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Abs tract

The aim of this pa per is to de scribe the ef fects of la ser
weld ing on the real struc ture and re sid ual stresses of con -
struct steel S355 in com par i son with clas si cal arc weld ing.
There fore, re sults out line the ca pa bil ity of the ad vanced la -
ser weld ing for join ing thick sheets of steel us ing neu tron
dif frac tion and X-ray dif frac tion. This pa per de scribes the
ef fects of weld ing on the state of re sid ual stresses and the
real crys tal lo graphic struc ture (phase com po si tion, crys tal -
lite size, microstrain) on cross-sec tion of welds. Fur ther -
more, the re sults of neu tron dif frac tion ver ify pre vi ous
as sump tions of re sid ual stresses re dis tri bu tion as a re sult of 
the sur face prep a ra tion for de ter mi na tion by X-ray dif frac -
tion in two di rec tions on the cross-sec tion of the welds.

In tro ducti on

La ser pro cess ing is now a days widely used in mod ern in -
dus try, mainly be cause of its high pro duc tiv ity and pre ci -
sion. De vel oped la ser weld ing meth ods us ing high power
la sers took over the ca pa bil ity to fill groove with cold or hot 
metal wire from arc weld ing. This leads to change in me -
chan i cal prop er ties of welds, es pe cially re duc ing their
hard ness due to quench ing [1]. Prof it able changes of real
crys tal lo graphic struc ture (phase com po si tion, crys tal lite
size, microstrain) and re sid ual stresses (RS) in com par i son
with con ven tional la ser welds im prove the re sults dur ing
im pact and ten sile test and mainly en hance fa tigue life.
This has been shown in the ar ti cle [2].

Re sid ual stresses are the stresses which oc cur in the ma -
te rial with out the ac tion of ex ter nal forces. State of re sid ual
stress may be one of the most im por tant fac tors that in flu -
ence the be hav iour of the ma te rial, es pe cially fa tigue life.
Gen er ally, it can be re marked, that mainly high com pres -
sive re sid ual stresses could in crease yield loads, pro mote
crack ini tial iza tion and also de cel er ate its prop a ga tion. So
it is es sen tial to achieve such a state of re sid ual stress by ap -
ply ing var i ous me chan i cal and ther mal pro cess ing, which
ex hib its fa vour able re sid ual stresses in crit i cal ar eas of the
com po nent [3]. Re sid ual stresses due to shrink ing pro cess
are af fected by the de for ma tion of the com po nent and the
lo cal shrink age pro cesses ac cord ing to the ther mal ex pan -
sion co ef fi cient of the us ing ma te rial. On the other hand,
when con sid er ing a phase trans for ma tion from aus ten ite to
fer rite, bainite, or martensite, it is as so ci ated with a char ac -
ter is tic vol ume in crease. This ef fect is caused by the
change of the close-packed face-cen tered cu bic (fcc) crys -
tal struc ture to the body-cen tered cu bic (bcc) crys tal struc -
ture or body-cen tered tetragonal (bct), re spec tively. This
ex pan sion takes place during the phase transformation

proceeds in the restrained volume thus compressive
residual stresses are formed [4].

Ex pe ri men tal

The ana lysed butt-welds were pre pared by a dou ble sided
la ser weld ing with cold wire and multilayer dou ble side
metal ac tive gas (MAG) weld ing from two 300×150×20
mm3 sheets made of S355J2 steel. The mea sure ments were
per formed on the cross-sec tion of the welds in three lines
per pen dic u lar to the welds. One line passes through the
cen tre of the weld and the other two are lo cated three milli -
metres be low each sur face. The side with the up per line
was welded first. To de ter mine the real struc ture and RS by
X-ray dif frac tion (XRD) on the cross-sec tion, it was nec es -
sary to cut the plate in two parts and the af fected sur face
layer elec tro chem i cally etched. RS de ter mined by neu tron
dif frac tion were ob tained non-de struc tively with out cut -
ting. Sam ple ori en ta tions dur ing X-ray and neu tron dif frac -
tion are shown in Fig. 1. The di rec tion of the ar rows al ways 
in di cates the di rec tion of the mea sured RS.

The neu tron mea sure ments were car ried out on the
diffractometer SPN-100 of the Nu clear Phys ics In sti tute
which is in stalled at the chan nel HC-4 of the re search re ac -
tor LVR-15 and op er ates at the neu tron wave length of

0.235 nm. The dif frac tion peak {110} of a-Fe was mea -
sured. The SteCa soft ware [5] was used to ex tract and ana -
lyse dif frac tion pat terns from the re corded area de tec tor
data. The stress was cal cu lated us ing the Hooke’s law
based on the an gu lar de vi a tion of the dif frac tion pro file po -
si tion from the value re lated to the stress-free sam ple. The
ir ra di ated vol ume was ap prox i mately 2 × 2 × 3 mm3.

The cor re spond ing XRD mea sure ments were per -
formed by PROTO iXRD COMBO diffractometer with

w-goniometer and {211} dif frac tion line of a-Fe was mea -
sured by chro mium ra di a tion. De for ma tion of interplanar
dis tances of var i ously ro tated planes (ac cord ing to the an -
gle , see Fig. 1 right) was con verted to RS us ing the gen er -
al ized Hooke’s law ac cord ing to the  method. Dif frac tion
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Fig ure 1. Sam ple ori en ta tions and ana lysed planes dur ing neu tron 
dif frac tion (left) and XRD (right).



an gle 2q211 was taken as a cen tre of grav ity of the {211}

dif frac tion dou blet CrKa. For re sid ual stress eval u a tion,

X-ray elas tic con stants ys2 = 5.76 TPa-1 and s1 = –1.25 TPa-1

were used. The ef fec tive depth of pen e tra tion (Teff) is cor re -
spond ing to the thick ness of a sur face layer that pro vides
about 63 % of the dif fracted in ten sity. In the case the Teff is

about from 3.5 up to 5.5 mm.
In or der to de ter mine the phase com po si tion, dif frac -

tion pat terns were ob tained by mea sur ing the welds us ing
the X’Pert PRO MPD in stru ment in clas si cal Bragg-
 Brentano fo cus ing con fig u ra tion with co balt tube an ode
and mono-cap il lary with a di am e ter 0.5 mm. Mea sured dif -
frac tion di a grams were pro cessed with the pro gram X’Pert

HighScorePlus and crys tal line phases were iden ti fied us -
ing a PDF-2 da ta base. Quan ti ta tive anal y sis was eval u ated
us ing the Rietveld anal y sis in the TOPAS 4.2 soft ware. In

the case of the used wave length, the Teff is about 5 mm.

Re sults and dis cus si on

The com par i son of RS ob tained by neu tron and X-ray dif -
frac tion in nor mal and per pen dic u lar di rec tion to the weld
is plot ted for both sam ples in Figs. 2 and 3. Phase com po si -
tions were de ter mined on the cross sec tions, where the
weight rep re sen ta tion of re tained aus ten ite (see Fig. 4),
microstrain (see Fig. 5) and crys tal lite size (see Fig. 6) were 
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Fig ure 2. Com par i son of RS ob tained by X-ray and neu tron dif frac tion in di rec tion per pen dic u lar to the weld for la ser (left col umn) a
MAG sam ple (right col umn).



eval u ated by Rietveld anal y sis. In the graphs, the cen tre of
the welds is given by zero on the x-axis.

In the mid dle of the la ser weld in di rec tion T ac cord ing
to Fig. 2, RS ob tained by neu tron dif frac tion in the per pen -
dic u lar di rec tion to the weld re ported more ten sion char ac -
ter than ob tained by XRD. This is most prob a bly due to a
sig nif i cant con trac tion in the di rec tion par al lel to the weld.
On the other hand in the case of the MAG weld, there are
com pres sive RS. This could sug gest a pre dom i nance of
phase trans for ma tion dur ing the for ma tion of RS rather
than shrink age. For both welds, RS ob tained by XRD re -
ported higher com pres sive re sults than ob tained by neu tron 

dif frac tion. The only ex cep tion is the bot tom line for the
MAG weld. The asym met ric course of RS for MAG sam -
ple is mainly due to the fact that the grove was filled with
an other bead in the right part from the both sides (position
of this beads were approx. 5 mm from the centre).

La ser weld (ac cord ing to the pre vi ous re sults [6]) has a
higher ten sile re sid ual stresses along the weld, there fore,
re dis tri bu tion af ter cut ting the sam ple prob a bly pro duced
the great est com pres sive stresses ana lysed by XRD. Af ter
cut ting the plate in two parts, the weld prob a bly slightly
dropped, and thus it caused com pres sive RS in the plane
per pen dic u lar to the weld.
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Fig ure 3. Com par i son of RS ob tained by X-ray and neu tron dif frac tion in nor mal di rec tion to the weld for la ser (left col umn) a MAG
sam ple (right col umn).



In the mid dle of the la ser weld in nor mal di rec tion ac -
cord ing to Figs. 3, RS ob tained by neu tron dif frac tion re -
ported as well ten sion char ac ter. MAG sam ple in the
mid dle line ex hib its much better cor re spon dence. The
great est dif fer ence ob served for MAG weld is at the bot tom 
line, where XRD showed slight ten sile re sid ual stresses and 
neu tron dif frac tion com pres sive ones. The same asym met -
ric course of RS for MAG sam ple is also clearly vis i ble for
normal direction in Fig. 3.

The de pend ency of re tained aus ten ite (see Fig. 4) for
the la ser weld cop ies the bound ary be tween the melt pool
and the heat af fected zone (HAZ) where the cool ing was
the fast est. How ever, for mid dle line of the MAG sam ple,
where a first layer was welded, al most no re tained aus ten ite 
was de tected. This is most likely caused by heat ing by other 
weld ing beads, when a larger amount of heat in put was
added to the weld in com par i son with la ser weld ing.

Higher val ues of re tained aus ten ite for the up per and bot -
tom lines on the right side are given by the same rea son as
for RS, the groove was filled with an other weld bead in this
area. For the la ser sam ple, the weld width is ap prox i mately
4 mm on both sides. Un for tu nately, the width for the MAG
sample is from –5 mm to more than 10 mm.

From a crys tal lite size (see Fig. 6), it is pos si ble to no -
tice that slightly higher val ues could be seen in the HAZ
with the la ser mid dle line ex cep tion. In the HAZ, due to
heat in put, the crys tal lites are coars en ing. This ef fect is
better ob serv able for MAG weld as there was higher heat
in put. On the other hand, the microstrain for the la ser weld
(see Fig. 5) reaches the high est val ues in the mid dle of the
orig i nal melt pool. For MAG weld, microstrains also grow,
but val ues are lower than for the la ser sam ple. Higher
microstrain val ues are most likely due to a higher cool ing
rate and thus a non-equi lib rium microstructure is formed.
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Fig ure 4. Com par i son of weight per cent age of re tained aus ten ite for la ser (left) a MAG sam ple (right).

Fig ure 5. Com par i son of microstrain for la ser (left) a MAG sam ple (right).
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Conclu si on

The re sult ing RS ob tained us ing both meth ods with a dif -
fer ent ap proach are in clear cor re la tion. The re dis tri bu tion
of RS dur ing the cut ting has not yet been ac cu rately de -
scribed. But it can be de duced from these pre sented re sults
that the prep a ra tion of the cross-sec tion for XRD mea sure -
ments of the welds did not sig nif i cantly change the dis tri -
bu tion of re sid ual stresses in the cut ting plane. They had
been only par tially af fected. How ever, the re dis tri bu tion of
re sid ual stress af ter cut ting must be taken into acount. The
microstrain for the la ser weld ex hib its the high est val ues
than for MAG weld. In con trast, the slightly higher val ues
were de ter mined in the HAZ for both sam ples.

From our point of view, X-ray dif frac tion is a suit able
in stru ment to de scribe the real struc ture and state of re sid -
ual stress even for the cross-sec tion of such thick steel
plates. How ever, it is nec es sary to keep in mind that even
the re sid ual stresses in the plane of the cut are par tially af -
fected by the cross-sec tion prep a ra tion. It is of ten as sumed
that the re sid ual stresses in this plane are not af fected, but it
is not al ways the cor rect as sump tion even according to
these results.
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Fig ure 6. Com par i son of crys tal lite size for la ser (left) a MAG sam ple (right).


