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Ab stract
The aim of the con tri bu tion is to give in for ma tion about
Fric tion Stir Weld ing (FSW), an emerg ing tech nol ogy of
join ing met als that of fers ben e fits over tra di tional fu sion
weld ing pro cesses. The both re sid ual stress and tex ture dis -
tri bu tion of an AlSi1MgMn al loy FSW joint have been de -
ter mined by means of X-ray dif frac tion. The struc ture of
the weld was ob served un der an op ti cal mi cro scope. The
re sults of both the back re flec tion “map ping” of the sam ple
sur face and metallographic anal y sis show that while the
struc ture of the ba sic ma te rial is very coarse-grained, the
ma te rial of the weld is no tice ably fine-grained and the
bound ary be tween the both struc tures is well pro nounced.
An inhomogeneous field of state re sid ual stress was found
on the weld sur face with pre dom i nant ten sile stresses. The
asym met ric courses of re sid ual stress dis tri bu tions are,
most prob a bly, a re sult of the asym me try of the FSW pro -
cess. The ob served qual i ta tive dif fer ence be tween the tex -
ture on the weld sur face and the tex ture in the mid dle of its
thick ness could be ex plained by dif fer ent cool ing rates of
these vol umes.

The pre sented re sults of X-ray dif frac tion and
metallographic anal y sis con firm that al though FSW has
been put to use in pro duc tion of boats and space launch

com po nents, there is still a good deal to be stud ied about
the ba sic mech a nism and the de tails of the pro cess.

1. Fric tion stir weld ing

1.1 In tro duc tion
Fric tion stir weld ing (FSW) is a newly de vel oped method
of solid phase weld ing in vented in the early 1990s by The
Weld ing In sti tute (TWI) in Cam bridge, United King dom
[1]. It uses a rel a tively sim ple pro cess in which a spe cially
shaped cy lin dri cal tool is ro tated and plunged into the joint
line be tween the pieces to be welded. The fric tional heat
gen er ated by the weld ing tool and the sur round ing ma te rial
causes soft en ing and al lows the tool to be moved along the
joint line. The ma te rial is plasticized and trans ferred from
the lead ing edge of the tool to the trail ing edge, leav ing a
solid-phase bond be tween the two pieces (Fig. 1). The pro -
cess may be de scribed as a com bi na tion of in situ ex tru sion
and forg ing.

Fric tion-stir-welded ma te ri als have a char ac ter is tic
through-thick ness cross sec tion il lus trated in Fig. 1.The
weld forms a con sol i dated nug get of fine-grained, fully
recrystallised ma te rial sur rounded by a thermo-me chan i -
cally af fected zone (TMAZ) which usu ally has a sig nif i -
cantly dif fer ent microstructure. Fur ther away from the
weld is a heat-af fected zone (HAZ), with the un af fected
base ma te rial on the out side. The ad vanc ing zone is the side 
of the base ma te rial, where the mo tion and ro ta tion di rec -
tion of the tool are in the same di rec tion. On the re treat ing
zone the ro ta tion di rec tion is op po site to the tool move ment 
(Fig. 1).
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1.2. Pro cess ad van tages and lim i ta tions
The ma jor ity of the pro cess ben e fits stem from the fact that
FSW is a solid-state pro cess:

• Be cause there is no melt ing of the ma te rial, the ma -
jor ity of prob lems nor mally as so ci ated with con ven -
tional weld ing are elim i nated, in clud ing po ros ity,
so lid i fi ca tion crack ing, and shrink age.

• Since the shrink age as so ci ated with the liq uid/solid
trans for ma tion is elim i nated, dis tor tion and re sid ual
stress are min i mized.

• The pro cess re quires no filler ma te rial, so par ent
metal chem is try is main tained with no chem i cal seg -
re ga tion.

• FSW has the abil ity to join ma te ri als that are dif fi cult
to fu sion-weld.

• Al though the tech nique is more re li able and main -
tains higher ma te rial prop er ties than con ven tional
weld ing meth ods, fric tion stir weld ing has had a ma -
jor draw back of re li ance on a sin gle-piece pin tool.
The pin is slowly plunged into the joint be tween two
ma te ri als to be welded and ro tated at high speed. At
the end of the weld, the sin gle-piece pin tool is re -
tracted and leaves a key hole un ac cept able when
weld ing cy lin dri cal ob jects such as drums, pipes, and 
stor age tanks.

• An other draw back is the re quire ment for dif fer -
ent-length pin tools when weld ing ma te ri als of vary -
ing thick ness.

1.3. Se lected ap pli ca tions of FSW in con struc tion area
are as fol lows [1, 2]:

• con struc tion equip ment (truck bod ies, mo bile
cranes),

• trans por ta tion in clud ing rail road in dus try (high
speed trains, un der ground car riages),

• bridge (alu minium com po nents),
• pan els made from alu minium, cop per or ti ta nium,

• win dow frames,
• heat exchangers and air con di tion ers,

• pipe fab ri ca tion, etc.
Al though FSW has been put to use in full-scale pro duc tion
of ferry boats and space launch com po nents made of alu -
minium, there is still a great deal to be learned about the ba -
sic mech a nisms and the de tails of the pro cess. In ad di tion, a 
great deal of work must be per formed to ex tend the ben e fits 
of FSW to other, more re frac tory ma te ri als.

2. The sam ple un der in ves ti ga tion and the ex per i men tal 
meth ods em ployed
Two plates of di men sions 110×175×6 mm3 from the
AlSi1MgMn al loy EN AW6082 were butt-welded along
the lon ger side us ing Fric tion Stir Weld ing in the GKSS
Re search Cen tre in Geesthacht, Ger many. The width of the
re sult ing weld is 14 mm.

2.1 Map ping of the sur face re sid ual stresses of the sam -
ple
Prior to ap ply ing an X-ray dif frac tion method for re sid ual
stress mea sur ing, a set of back re flec tion pat terns was

taken. The in ci dent beam of CrKa ra di a tion collimated by
a cy lin dri cal di a phragm 1.7 mm in di am e ter im pinged the
sur face per pen dic u larly. Dif frac tion rings (222) were de -
tected on a film placed approx. 57 mm from the ana lysed
sur face.

Since the sam ples di men sions did not en able ap ply ing

the clas sic “sin2y” method with an w – or y – goniometer,
the “one tilt” method with no ref er ence sub stance [3] was

used for re sid ual stress de ter mi na tion. The in ci dent CrKa
beam (1.7 mm in di am e ter) reached the sam ple sur face at

an an gle of y0 = 45° in the lon gi tu di nal and transversal di -
rec tions with re spect to the weld centreline and sur face

com po nents sL and sT, re spec tively were de ter mined. The
re cord of the {222} Al diffraction line was ob tained from a
fully au to mated Zeiss microdensitometer and eval u ated on
a PC. For this ex per i men tal ar range ment the sur face stress

sj can be writ ten as
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where q is the Bragg´s an gle, h = 90° – q, D is the dis tance

be tween the film and the sam ple, and Dhkl = ry1-ry2 is the
ec cen tric ity of the dif frac tion ring [3]. The X ray elas tic

con stant 0,5s2 = 18.56´10–6 [4] was used in re sid ual stress
cal cu la tions.

2.2 X-ray dif frac tion tex ture anal y sis
Two sam ples of di men sions 14×30×6 mm3 were cut from
the weld and their thick ness was re duced by bot tom mill ing 
to a value of 3 mm. Both the sam ples were ar ranged close to 
each other in the holder of a Siemens tex ture goniometer,
so the mea sured area was 28×30 mm2. Tex ture anal y sis on
the sur face of the weld as well as in the mid dle of its thick -

ness was per formed with CoKa ra di a tion by X-ray back re -
flec tion method on the atomic planes Al (111), (100),
(110).

Fig. 1. Sche matic draw ing of the FSW pro cess with the char ac -
ter is tic through-thick ness cross sec tion struc ture.



ODF rep re sen ta tion in the ste reo graphic pro jec tion
SP(001)
The ori en ta tion dis tri bu tion func tion (ODF) is cal cu lated
by the soft ware popLA [5] as a func tion of Eu ler an gles f2,
F, f1 in the sam pling of 5 de grees. These an gles de fine a
gen eral ideal ori en ta tion of a sin gle crys tal (hkl)[uvw]. The
pole of the planes (hkl) is de ter mined by the an gles f2 and F, 
the pole of the di rec tion [uvw] is sit u ated on a cor re spond -
ing grand cir cle de ter mined by the an gle f1. The po si tions
of the poles (hkl) and [uvw] in the stan dard ste reo graphic
pro jec tion are cal cu lated from the ODF func tion with the
aid of soft ware ODFSP5.EXE [6], and sym bols cor re -
spond ing to the ODF in ten sity are drawn in the SP(001)
plot. The poles (hkl) rep re sented by loz enges are sit u ated in 
quad rant IV. and poles [uvw] rep re sented by squares are
drawn in quad rants II. and III. The size of the sym bol cor re -
sponds to the rel a tive value of ODF in ten sity in per cent.
The soft ware en ables also to su per im pose an ideal ori en ta -
tion over the ex per i men tal ODF pro jec tion.

2.3 Metallographic anal y sis
The struc ture of the weld was ob served un der the op ti cal
mi cro scope Nikon Epiphot 200. The sam ples were first
elec tro lyt i cally etched in a Barker so lu tion. 

3. Re sults and their dis cus sion

3.1 Back re flec tion “map ping” of the sam ple sur face
Back re flec tion pho to graphs have been taken from the
weld sur face as well as from the sur face of the ba sic ma te -
rial. The dif frac tion pat terns of the weld sur face cor re -
spond to a fine-grained polycrystalline ma te rial with a
weak pre ferred ori en ta tion of the crys tal lites, which
changes only slightly from the weld centreline. On the
other hand, the ba sic ma te rial has sub stan tially grater crys -
tal lites that give rise to a dis crete dif frac tion line, on whose
back ground a low-in ten sive smooth pat tern, cor re spond ing 
to sur face plas tic ally de formed crys tal lites, is dis cern ible. 

3.2 Sur face dis tri bu tion of mac ro scopic re sid ual
stresses
The dis crete char ac ter of the Al (222) dif frac tion line of the
ba sic ma te rial does not en able ap ply ing the “sin²ø” method
on its sur face; thus the anal y sis of the state of re sid ual
stresses was per formed only on the weld sur face. The mea -
sure ments car ried out on 9 equi dis tant (the dis tance be ing
1.5 mm) po si tions, in both the lon gi tu di nal and transversal
di rec tions with re spect to the weld centreline, are out lined
in Fig. 2. Real is ing that the in ac cu racy of the ex per i men tal
val ues is less than 15 MPa, it is ev i dent that:

• The sur face state of re sid ual stresses is inhom oge -
neous. 

• The non-uni for mity is more pro nounced in the

transversal di rec tion (sT), where the max i mum span
be tween the stress val ues found is approx. 60 MPa.

• Most of the stresses ob tained are ten sile; the few
com pres sive stresses are less than 10 MPa.

• The courses of re sid ual stresses sL and sT are dif fer -
ent and asym met ric with re spect to the weld centre -
line.
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Fig. 2. The dis tri bu tion of lon gi tu di nal (L) and transversal (T) re -
sid ual stresses on the weld sur face.

 

 
Fig. 3. The ori en ta tion dis tri bu tion func tion for the weld sur face (a) and for the mid dle of its thick ness (b) pre sented in the stan -
dard ste reo graphic pro jec tion SP(001).
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These find ings are in good agree ment with the re sults
ob tained us ing other tech niques for re sid ual stress de ter mi -
na tion as pre sented in the pa pers [7 – 9].

3.3 X-ray dif frac tion tex ture anal y sis
The tex ture dis tri bu tion func tions for the weld sur face and
for the mid dle of its thick ness are pre sented in the ste reo -
graphic pro jec tion SP(001) in Fig 3. As one can see

• the tex ture ob tained from the weld sur face is weak,
with a max i mum value of ODF ob tained by popLA
ODFmax= 243. Crys tal lo graphic di rec tions [uvw]
coplanar with the sam ple sur face and ly ing in the
planes (HKL) do not have any pre ferred ori en ta tion
with re spect to the weld centreline. Con tin ual bands
of poles [uvw] in quad rants II. and III. (Fig. 3a) give
ev i dence of it.

• The tex ture in the mid dle of the weld thick ness is
more pro nounced (ODFmax= 757) and has the ideal
ori en ta tion of the (010)[101] type.

3.4 Metallographic anal y sis
Metallographic anal y sis of sam ples cut per pen dic u lar to
the weld centreline was car ried out. Qual i ta tive macro and
mi cro-char ac teri sa tion was per formed. Mi cro graphs were
taken at dif fer ent po si tions of weld cross-sec tion. The most
im por tant ob ser va tions could be sum ma rized as fol lows:

• Par ti cles of sev eral dif fer ent intermetallic sec ond ary
phases are pres ent in the in ves ti gated al loy. The ma -
jor ity of the par ti cles are phases con tain ing the usual
im pu ri ties of Al, i.e., Fe and Si and the al loy ing el e -
ments Mg, Mn, Zn, Si. The large amount of the
Mg2Si phase has been iden ti fied in the al loy. The
par ti cles of intermetallic phases are rel a tively coarse, 
which is in dic a tive of the fact that all the ma te ri als
used were pre pared from di rect-chill cast al loys. 

• The TMAZ and HAZ of the weld are not large and
they can not be well dis tin guished.

• The grains in the welds are much finer than those of
the par ent ma te ri als.

4. Con clu sions
1. The re sults of both the back re flec tion “map ping” of the
sam ple sur face and metallographic anal y sis show that
while the struc ture of the ba sic ma te rial is very
coarse-grained, the ma te rial of the weld is no tice ably
fine-grained and the bound ary be tween the both struc tures
is well pro nounced. 

2. An inhomogeneous field of state re sid ual stress was
found on the weld sur face with pre dom i nant ten sile
stresses (Fig. 2). The asym met ric courses of re sid ual stress
dis tri bu tions are, most prob a bly, a re sult of the asym me try
of the FSW pro cess, i.e., the ex is tence of ad vanc ing and re -
treat ing zones (see Fig. 1). The re sults ob tained are in good
cor re spon dence with those pub lished by other au thors, e.g.
in [7 – 9]. 
3. The qual i ta tive dif fer ence be tween the tex ture on the
weld sur face and the tex ture in the mid dle of its thick ness
could be ex plained by dif fer ent cool ing rates of these vol -
umes. While the rapid cool ing of the sur face does not “al -
low” the ma te rial to form a pro nounced recrystallization
tex ture, in the mid dle of the weld there are fa vour able con -
di tions for cre at ing a strong tex ture.
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