sion elec tron mi cros copy, cf. Fig. 2. Fi nally, the me chan i -
cal prop er ties of the thin film were assessed at the cutting
edge using nanoindentation.
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Fig ure 1. The CSnanoXRD setup in shows the cross-sec tional lamellae pre pared from a cut ting in sert, the sam ple is scanned in 
transmissional ge om e try. Multilayer Laue lenses en abled a beam size of 75×75 nm² on the sam ple, a step of 50 nm was used to
map the thin film microstructure and stress at the cut ting edge.



The in te grated ap proach of syn chro tron X-ray nano -
diffraction, elec tron mi cros copy anal y sis and map ping of
me chan i cal prop er ties with nanoindentation en abled a suc -
cess ful cor re la tion of the struc ture-func tion re la tion ship di -
rectly at the cut ting edges of nanoceramic in serts.

Il lus trated through the nanoscale char ac ter iza tion of the 
cut ting edge of an AlTiN thin film, we have dem on strated
that the CSnanoXRD method serves as a unique tool for re -
solv ing gra di ents in microstructure and re sid ual stresses
within per for mance-crit i cal re gions of thin films. We con -
tend that this ap proach is piv otal for elu ci dat ing the me -
chan i cal and func tional prop er ties at crit i cal points in thin
films, not only within cut ting tools but also in var i ous mi -
cro elec tronic ap pli ca tions.

1. M. Meindlhumer, N. Jäger, S. Spor, M. Rosenthal,
 J.F. Keckes, H. Hruby, C. Mitterer, R. Dan iel, J. Keckes,
 J. Todt, Scripta Materialia, 182, (2020), pp. 11-15.
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RESIDUAL STRESS IN COLD GAS SPRAYED TITANIUM COATINGS – ROLE OF
SUBSTRATE MATERIAL AND PROCESS PARAMETERS

D. Gabani1, Z. Arabgol2, L. Wiehler2, S. Niel sen2, H. Wu2, A. List2, T. Klassen2, 
F. Gärtner2, A. Pundt1, J. Gibmeier1 
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Cold gas spray ing (CGS), is a ma te rial de po si tion pro cess
ex e cuted by spray ing the feedstock ma te rial par ti cles on
the sub strate at su per sonic ve loc i ties. In CGS, the ma te rial
par ti cles are not melted and the de po si tion oc curs in a
solid-state. There fore, it is highly suit able for tem per a ture
and ox i da tion sen si tive ma te ri als. The bond ing of par ti cles
how ever can be at trib uted to adi a batic shear in sta bil i ties at
the in ter faces with the sub strate or al ready de pos ited ma te -
rial caused by the high-strain-rate plas tic de for ma tions of
high ki netic en ergy par ti cles upon im pact [1,2]. The cur -
rent study is a part of the col lab o ra tive pro ject CORE
(Com put er ized Re fur bish ment) funded by dtec.bw aim ing
to uti lize CGS as an ad vanced re pair tech nique for aero -
space ap pli ca tions [3]. The re sid ual stresses de vel oped dur -
ing the CGS pro cess play an im por tant role in the
per for mance and me chan i cal in teg rity of CGS-re paired
parts. In this early stage of the pro ject, the main fo cus is
paid to ad just the CGS pro cess pa ram e ters and pos si ble
bound ary con di tions con trib ut ing to a re sid ual stress
build-up and as a con se quence to ob tain a knowl -
edge-based as sess ment op tion to spe cif i cally in flu ence re -
sid ual stresses in duced through pro cess ing.

In the cur rent study, the in flu ence of sub strate ma te rial
and sub strate thick ness on the de vel op ment of re sid ual
stresses in Ti ta nium coat ings de pos ited by means of CGS

was of spe cific in ter est. Fur ther more, the vari a tion of
rel e vant pro cess pa ram e ters was in the fo cus of our in ves ti -
ga tions. For this means, grade 1 Ti ta nium coat ings were
de pos ited by CGS on var i ous sub strate ma te ri als, i.e. on
grade 2 Ti ta nium, on Steel AISI304, on com mer cially pure
Cop per and on AlMg3 sub strates. The fur ther in ves ti ga tion 
for study ing the in flu ence of pro cess pa ram e ters such as
pro cess gas tem per a ture, noz zle tra verse speed, etc. and of
geo met ric bound ary con di tions (i.e. the global stiff ness of
the sub strate) was un der taken by spray ing grade 1 Ti ta -
nium pow der on AlMg3 sub strate (see Fig ure 1) of dif fer -
ent thick nesses un der vary ing gas tem per a tures and noz zle
tra verse speeds. For ana lys ing re sid ual stress depth dis tri -
bu tions in above-men tioned CGS de pos ited spec i mens,
mainly the in cre men tal hole-drill ing method was em ployed 
and the re sults were par tially com ple mented by X-ray dif -

frac tion ac cord ing to the sin2y-method in com bi na tion
with a stepwise layer-re mov als. 

In ad di tion, as a pre view for fu ture ac tiv i ties, deep-roll -
ing was per formed as a post-treat ment on spe cific spec i -
mens. The aim was to achieve an ef fec tive re duc tion on
sur face rough ness af ter CGS and a densification of the
coat ings. As a side ef fect it is ex pected that through the
choice of ap pro pri ate deep-roll ing pa ram e ters, man age able 
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Fig ure 2. SEM mi cro graph of a FIB-pre pared cross-sec tion of the 
cut ting edge re veals sub stan tial dif fer ences in the thin film
microstructure at the curved and pla nar sub strate re gions, re spec -
tively



com pres sive re sid ual stress dis tri bu tions can be in duced in
the CGS de pos its.

In gen eral, the re sults in di cate that the re sid ual stresses
through the de pos ited layer thick ness are mostly com pres -
sive in na ture. More over, an in flu ence of the CGS pro cess
pa ram e ters on the re sid ual stresses could be dis tin guished
for all coat ing sys tems men tioned above. As an ex am ple, it
has been found that high ve loc ity im pacts of solid par ti cles
cause com pres sive peening stresses. On the other hand,
these peening stresses are su per im posed by ten sile con tri -
bu tions caused by quench ing of im pacted par ti cles, which
are at rel a tively higher tem per a ture than the sub strate ma te -
rial. Fur ther more, ther mal stresses de vel oped due to dif fer -
ent CTEs (Co ef fi cients of Ther mal Ex pan sion) of coat ing
and sub strate ma te ri als also con trib utes to the fi nal re sid ual 
stress state [4, 5]. The geo met ri cal bound ary con di tions
such as sub strate thick ness were ob served to have a no ta ble 
in flu ence on the re sid ual stress states. In par tic u lar, it was
found that a lower di men sional sta bil ity of the spec i mens,
pro vided by thin ner sub strates, sup port that the sub strates
tend to bend sig nif i cantly. This in turn re sults in a no tice -
able in flu ence on the re sid ual stress dis tri bu tions that de -

velop. The re spec tive con tri bu tions to the fi nally re sult ing
in ter nal stress dis tri bu tions are dis cussed with re gard to or
in con nec tion with lo cal tem per a ture dis tri bu tions, the ther -
mal ex pan sion of the spray ma te rial and pos si ble stress re -
lax ations, when the ef fec tive spec i men tem per a tures are
reached, and com po nents geo met ric stiff ness de fined by
the sub strate thick ness.
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Fig ure 1. Typ i cal microstructure of grade 1 Ti ta nium coat ings de pos ited on AlMg3 sub strates.



S11 - 3

MACROSCOPIC AND MICROSCOPIC RESIDUAL STRESSES IN NICKEL-ALUMINUM
BRONZE MATRIX COMPOSITE SURFACE DEPOSITS MANUFACTURED VIA LASER

MELT INJECTION

E. Walz1, X.X. Zhang1,2, J. Rebelo Kornmeier1, M. Hofmann1, A. Langebeck3, V. Luzin4 
1Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universität München, Lichtenbergstr. 1, 

Garching 85748, Ger many 
2In sti tute of High En ergy Phys ics, Chi nese Acad emy of Sci ences, Beijing 100049, 

Peo ple’s Re pub lic of China
3BIAS – Bre mer Institut fuer angewandte Strahltechnik GmbH, Klagenfurter Strasse 5, 

Bre men 28359, Ger many
4Aus tra lian Nu clear Sci ence and Tech nol ogy Or gani sa tion, Aus tra lian Cen tre for Neu tron Scat ter ing, New

Illa warra Road, Lucas Heights NSW 2234, Aus tra lia
erik.walz@frm2.tum.de

Nickel-alu mi num bronze (CuBz) al loys have found wide -
spread ap pli ca tions across var i ous in dus tries due to their
ex cel lent com bi na tion of me chan i cal prop er ties and cor ro -
sion re sis tance. To fa cil i tate the uti li za tion of nickel-alu mi -
num bronze al loys in high-value ap pli ca tions and re duce
the need for part re place ments and over all costs, one key
area of in ter est is en hanc ing their sur face wear re sis tance.
For this pur pose, metal ma trix com pos ite (MMC) coat ings
have proven highly valu able [1].

A no ta ble ex am ple is the de po si tion of spher i cal fused
tung sten car bide com pris ing WC and W2C (sFTC) via la ser 
melt ing in jec tion (LMI for sur face re in force ment of CuBz
sub strates. This pro cess has dem on strated the po ten tial to
re duce wear by ap prox i mately 80 % in CuBz sam ples [2,
3]. How ever, macro and mi cro re sid ual stresses de velop in
the MMC coat ings, lead ing to geo met ric dis tor tion and re -
duc ing fa tigue strength [4, 5] as well as ser vice life [6].
There fore, it is cru cial to in ves ti gate and un der stand the de -
vel op ment of re sid ual stresses in these MMC coat ings. 

In this con tri bu tion, we em ployed neu tron dif frac tion to 
de ter mine the re sid ual stress pro files in sFTC/
CuAl10Ni5Fe4  sur face de pos its man u fac tured through
LMI. A thermo-me chan i cal fi nite el e ment model was also
de vel oped to pre dict the tem per a ture and re sid ual stresses
in the re-melted  CuAl10Ni5Fe4 bronze. The ef fects of sin -

gle/mul ti ple la ser tracks and pre-heat ing tem per a ture on
the re sid ual stress state were as sessed. In ad di tion, the
microstructure was char ac ter ized in de tail us ing var i ous
mi cro scopic meth ods. 

This in ves ti ga tion pro vides a com pre hen sive un der -
stand ing of the re sid ual stress state in the MMC coat ings.
The find ings from this study have sig nif i cant im pli ca tions
for op ti miz ing the man u fac tur ing pro cess, re duc ing re sid -
ual stresses, and ul ti mately en hanc ing the per for mance and
ex tend ing the service life of the MMC coatings.

1. Y. Feng, X. Pang, K. Feng, Y. Feng, Z. Li, Jour nal of Ma -
te ri als Re search and Tech nol ogy 15 (2021) 5597-5607.

2. H. Freiße, A. Langebeck, H. Köhler, T. Seefeld, Dry Metal
Form ing Open Ac cess Jour nal 2 (2016) 001-006.

3. X.X. Zhang, J.R. Kornmeier, M. Hofmann, A. Langebeck,
S. Alameddin, R.P. Alessio, F. Fritzen, J.R. Bunn, 
S. Cabeza, Strain (2023) e12457.

4. H. Köhler, K. Par tes, J.R. Kornmeier, F. Vollertsen, Phys -
ics Procedia 39 (2012) 354-361.

5. H. Köhler, V. Jayaraman, D. Brosch, F.X. Hutter,
 T. Seefeld, Phys ics Procedia 41 (2013) 502-508.

6. G.A. Web ster, A.N. Ezeilo, In ter na tional Jour nal of Fa tigue 
23 (2001) S375-S383.

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 30,  no. 2  (2024)       189



S11 - 4

RESIDUAL STRESS FIELD IN CIGS PHOTOVOLTAIC SOLAR CELL

L. Barrallier1, M. F. Slim1, A. Debono2, P. Volovitch2

1Arts et Métiers In sti tute of Tech nol ogy, MSMP, 13617 Aix-en-Pro vence, France
2Chimie ParisTech-CNRS, Institut de Re cher che de Chimie Paris (IRCP), PSL Uni ver sity, 11 rue Pi erre et

Ma rie Cu rie, Paris, 75005, France 

To ac cel er ate the en ergy tran si tion, the de vel op ment of
pho to vol taic (PV) so lar en ergy is an in ter est ing so lu tion.
PV so lar pan els are cur rently made with sin gle-junc tion
crys tal line sil i con cells whose per for mance is close to the
the o ret i cal limit of around 30%. Prom is ing new emerg ing
tech nol o gies are based on thin films (so lar ab sorb ers) that
can be ap plied to dif fer ent sub strates. They al low low-cost
mas sive pro duc tion but have much more com plex micro -
struc tures than sil i con. One of the ex ist ing pos si bil i ties is
the use of cop per, in dium, gal lium, se le nium al loys (CIGS)
thin films to pro duce semi-trans par ent pho to vol taic cells
on flex i ble sub strates. Com mer cial so lu tions are be ing de -
vel oped and this type of so lu tion is in creas ingly be ing used
in ag ri cul ture, trans port, ma rine and space ap pli ca tions.
The suc cess of their use de pends on their re li abil ity and re -
sis tance to at mo spheric con di tions and me chan i cal stress.

The re sid ual me chan i cal states gen er ated dur ing the
fab ri ca tion of these multilayer coat ings will have an in flu -
ence not only on their me chan i cal be hav ior but also on their 
pos si ble cou pling with chem i cal ef fects, two phe nom ena
that play a role in cell life. This work is ded i cated to the de -

ter mi na tion of the ini tial stress state field of this multilayer
coat ing.

The CIGS PV cells used in this study was made up of
mul ti ple thin lay ers us ing phys i cal va por de po si tion
(PVD). A soda lime glass was used as a sub strate on which
a first back con tact Mo layer with a thick ness of 0.6 µm was 
de pos ited by mag ne tron sput ter ing. A 1.8 µm thick CIGS
(CuGaxIn1-xSe2) ab sorber layer was then de pos ited on top
of the Mo layer by co-evap o ra tion at a tem per a ture of 550
°C. An im age of the cross sec tion of the multilayer coat ing
ac quired on back scat ter ing elec tron mode (BSE) is shown
in Fig ure 1.The con trast on the BSE im age shows both
polycrystalline lay ers de pos ited on an amor phous glass
sub strate. A com plete CIGS PV cell is com pleted by sev -
eral other very thin lay ers (about 20-300 nm) de pos ited on
top of the CIGS to have a functional cell (anode, drain grid,
etc...).

X-ray dif frac tion was used to char ac ter ize the two main
lay ers. An X-ray beam (1 mm di am e ter), us ing a four-cir cle 
diffractometer (Seifert MZ VI) in the lab o ra tory, ir ra di ates
the cell sur face from above. The deep pen e tra tion of X-rays 
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Fig ure 1. CIGS PV cross sec tion, BSE SEM im age.

Fig ure 2. Pole fig ures: a) CIGS, b) Mo



(Cr-Ka ra di a tion) al lows both CIGS and Mo lay ers to be
de tected for tex ture and re sid ual stress anal y sis. Fig ure 2
shows a very low fi ber tex ture in the CIGS layer and a more 
pro nounced tex ture in the Mo lay ers. The re sid ual stresses
were cal cu lated us ing the  method, con sid er ing the ani so -
tropy of the ma te rial on the X-ray elas tic constant using the
Kröner-Eshelby approach [1].

To com plete these mea sure ments, a very sim ple model
of stress gen er a tion was car ried out us ing an elas tic an a lyt i -
cal method, con sid er ing only the ther mal in com pat i bil ity

strain re lated to the dif fer ence in ex pan sion co ef fi cients be -
tween the lay ers and the sub strate. An agree ment was
found be tween the mod el ling and the ex per i men tal re sults.

1. H. Behnken, V. Hauk, (1986), Z. Metallkde, 77, (1986),
pp. 620-626.

This work ben e fits from the sup port of the French gov ern -
ment “Investissements d’Avenir” pro gram in te grated to
France 2030, bear ing the fol low ing ref er ence
22-PETA-0015.
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1Mines Saint-Etienne, Uni ver sity of Lyon, CNRS, UMR 5307 LGF, Cen tre SMS, 
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La ser shock peening (LSP) is used in the in dus try to im -
prove the me chan i cal prop er ties of met als. Due to the
inhomogeneous de for ma tion re sult ing from a dis lo ca tion
den sity gra di ent be low the sur face com pres sive re sid ual
stresses are cre ated, which im prove the fa tigue and cor ro -
sion re sis tance of the peened parts. Femto second la ser
shock peening (fs-LSP) is a novel method that also in duces

com pres sive re sid ual stresses be low the sur face, but it due
to the smaller amount of ab sorbed en ergy (com pared to
nano-LSP) does not ne ces si tate a pro tec tive layer. The
treated sur face also has a lower rough ness [1].

In this study, alu minium sam ples were peened with
fs-LSP as shown in Fig.1a, us ing dif fer ent fluences from 2
to 30 J.cm-2 and pulse du ra tions from 160 fs to 3 ps.
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Fig ure 1. Sche matic draw ing of (a) the ex per i men tal setup of la ser peening, (b) the ge om e try of nu mer i cal sim u la tions, (c) and the syn -
chro tron X-ray mea sure ments. (d) Evo lu tion of the mea sured re sid ual stresses be low the ir ra di ated sur face for various incident
fluences.
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Sub-sur face mod i fi ca tions were char ac ter ized at syn chro -
tron source (Fig.1b) us ing mi cro-beams and by ana lys ing
the X-ray dif frac tion peak pro files. The lat ter al lowed not
only de ter min ing the dis lo ca tion den sity and the as so ci ated
strain en ergy, but also the re sid ual stresses (Fig.1d). In or -
der to op ti mize the un der stand ing of this pro cess, a nu mer i -
cal ap proach was de vel oped, based on a cou pled
two-tem per a ture model for elec trons and ions within the
frame of mo lec u lar dy nam ics (TTM-MD, fol low ing eqs.
(1) and eq. (2) [2, 3]. The com pu ta tions give ac cess to all
ther mo dy namic vari ables, atomic po si tions and their evo -
lu tion dur ing peening. The ex per i men tal dis lo ca tion den -
sity val ues were com pared to the pre dic tion of the Meyers’
model ap plied to sim u la tions re sults [4]. 
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1. A. Nakhoul et al., “En ergy feedthrough and microstructure
evo lu tion dur ing di rect la ser peening of alu mi num in
femto second and pi co sec ond re gimes,” J Appl Phys, vol.
130, no. 1, Jul. 2021, doi: 10.1063/5.0052510.

2. A. Borbély, A. Aoufi, D. Becht, and J. Keckes, “X-ray
meth ods for strain en ergy eval u a tion of dis lo cated crys -
tals,” J Appl Crystallogr, vol. 56, pp. 254–262, Feb. 2023,
doi: 10.1107/S1600576722012262.

3. D. Ivanov and L. Zhigilei, “Com bined atomistic-con tin uum 
mod el ing of short-pulse la ser melt ing and dis in te gra tion of
metal films,” Phys Rev B Condens Mat ter Ma ter Phys, vol. 
68, no. 6, Aug. 2003, doi: 10.1103/PhysRevB.68.064114.

4. L. V Zhigilei, D. S. Ivanov, E. Leveugle, B. Sadigh, and E. 
M. Bringa, “Com puter mod el ing of la ser melt ing and
spallation of metal tar gets,” 2004. [On line]. Avail able:
http://www.fac ulty.vir ginia.edu/CompMat/.

5. Meyers, M.A., Gregori, F., Kad, B.K., Schnei der, M.S.,
Kalantar, D.H., Remington, B.A., Ravichandran, G.,
Boehly, T., Wark, J.S., 2003. “La ser-in duced shock com -
pres sion of monocrystalline cop per: Char ac ter iza tion and
anal y sis”. Acta Materialia 51, 1211–1228.
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APPLICATIONS

Xiaolong Liu
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A new neu tron re sid ual stress in stru ment-En gi neer ing and
Sci en tific Stress Diffractometer (ESSD) at China Ad -
vanced Re search Re ac tor was built and put into ser vice.
Here the neu tron op tic and the main com po nents of ESSD
will be in tro duced in clud ing neu tron guide, dou bly fo cus -
ing Si (400) mono chro ma tor, mono chro ma tor shield ing,
sam ple stage, first slit/ra dial collimator , area de tec tor and
sam ple en vi ron ment. The flux at the sam ple po si tion was
ac cu rately mea sured us ing neu tron Au ac ti va tion method.
The neu tron flux at the sam ple po si tion is 3.0 × 107 n cm-2

s-1 at wave length 1.64 C with full re ac tor power, which in -
di cates that ESSD is a world-class in stru ment.

ESSD has been used to mea sure the 3D re sid ual stresses 
in typ i cal en gi neer ing com po nents. The day-one ex per i -

ment was mea sur ing the in ner re sid ual stresses of the
full-size high-speed train wheels. The larg est pen e trat ing
thick ness was 41 mm with gauge vol ume 3 mm × 3 mm × 3
mm. 3D re sid ual stress map ping were ob tained, which was
used to as sess the struc tural in teg rity. An other typ i cal ex -
per i ment is SiCp/Al ma trix com pos ites. The macro stress
mea sured by user showed to be about zero. Neu tron dif -
frac tion il lus trated the mi cro stress of alu mi num and SiC,
es pe cially the to tal macro stress of alu minium phase and
SiC phase was near to be zero, which proved the ad van -
tages of ther mal neu trons. Also large alu minium al loy forg -
ing pipe, super al loy disks, superalloy ring pieces and steel
welding will be introduced.

S12 - 2

HIGH LIGHT ING THE CA PA BIL I TIES OF NEU TRON DIF FRAC TION FOR RE SID UAL
STRESS DETERMINATION IN IN DUS TRIAL REL E VANT ALUMINIUM CAST

COMPONENTS

A.A. Paecklar1, R. Ramadhan2, S. Cabeza1, T. Pirling1, P. Mayr3, R.C. Laurence4, Z. Cai4, 
M.J. Roy4 

1Institut Laue-Langevin (ILL), France.
 2ISIS Neu tron and Muon Source, United King dom
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4Henry Royce In sti tute, University of Man ches ter, United King dom
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The man u fac tur ing stages of a cyl in der head in a mo tor
block com prise cast ing and so lu tion heat treat ment fol -
lowed by a quench ing step and fi nally ar ti fi cial age ing.
This can re sult in ten sile re sid ual stress (RS) in the com po -
nent which over lay with thermo-me chan i cal loads dur ing
op er a tion and may re duce the life time of the com po nent. It
is thus nec es sary to op ti mize the pro duc tion stages for re -
sid ual stresses, es pe cially the sub se quent heat treat ment, by 
ad just ing re lated pro cess pa ram e ters. Sim u la tions have
been the main tool for the op ti mi za tion of pro cess pa ram e -
ters. Sim u lated re sid ual stresses dur ing heat treat ment fre -
quently de vi ate from mea sured val ues. This dis crep ancy
re sults from in suf fi cient ma te rial mod el ling, since
phenomenological ma te rial def i ni tions in ad e quately de -
scribe plas tic flow and creep be hav ior dur ing heat treat -
ment. There fore, a new phys i cal ma te rial model for Al cast
al loys in the form of a user sub rou tine has been in tro duced

at Nemak [1]. It in cludes state vari ables like dis lo ca tion
den sity or pre cip i ta tion frac tions, which form the ba sis for
mod el ling strength en ing mech a nisms such as dis lo ca tion
or pre cip i ta tion hard en ing. This en ables the flow stress for
each time step to be cal cu lated and re turned to the solver
for re sid ual stress cal cu la tion. How ever, to con firm the re -
sults from the sim u la tions, the re sid ual stresses need to be
de ter mined and con firmed through ex per i ments. In the
past, de struc tive re sid ual stress mea sure ments by sec tion -
ing method were used for the cyl in der head. How ever, as
this method is only ap pli ca ble for eas ily ac ces si ble ar eas on 
the sur face, the pre dic tive ca pa bil i ties of the phys i cal ma te -
rial model for fail ure-crit i cal ar eas within the bulk could
not be val i dated. It is there fore nec es sary to re sort to a
non-de struc tive mea sure ment tech nique to iden tify po ten -
tial weak nesses of the phys i cal ma te rial model ap proach
with re gard to the sim u la tion of re sid ual stresses. Due to the 
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microstructural inhomogeneity and den dritic micro -
structure, X-ray dif frac tion tech niques (SXRD, LXRD)
were deemed to not be suit able. There fore, the method of
choice here is neu tron dif frac tion (ND) since it al lows to
probe the re sid ual stresses even in the bulk of the sam ple
with out al ter ing its shape or di men sion, hence, with out po -
ten tially in flu enc ing its RS dis tri bu tion due to cut ting.

As a first stage, small Al cast (AlSi7Cu0.5Mg) wedges
were pro duced as test cases with a sim i lar microstructure
and mea sured (Fig. 1 and 2) to en sure the ap pli ca bil ity of
ND for the cyl in der head. The re sults were used to de velop
an op ti mal scan strat egy for mea sur ing the real size Al cast
cyl in der heads (Fig. 3 and 4). The pro duc tion pro cess of the 
cyl in der heads stud ied with this pro ject con sists of three
parts. First, cast ing of the ma te rial and then two dif fer ent
heat treat ment stages, one fol lowed di rectly by the other.
This way, three dif fer ent sam ples were pro duced each rep -
re sent ing a step in the pro duc tion pro cess (fur ther de noted
AC, T4, T6). The wedges were mea sured at three dif fer ent
in stru ments (neu tron sources): POLDI [2] (Paul Scherrer
Institut), SALSA [3] (Institut Laue-Langevin), and
Engin-X [4] (ISIS). The lat ter two in stru ments were also
used to mea sure the cyl in der heads. 

While each source has its ad van tages, the Time-of-
 Flight (TOF) method al lows the stress de ter mi na tion
through full pat tern anal y sis to ob tain the lat tice pa ram e -
ters. Con sid er ing the cross-sec tional den drite di am e ters
sizes in the Al cast sam ples, de ter min ing the lat tice pa ram e -
ter can pro vide a more ac cu rate rep re sen ta tion of the bulk
be hav ior of the ma te rial in this study. We will fur ther high -
light the dif fer ences in the ref er ence mea sure ment ap -

proaches used (Al pow der vs comb samples) and how they
influence the RS results.

With the re sults from the neu tron mea sure ments of the
wedges, a pre lim i nary val i da tion of the new mod el ling ap -
proach at NEMAK could be achieved. Ad di tional de struc -
tive RS mea sure ments (e.g. con tour method) were done on
the wedges to eval u ate the re sults from the neu tron mea -
sure ments. The cross-cor re la tion of RS char ac ter iza tion
meth ods with the sim u la tion is still on go ing.  

This study proves the di rect in dus trial im pact of RS
char ac ter iza tion meth ods with neu trons and their
complementarity. The suc cess ful val i da tion of the model
will open the pos si bil ity to vir tu ally lay out cast Al com po -
nents in clud ing e-hous ings or bat tery trays in terms of heat
treat ment in duced stresses. The re sults also serve as in put
to the EASI-STRESS EU pro ject [5], which aims to stan -
dard ize the workflows and out put of non-de struc tive re sid -
ual stress meth ods at large-scale re search fa cil i ties (LRIs).

1. https://www.nemak.com/

2. Stuhr, U.; Spitzer, H.; Egger, J.; Hofer, A.; Ras mus sen, P.;
Graf, D.; Bollhalder, A.; Schild, M.; Bauer, G.; Wag ner,
W. Time-of-flight dif frac tion with mul ti ple frame over lap
Part II: The strain scan ner POLDI at PSI. Nu clear In stru -
ments and Meth ods in Phys ics Re search Sec tion A: Ac cel -
er a tors, Spec trom e ters, De tec tors and As so ci ated
Equip ment 2005, 545 (1-2), 330-338.

3. 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.

4. Santisteban, J.; Daymond, M.; James, J.; Ed wards, L.
ENGIN-X: a third-gen er a tion neu tron strain scan ner. J
Appl Crystallogr 2006, 39 (6), 812-825.

5. https://cordis.europa.eu/project/id/953219

Figure 4. Mea sure ment points high lighted in a sec tion within the 
cyl in der head sam ples.

Fig ure 3. Neu tron mea sure ment of the cyl in der head sam ple with 
SALSA at ILL.

Fig ure 2. Val i da tion of the elas tic strain model in trans verse di rec -
tion for the wedge-shaped sam ple (T6).

Fig ure 1. Neu tron mea sure ment of the wedge-shaped sam ple
with POLDI at PSI.

https://www.nemak.com/
https://cordis.europa.eu/project/id/953219
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Dif frac tion based meth ods have proven to be ef fec tive
tech niques for study ing re sid ual stresses in ma te ri als.
How ever, dif fer ent dif frac tion tech niques can pro vide re -
sults from dif fer ent depths of the sam ple un der in ves ti ga -
tion. Due to the large pen e tra tion lengths of neu trons in
most en gi neer ing ma te ri als, neu tron dif frac tion is an ex -
tremely use ful method for non-de struc tively prob ing ma te -
ri als deep be low their sur face. How ever, un like lab o ra tory
scale XRD, the source of neu tron radiation for ma te ri als re -
search is only avail able in large fa cil i ties such as re search
re ac tors or spallation source fa cil i ties with ded i cated in -
stru ments on neu tron beamlines. The aim of this con tri bu -
tion is to in tro duce the neu tron strain scan ner in stru ment at
the hor i zon tal chan nel #4 of the re search re ac tor LVR-15 in 
Øež, Czech Re pub lic. 

The HK4 strain scan ner is a two-axis neu tron
diffractometer em ploy ing an elas ti cally bent per fect Si
crys tal as a fo cus ing mono chro ma tor and a 6-axis ro botic
arm for ac cu rate sam ple po si tion ing. The in stru ment is also 
equipped with a two-di men sional po si tion sen si tive neu -
tron de tec tor, a cad mium slit sys tem and a ra dial collimator
to shape the in ci dent and diffracted beam (Fig. 1). 

The in ter pre ta tion of the mea sured strain dis tri bu tion is
not straight for ward due to the pres ence of pseudo-strains
(PS) (Fig. 2). They are most pro nounced in near-sur face
mea sure ments and in ma te ri als with large neu tron at ten u a -
tion co ef fi cients. There fore, in the first part of the pre sen ta -
tion, the sim u la tion [2] and treat ment of PS dur ing data
anal y sis will be briefly dis cussed

In the sec ond part, the ca pa bil i ties of the in stru ment are
dem on strated by the re sults [3,4] of mea sure ments on sam -
ples pro duced by ad di tive man u fac tur ing and on com plex
shaped en gi neer ing parts.

1.
https://www.ujf.cas.cz/en/departments/department-of-neutr
on-physics/instruments/lvr15/HK4.html

2. https://github.com/NPLtools/stressfit

3. L. Kunèická, R. Kocich, G. Németh, K. Dvoøák, M. Pagáè,
Ad di tive Man u fac tur ing, Vol ume 59, Part A, (2022),
103128.

4. R. Kocich, L. Kunèická, M. Benè, A. Weiser, G. Németh,
In ter na tional Jour nal of Bioprinting, 10(1), (2024), 1416.

GN ac knowl edges the support by the MEYS infrastructural
pro jects LM2018111 and LM2023057. Neu tron dif frac tion 
mea sure ments were done at CANAM in fra struc ture of NPI
which uses in fra struc ture Re ac tors LVR-15 and LR-0.
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Fig ure 2. A sim u lated pseudo-strain dis tri bu tion (sam ple sur -
face is marked with yel low dashed line). The PS mag ni tude and 
dis tri bu tion de pends on the ac tual sam ple ge om e try, ma te rial
and ex per i ment ge om e try.

Fig ure 1. The lay out of the HK4 strain scan ner [1]

https://www.ujf.cas.cz/en/departments/department-of-neutron-physics/instruments/lvr15/HK4.html
https://www.ujf.cas.cz/en/departments/department-of-neutron-physics/instruments/lvr15/HK4.html
https://github.com/NPLtools/stressfit
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Neu tron dif frac tion meth ods for the de ter mi na tion of stress 
fields within a ma te ri als sam ple or an en gi neered com po -
nent is to day a well-es tab lished and ma ture tech nique. In -
ter na tional col lab o ra tions be tween neu tron sources and
in dus try within VAMAS and RESTAND pro jects [1] dur -
ing more than two de cades have led to this achieve ment.
This work cul mi nates in an in ter na tional stan dard first es -
tab lished in 2005 and a re vised ver sion in 2019 [2]. It de -
scribes ways of in stru ment and sam ple align ment and gives 
in struc tions for mea sur ing, re port ing and stress cal cu la -
tion.

How ever, benchmarking ex er cises be tween stress-
diffractometers [3] have shown that re ported mea sur ing
un cer tain ties are un der es ti mat ing the real scat ter in re sults.
This hap pens when only un cer tain ties from the peak fit are
taken into ac count for er ror cal cu la tion. This is of ten done
for the sim ple prac ti cal rea son that it is not ob vi ous of how
to es ti mate the mag ni tude of other er ror sources such as
align ment in ac cu ra cies and sys tem atic er rors. 

Ex per i men tal fac tors that in flu ence the ac cu racy of
stress de ter mi na tion are pre ci sion of sam ple ma nip u la tion
and reproducibility of sam ple align ment, the po si tion of the 
gauge vol ume with re spect to in stru ment axes and stress
gra di ents.  

The po si tion ing ac cu racy of sam ple stages is nor mally
well de ter mined by the man u fac turer and there fore known.
It is of ten neg li gi ble. Sam ple align ment de pends on the
tools used for the setup (cam eras, theodolites…). 3D-co or -
di nate mea sur ing tools can pro vide < 5 micrometres pre ci -
sion and are very help ful when it co mes to the align ment of
com plex com po nents. There ex ist many pre ci sion tools to -
day to help align ment. But the best proof of the real po si -
tion of the gauge vol ume in side the sam ple is an en try scan,
where the sam ple sur face is en tered in small steps into the
gauge vol ume. The re sult ing in ten sity pro file pro vides a
mea sure of the rel a tive po si tion be tween gauge vol ume and 
sam ple sur face. Its anal y sis re quires a math e mat i cal model
that takes into ac count the shape of the sur face and re quires
pre cise pa ram e ters of the gauge vol ume. 

For the in stru ment SALSA at the Institut Laue Lange -
vin, we have de vel oped a pro ce dure which pro vides all
that. It is used at the same time for in stru ment align ment,
de ter mi na tion of gauge vol ume pa ram e ters and de ter mi na -
tion of sys tem atic er rors. A thin foil of polycrystalline ma -
te rial (i.e. 0.3 mm thick steel-foil) is scanned in dif fer ent
ori en ta tions across the gauge vol ume and the dif frac tion
pat tern is ana lysed. These scans pro vide the di men sion of
the gauge vol ume, in ten sity dis tri bu tion and its ab so lute
po si tion with re spect to the in stru ment cen tre and the zero
po si tion of the align ment sys tem. These pa ram e ters can be
treated as sys tem atic er rors and used for the cor rec tion of

sam ple co or di nates es pe cially when the sam ple is rotated
by for instance the for strain scanning typical 90°. 

Parts of this method are al ready em bed ded in the Neu -
tron Qual ity La bel (NQL), sup ported the Bright neSS-pro -
ject [4]. 

The steeper stress gra di ents are in a sam ple the higher
are the re quire ments on po si tion ing ac cu racy. The other
way round, po si tion ing er rors lead to larger un cer tain ties of 
strain and stress val ues in the vi cin ity of stress gra di ents.
This should be taken into ac count in the cal cu la tion of er ror 
prop a ga tion.   

In this pa per we de scribe the above men tioned align -
ment pro ce dures, ways to re duce po si tion ing er rors and a
more com plete er ror prop a ga tion cal cu la tion that takes into 
ac count all the above de scribed un cer tain ties. 

1. Youtsos, A., Ohms, C. Eu ro pean stan dard iza tion ac tiv i ties
on re sid ual stress anal y sis by neu tron dif frac tion . Appl

Phys A 74 (Suppl 1), s1716–s1718 (2002).

2. ISO 21432:2019 - Non-de struc tive test ing; Stan dard test
method for de ter min ing re sid ual stresses by neu tron dif -

frac tion.

3. R.C. Wimpory, C. Ohms, M. Hofmann, R. Schnei der, A.G. 
Youtsos, Sta tis ti cal anal y sis of re sid ual stress de ter mi na -
tions us ing neu tron dif frac tion, In ter na tional Jour nal of
Pres sure Ves sels and Pip ing, Vol ume 86, Is sue 1, 2009,
Pages 48-62, ISSN 0308-0161,
https://doi.org/10.1016/j.ijpvp.2008.11.003.
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Fig ure 1. Po si tions of sam ple stage ro ta tion cen tre (red), zero po -
si tion of the align ment sys tem (or ange) and gauge vol ume po si -
tion (blue) as de ter mined by our align ment pro ce dure. The scale
is in mm.



4. R.S. Ramadhan, S. Cabeza, T. Pirling, S. Kabra, M.
Hofmann, J. Rebelo Kornmeier, A.M. Venter, D. Marais,
Quan ti ta tive anal y sis and benchmarking of po si tional ac cu -
ra cies of neu tron strain scan ners, Nu clear In stru ments and
Meth ods in Phys ics Re search Sec tion A: Ac cel er a tors,

Spec trom e ters, De tec tors and As so ci ated Equip ment, Vol -
ume 999, 2021, 165230, ISSN 0168-9002
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NEUTRON DIFFRACTION LINE PROFILE ANALYSIS ON QUENCHED MEDIUM
CARBON STEEL WITH TEMPERING AT DIFFERENT TEMPERATURES

M. Kumagai1, Y. Mizuno2, H. Uchima2, Y. Onuki3, J. Shimbe2

1To kyo City Uni ver sity, 1-28-1 Tamazutsumi, Setagaya-ku, To kyo 158-8557, Ja pan
2THK co., ltd 2-12-10 Shibaura, Minato-ku, To kyo 108-8506, Ja pan

mkumagai@tcu.ac.jp

As one of the most vi tal ma te ri als for me chan i cal com po -
nents, mid dle-car bon martensite steels have at tracted in ter -
est due to their me chan i cal prop er ties. The hard ness of
quenched ones is be yond 700 HV (~60 HRC) ; how ever,
one puz zle that re mains to be solved is the de crease in the
elas tic limit of as-quenched ma te ri als . Thus, this aims to
quan ti ta tively char ac ter ise the dis lo ca tion den sity and its
ar range ment for mod el ling to drop elas tic lim its in
as-quenched martensitic steels. Uchima et al.  pro posed to
cor rect dis lo ca tion den sity us ing the dis lo ca tion ar range -
ment pa ram e ter ob tained by line pro file anal y sis (LPA) .

In this work, 0.56%C steel (AISI 1552 equiv a lent) was

used af ter be ing heated to 830 °C for 3 h and quenched into
oil. Fol lowed by quench ing, tem per ing was per formed at
sev eral tem per a tures from 160 °C to 490 °C. The ten sile
test of each spec i men and 0.2% proof stresses were de ter -
mined as the elas tic lim its. Neu tron dif frac tion ex per i ments 
were per formed at ML20 in MLF, J-PARC. The ob tained
line pro files were ana lysed by convolutional mul ti ple
whole pro file (CMWP) soft ware . The de tails of spec i men
shapes and ex per i ment con di tions are shown in the pa per .

Fig ure 1 shows the ob tained dis lo ca tion den sity (r) and 
dis lo ca tion ar range ment pa ram e ter (M*) via LPA for each
tem per ing tem per a ture. The dis lo ca tion den sity in the
as-quenched spec i men was the high est and monotonically
de creased with tem per ing as a func tion of tem per ing tem -
per a ture. On the other hand, the M* val ues show dif fer ent
trends. The vari a tion of M* val ues was small un til the tem -
per ing tem per a ture was un der 250 °C and dropped the
value si mul ta neously around the tem per a ture. Since the M* 
val ues in di cate the mag ni tude of the ar range ment of dis lo -
ca tions, the re sult can show that the dis lo ca tions, which
were ran domly ar ranged in the as-quenched spec i men, be -
came ar ranged dur ing tem per ing around 250 °C.

In Fig ure 2, the re la tion ship be tween 0.2% proof stress
and the square root of dis lo ca tions is shown. In gen eral, the
elas tic limit or yield stress is pro por tional to the square root
of dis lo ca tion den sity, known as the Bailey-Hirsch re la -
tion ship. It is in ter est ing to note, how ever, that the stresses
did not in crease pro por tion ally as the square root of the dis -
lo ca tion den sity in creased. There fore, we em ployed a cor -
rec tion func tion that de pends on the M* val ues. At first, the 
re la tion ship be tween M* and tem per ing tem per a ture, T,
was shown as fol lows,

M T
T T

M( )*
exp( ( ))

=
+ -

+
b

a1
0

D
,                             (1)

here, a, b, dT and M0 are con stants. The ef fec tive dis lo ca -

tion den sity (reff) was in tro duced us ing eq. (1) as fol lows

                        r reff
M T M

=
1

0( ) /
.                                                        (2)

Dis lo ca tions in ef fec tive dis lo ca tion den sity im pact
yield ing thresh olds due to ob sta cle move ment. The cor -
rected re la tion ship be tween 0.2% proof stress and the
square root of dis lo ca tions is given by the eq. (2), are also
shown in Fig ure 2. As a func tion of the square root of dis -
lo ca tion den sity, the 0.2% proof stress aligns on the ap -
prox i mated line.
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Fig ure 1. Ob tained dis lo ca tion den sity (above) and ar range ment
pa ram e ter (bot tom) via LPA as a func tion of tem per ing
temperature



Over all, we in tro duced a cor rec tion based on the dis lo -
ca tion ar range ment pa ram e ter as an ef fec tive dis lo ca tion
den sity pa ram e ter to ad dress the puz zle. De spite hav ing a
higher dis lo ca tion den sity, as-quenched or low-tem per a -
ture tem pered ma te ri als have a lower 0.2% proof strength.
Thus, by ex am in ing the ar range ment of dis lo ca tions and
cor rect ing the to tal dis lo ca tion den sity to the ef fec tive dis -
lo ca tion den sity, one can de ter mine the gen eral re la tion -
ship be tween yield strength and dis lo ca tion den sity.
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Fig ure 2. 0.2% proof stress ob tained by ten sile test as a func tion
of the square root of dis lo ca tion den sity. Re sults in the past work
[4] and this work were agreed. The cor rected plots in both the past 
and this work were aligned on the ap prox i mated line.
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 MRX PROD UCTS FOR RE SID UAL STRESS EVAL U A TION THROUGH
X-RAY DIF FRAC TION

A. Sprauel

MRX Mesures Rayons X, 6 rue de Dingolfing, Brumath, France
adrien@mrxrays.com

MRX is a com pany that de velop equipments in the field of
re sid ual stress eval u a tion and quan ti ta tive anal y sis through 
X-ray dif frac tion. X-ray dif frac tion per mits non-de struc -
tive con trol of crys tal line ma te rial sur face. The pur pose of
this pre sen ta tion is to in tro duce the com pany and its prod -
ucts.

MRX main prod uct is the X-Raybot, the first
goniometer on a 6-axis col lab o ra tive ro bot. The ro bot al -
lows to pro gram and run au to matic mea sure ments on mul -
ti tude of points, on the same or on dif fer ent parts. The
equip ment is por ta ble and can be used ei ther on-site with a
tri pod or in a lab on a heavy-duty ta ble. The XRaybot fea -
tures sev eral other in no va tions such as an air-cooled tube
for low noise, an ul tra-sen si tive pure Si de tec tor, and a la ser 
tri an gu la tion mod ule to po si tion the goniometer at the right 
dis tance and ori en ta tion on com plex parts shape, thus re -
duc ing error in normal and shear stress evaluation.

Great ef forts are made on re search and de vel op ment of
new prod ucts. A high-power ver sion is now avail able for

the X-Raybot. It uses wa ter-cooled X-ray tube that can be
pow ered on up to 30kV and 10mA, for a more in tense
signal.

1st in mar ket 3D scan ner, a more con ve nient po si tion -
ing sys tem is avail able as op tion. Based on a com pact la ser
line tri an gu la tion mod ule mounted di rectly on the
goniometer (cf. Fig ure 1), this sys tem can make ac cu rate
3D scan of com plex sur face. Mea sure ments points, lines or
maps can then be se lected on the 3D scan (cf. Fig ure 2) for
a faster set-up. This sys tem also per mits scans match ing to
mea sure on the same points on iden ti cal parts, or a part that
has been moved (e.g. af ter elec tro pol ish ing).

To an swer ris ing cus tomer de mands, MRX is also
work ing on new equipments, such as a de vice ded i cated to
quan ti ta tive anal y sis of re tained aus ten ite or other phases
with a 2D detector.
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Fig ure 1. 3D scan ner mounted on the X-Raybot.

Fig ure 2. Mea sure ment points def i ni tion in AdaptiveXRD 
                 soft ware
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ANTON PAAR – X-RAY ANALYSIS SOLUTIONS

Benedikt Schrode

Anton Paar GmbH, Aus tria; benedikt.schrode@anton-paar.com

Anton Paar de vel ops, pro duces, dis trib utes and pro vides
sup port for an a lyt i cal in stru ments used in re search, de vel -
op ment and qual ity con trol world wide. This pre sen ta tion
will give an over view of Anton Paar with a fo cus on X-ray
based tech nol o gies we of fer. From the lat est ad di tion to our 

port fo lio, the mul ti pur pose X-ray diffractometer
XRDynamic 500, over the well-es tab lished non-am bi ent
XRD at tach ments to small-an gle X-ray scat ter ing (SAXS).
You will get an in tro duc tion to the his tory of X-ray anal y sis 
at Anton Paar and the cur rent port fo lio.

EL - 3

RE SID UAL STRESS ANAL Y SIS WITH A NEW TA BLE TOP MUL TI PUR POSE XRD
IN STRU MENT (D6 PHASER)

Kurt Erlacher

Bruker AXS, Ger many; 
kurt.erlacher@bruker.com

This pre sen ta tion will dis cuss the use of a mul ti pur pose ta -
ble top XRD in stru ment with em pha sis for re sid ual stress
mea sure ments.

We will dis cuss the ben e fits of us ing such an in stru -
ment, and how it com pares to tra di tional set ups. The work
will pro vide an over view of the in stru ment's fea tures and
ca pa bil i ties, as well as dis cuss the ad van tages and dis ad -

van tages of us ing such a ta ble top XRD in stru ment for re -
sid ual stress mea sure ments.

In Fe-based ma te ri als the amount of re tained aus ten ite
is very of ten of great in ter est. As such, we also dis cuss the
ca pa bil i ties for re tained aus ten ite determination.

Fi nally, we will pres ent sev eral case stud ies dem on -
strat ing the suc cess ful ap pli ca tion of this in stru ment.

EL - 4

IN NO VA TIONS IN RE SID UAL STRESS MEA SURE MENT: RIGAKU'S CUT TING-EDGE
X-RAY SO LU TIONS

Tom Faske

Rigaku Eu rope SE, Ger many; tom.faske@rigaku.com

Rigaku Cor po ra tion, the world's pre mier pro vider of X-ray
in stru men ta tion, is proud to pres ent its lat est ad vance ments 
in re sid ual stress anal y sis at the 11th Eu ro pean Con fer ence
on Re sid ual Stresses (ECRS-11). Our talk, ti tled "In no va -
tions in Re sid ual Stress Mea sure ment: Rigaku's Cut -
ting-Edge X-ray So lu tions," will delve into the chal lenges
and break throughs in the field of re sid ual stress mea sure -
ment. As in dus try lead ers, we have con tin u ously pushed
the bound aries of X-ray tech nol ogy to meet the evolv ing
needs of ma te rial sci ence. At ECRS-11, we will show case
how our state-of-the-art in stru ments, in clud ing the re -

nowned SmartLab se ries, pro vide un par al leled pre ci sion
and re li abil ity. Our pre sen ta tion will cover the ap pli ca tion
of dif frac tion meth ods, ad vanced mod el ing tech niques,
and the in te gra tion of syn chro tron and neu tron ap proaches
in our in stru men ta tion. We will also dis cuss the role of
X-ray tech nol ogy in emerg ing sec tors such as ad di tive
man u fac tur ing and mi cro elec tron ics, where man ag ing re -
sid ual stresses is crit i cal for en sur ing prod uct qual ity and
lon gev ity. Join us at ECRS-11 to ex plore how Rigaku's in -
no va tions are shap ing the fu ture of re sid ual stress anal y sis
and con trib ut ing to the ad vance ment of ma te rial sci ences.
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RE SID UAL STRESS MEA SURE MENT ON A PITCH CIR CLE OF A GEAR TOOTH
FLANK

Andrzej Wojtas

PROTO Man u fac tur ing Eu rope Spzoo, Po land; awojtas@protoxrd.com

This pa per de scribes a pro ce dure pro posed for Re sid ual
Stress Mea sure ment on a pitch cir cle of a gear tooth flank
with out re mov ing the neigh bour ing tooth i.e. in a non-de -
struc tive mea sure ment. The pro ce dure can be ap plied to a

sin2y method in omega ge om e try of an X-ray
diffractometer.

The sin2y method, com monly used in stress
diffractometers re quires the knowl edge of the d0 – un -
strained lat tice pa ram e ter for the ana lysed ma te rial. It is
usu ally taken from the first ex po sure at Psi = 0 i.e. per pen -
dic u lar to the sur face whereby the dif fract ing planes are
par al lel to the sur face.

An ex po sure at y = 0 in a mea sure ment point on the
pitch cir cle of a tooth flank would usu ally be ob structed by
the neigh bour ing tooth and there fore us ing the con ven -
tional ap proach, such mea sure ments are not pos si ble with -

out re mov ing one tooth hence mak ing the pro ce dure
de struc tive. In the pro posed method the d0 value is ob tained 

also at b = 0 but in a lo ca tion only slightly moved to wards

the tooth head – ac ces si ble at b = 0. It is as sumed that the
ma te rial com po si tion and microstructure a few mm’s apart
are iden ti cal and that the  d0 is ex actly the same.

With the d0 ob tained from the point A a sin2y  mea sure -
ment can be per formed in Point B with out the first in cli na -

tion at 0°. which would be ob structed by the neigh bour ing
tooth.

The ac cu racy of this mod i fied pro ce dure should be ver -
i fied, in each case, by per form ing both mea sure ments in the 
same point. Fur ther more the align ment of the data points

on the sin2y  plot will also be in dic a tive of the cor rect ness
of the se lected  d0 value.

EL - 6

STRESSTECH SO LU TIONS IN X-RAY DIF FRAC TION, BARKHAUSEN NOISE
ANAL Y SIS AND IN ESPI HOLE DRILL ING

Mikko Palosaari1, Sebastian Send2, Carlo Scheer2

1Stresstech Oy, Fin land; 
2Stresstech GmbH, Ger many; 

mikko.palosaari@stresstech.com

In this pre sen ta tion Stresstech as a com pany is in tro duced.
The companys 40-years ex pe ri ence in man u fac tur ing mea -
sure ment equip ment for Barkhausen noise anal y sis, X-ray
dif frac tion and in ESPI hole drill ing has made the com pany 

a re li able part ner in grind ing burn de tec tion and in re sid ual
stress anal y sis. Stresstech so lu tions will be show-cased
along with the lat est ad vance ments in the meth od ol o gies.

EL - 7

NOVEL RESIDUAL STRESS MEASUREMENT APPLICATIONS

E. Kingston

VEQTER Ltd., 8 Uni corn Busi ness Park, Whitby Road, Bris tol, BS4 4EX, UK
ed.kingston@veqter.co.uk

VEQTER was in cor po rated 20 years ago as a spin-off from
the Uni ver sity of Bris tol pro vid ing Deep-Hole Drill ing
(DHD) re sid ual stress mea sure ment ser vices to the En gi -
neer ing In dus try world wide. Since then, VEQTER has di -
ver si fied the tech niques pro vided to be come one of the
world lead ers in re sid ual stress mea sure ment ser vices, of -
fer ing the wid est range of tech niques avail able any where
glob ally. To that end, VEQTER has car ried out a wide va ri -

ety of re sid ual stress mea sure ments for a wide va ri ety of in -
dus tries and within a wide va ri ety of com po nents, both at
its head quar ters in Bris tol and on-site world wide. There -
fore, the pre sen ta tion ac com pa ny ing this ab stract will re -
view a small se lec tion of novel ap pli ca tions us ing the DHD 
and other tech niques to show what has been pos si ble, the
cur rent state-of-the-art and the di verse re quire ments of the
En gi neer ing In dus try.
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