
Ó Krystalografická spoleènost

Struktura 2005 - Short papers       85

mea sure ments also con firms that the ag glom er a tion of the
par ti cles is a cru cial prob lem of QELSc. Ex per i ments with
Au nanoparticles proved that QELSc can be em ployed in
es ti mat ing the num ber of unweighable amounts of par ti -
cles. The first ex per i ments with UHMWPE wear par ti cles
yielded QELS in ten sity dis tri bu tion curves with out ag -
glom er ates, but they seem to be in sen si tive to par ti cle sizes, 
which will be a sub ject of fur ther study. 
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Ab stract
Ul tra-high mo lec u lar weight poly eth yl ene (UHMWPE) is
a semicrystalline poly mer, used in med i cine as a part of to -
tal joint re place ments. The poly mer is of ten mod i fied by ir -
ra di a tion and ther mal treat ment to im prove its wear
re sis tance. These pro cesses in duce changes of
supermolecular struc ture, which can be fol lowed by ex per -
i men tal dif frac tion pat terns from SAXS and WAXS meth -
ods. Our MDFT pro gram makes it pos si ble to cal cu late
the o ret i cal dif frac tion pat terns from SEM mi cro pho to -
graphs. MDFT out puts both one- and two- di men sional dif -
frac tion pat terns; the 1D dif frac tion pat terns of UHMWPE
yielded a semiquantitative val ues of long pe riod, com pa ra -
ble to those ob tained from SAXS.

In tro duc tion
Ultrahigh mo lec u lar weight poly eth yl ene (UHMWPE) is
used in arthroplasty as a part of to tal joint re place ments
(TJR). Nu mer ous stud ies show that the life-lim it ing fac tor
for TJRs is the wear of UHMWPE [1]. To in crease wear re -
sis tance, UHMWPE is crosslinked by ion iz ing ra di a tion,
such as gamma rays or ac cel er ated elec trons. Af ter
crossliniking the ma te rial is ther mally treated to re move
macroradicals, which may cause long-term ox i da tive deg -
ra da tion [2]. Both crosslinking and ther mal treat ment in flu -
ence mo lec u lar and supermolecular struc ture of
UHM WPE. The supermolecular struc ture af fects other im -
por tant prop er ties of the ma te rial, such as stiff ness, tough -

ness, creep and fatique be hav ior [3]. The changes of
supermolecular struc ture can be fol lowed rou tinely by
means of small- and wide-an gle X-ray scat ter ing (SAXS
and WAXS) [4]. 

To get in sight in the struc tural changes, we mon i tored
the UHMWPE af ter ir ra di a tion and ther mal treat ment also
with mi cro scopic, spec tro scopic and ther mal tech niques. In 
this study we fo cus our at ten tion on scan ning elec tron mi -
cros copy (SEM). SEM mi cro graphs show the UHMWPE
struc ture di rectly, but the in for ma tion we ob tain is only
qual i ta tive. To ob tain some (semi)quan ti ta tive in for ma -
tion, im age anal y sis is needed. In the fol low ing text we
pres ent a sim ple pro gram, called MDFT, which can cal cu -
late two-di men sional (2D) and one-di men sional (1D) dis -
crete Fou rier trans form (FT) of SEM mi cro pho to graphs.
We show that this pro gram yields semiquantitative in for -
ma tion anal o gous to what we ob tain from SAXS curves.

Ex per i men tal part
Ma te rial. UHMWPE (Chirulen 1020, PolyHiSolidur) pre -
pared by com pres sion mold ing, was used in all ex per i -
ments. Sam ples (50 x 50 x 1 mm) were cut from the rods,
which were in ten sively cooled to avoid struc tural changes
due to el e vated tem per a ture.
Ir ra di a tion. The sam ples were ir ra di ated with ac cel er ated
elec trons, in air, at room tem per a ture, with doses from 0 to
200 kGy and ex tremely high dose rates > 50 kGy/min. In
gen eral the ir ra di a tion in air causes ox i da tive deg ra da tion
lead ing to chain scis sions [5]. How ever, crosslinking pre -
dom i nates over chain scis sions if very high dose rates are
used, as ev i denced by both our in ves ti ga tions [6] and lit er a -
ture [7].



Ó Krystalografická spoleènost

86 Structure 2005 Materials Structure, vol. 12, no. 2 (2005)

Ther mal treat ment. The sam ples were put to a press heated
at 200 oC for 10 min. The whole ex per i ment was per formed 
at low ox y gen at mo sphere. 
Small an gle X-ray scat ter ing (SAXS) curves were mea -
sured us ing Kratky cam era (A. Paar, Aus tria). Af ter back -
ground sub trac tion, the scat ter ing curves were desmeared
and Lo rentz cor rec tion was ap plied. Peak po si tions were
em ployed to ob tain long pe ri ods ac cord ing to Bragg’s law,

LP = 2p/q, where q = (4p/l)sinq, lCuKa = 1.54 C and 2q is
the scat ter ing an gle.
Scan ning elec tron mi cros copy (SEM). The sam ples were
cut on ro tary microtome RM 2155 (Leica) and the re sult ing 
smooth sur faces were etched with per man ganic mix ture as
de scribed else where [8]. The etched sur faces were fixed to
cop per sup ports and cov ered with a thin plat i num layer us -
ing vac uum sput ter coater (Balzers) to avoid charg ing, im -
prove res o lu tion and de crease sam ple dam age in elec tron
mi cro scope. Fi nally the sam ples were ob served in  SEM
mi cro scope (Tescan) us ing sec ond ary elec trons at 30 kV.
The crys tal line re gions man i fest them selves as bright lines
in the re sult ing SEM micrograps be cause they are etched
more slowly than the amor phous re gions.

De scrip tion of MDFT pro gram
Briefly speak ing, MDFT pro gram reads a grayscale im age,
cal cu lates its Fou rier trans form and out puts the re sult in the 
form of 2D grayscale im age or 1D graph. In more de tailed
view the pro gram is a pack age of six in de pend ent sub rou -
tines: the first reads the in put, the sec ond cal cu lates 2D FT,
the third per forms scal ing and var i ous mod i fi ca tions of the
cal cu lated val ues, the fourth out puts 2D-FT as an im age,
the fifth con verts 2D-FT data into 1D-FT data and the sixth
out puts 1D-FT as a graph. Each of the sub rou tines of fers
some op tions, which pro vide the user with the con trol over
the cal cu la tion and make pro gram flex i ble. Key fea tures of
the pro gram are de scribed in Ap pen dix A, full de scrip tion

of the op tions can be found in the help file at tached to the
MDFT pack age [9]. MDFT re lies on free soft ware tools:
Perl [10] is the pro gram ming lan guage, GD li brary [11]
with the cor re spond ing Perl mod ule GD.pm [12] ma nip u -
lates the im ages and Gnuplot [13] plots the graphs. Un for -
tu nately, the cur rent ver sion uses only slightly op ti mized
FT al go rithm and, as a re sult, the pro gram is rather slow.
The cal cu la tion can take sev eral min utes with large im ages. 
Fast Fou rier trans form will be added in the next ver sion.

From the point of view of dif frac tion it self, both SAXS
and WAXS are based on the same for mula, re lat ing am pli -
tude of scat tered ra di a tion, A(S), and elec tron den sity in the 

stud ied ma te rial, r(r):
                 

                   A i d( ) ( ) exp[ ( )]S r Sr r= ´ -ò r p2 ,                (1)

where the in te gra tion runs through the whole space and S is 
scat ter ing vec tor [15]. The above for mula is, in fact, 3D FT
of the ob ject in real/di rect space into the dif frac tion pat tern
in re cip ro cal space. Us ing this for mula we can cal cu late
dif frac tion pat tern of any 3D (and also 2D or 1D) ob ject.
That is why we can also cal cu late the dif frac tion pat tern
cor re spond ing to a SEM mi cro pho to graph us ing 2D-Fou -
rier trans form (ref. [16, 17], Fig. 1), by means of:
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where (x,y) are co or di nates of the pixel in the in put im age,
(k,l) are co or di nates of the pixel in the out put im age, f(x,y)
and F(k,l) rep re sent the grayscale in ten sity of the pixel in
in put and out put im age, re spec tively, N is the di men sion of
the (square) in put im age and the dou ble sum ma tion runs
through the whole pic ture. The re sult ing 2D dif frac tion
pat tern can be con verted to 1D dif frac tion pat tern by sim -
ple nu mer i cal av er ag ing (ref. [9]; Fig. 2), from which the

Fig. 1. UHMWPE sam ples and their 2D-FT trans forms cal cu lated with pro gram MDFT: (a) 0 kGy, (b) 0 kGy RM, (c) 100 kGy

and (d) 100 kGy RM sam ple. Real width of all SEM mi cro graphs is 2.4 mm.
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long pe riod (LP) can be ob tained by means of a for mula de -
rived from Bragg’s law. In this par tic u lar case the LP was
cal cu lated by:

LP S RWIMAX= ´1/                         (3)

where SMAX is the po si tion of the first lo cal max i mum on
the cal cu lated 1D dif frac tion pat tern and RWI is the real
width of the an a lyzed SEM mi cro graph.

Re sults
MDFT pro gram was ap plied to four SEM mi cro pho to -
graphs, which rep re sent non-ir ra di ated, non-remelted sam -
ple (de noted as 0 kGy, Fig. 1a), non-ir ra di ated, remelted
sam ple (0 kGy RM, Fig. 1b), ir ra di ated, non-remelted sam -
ple (100 kGy, Fig. 1c) and ir ra di ated, remelted sam ple
(100 kGy RM, Fig. 1d). The changes of supermolecular
struc ture are ob serv able di rectly. From the qual i ta tive point 
of view, the SEM mi cro graphs sug gest that remelting re -
sults in much finer supermolecular struc ture, whereas ir ra -
di a tion slightly in creases struc ture coarse ness. This is in
agree ment with our pre vi ous stud ies [4, 14].

How ever, qual i ta tive in for ma tion must be ex tracted
from the mi cro graphs by some mea sure ment or, in other
words, by im age anal y sis. The ques tion is what to mea sure.
Stan dard im age anal y sis would re quire sep a ra tion of amor -
phous and crys tal line re gions in the im age, fol lowed by de -
ter mi na tion of their av er age size. At first sight, this would
be a te dious job. MDFT pro gram rep re sents quite dif fer ent
ap proach and of fers an el e gant so lu tion of the prob lem. In
the first step, MDFT reads the mi cro graphs and cal cu lates
their 2D-FT pat terns us ing equa tion 2 (Fig. 1, bot tom row).
In the sec ond step, MDFT con verts 2D-FT pat terns to
1D-FT pat terns (Fig. 2). The user just finds the first lo cal
max i mum on 1D-FT curve and cal cu lates the LP (i.e. av er -
age re peat ing dis tance be tween crys tal line and amor phous
re gions on the mi cro graphs) by means of equa tion 3. 

Al though the changes of LP ob tained from SEM
(LPSEM) and LP from SAXS (LPSAXS) are sim i lar as doc u -
mented in Fig. 2, the ab so lute val ues of LPSEM and LPSAXS

dif fer from each other, which re sults from in trin sic dif fer -
ences be tween SEM and SAXS. Firstly, the thin nest
lamellae are be low the SEM res o lu tion, which makes the

val ues from SEM sys tem at i cally higher. Sec ondly, in
SAXS we in ves ti gate quite a large part of the sam ple while
in SEM we see just a small re gion. Thirdly, the po si tion of
the first peak on 1D-FT curve must be es ti mated by user,
which may not be ab so lutely pre cise. And, fi nally, SAXS
de ter mines the LP from 3D sam ple, while in SEM we in -
ves ti gate just 2D sec tion of the sam ple.

Con clu sion
MDFT pro gram cal cu lates two- and one-di men sional Fou -
rier trans forms of grayscale im ages. In this study, MDFT
was ap plied to SEM mi cro pho to graphs of UHMWPE.
1D-FT pat terns of the SEM mi cro graphs yielded the av er -
age re peat ing dis tance be tween amor phous and crys tal line
re gions, LPSEM. It was shown that this value qual i ta tively
cor re sponds to the long pe riod from SAXS, LPSAXS. Hence, 
the re sults are rea son able and MDFT pro gram can be em -
ployed in anal y sis of any im ages dis play ing pe ri odic struc -
tures.  

Ap pen dix A: MDFT and Other Anal o gous Pro grams
A few freeware pro grams or rou tines per form ing 2D-FT or
2D-DFT cal cu la tions can be found on the internet. These
pro grams usu ally con vert an ar ray of num bers to its Fou rier 
trans form, us ing fast al go rithms, not con tain ing the pro ce -
dures for ma nip u la tion with im ages and/or con vert ing 2D
and 1D Fou rier trans form pat terns. Also sev eral com mer -
cial soft ware pack ages fo cused on im age anal y sis in clude
Fou rier trans form rou tines. They usu ally in clude
user-friendly in ter face and run very fast, but they are a kind 
of blackbox: the pos si bil i ties of in flu enc ing the cal cu la tion
are rather lim ited, if any.

MDFT pro gram is dif fer ent, be ing pro grammed in Perl
[10] and con trolled by means of the com mand-line scripts.
It is nei ther user-friendly nor fast. How ever, it has sev eral
fea tures, which are par tially or com pletely miss ing in the
anal o gous soft ware men tioned above: (i) MDFT reads both 
im age files and num ber ar rays; (ii) MDFT can plot not only 
in ten si ties, but also phases, real and imag i nary com po -
nents; (iii) MDFT puts cen tral spot in the cen tre of the Fou -
rier trans formed im age; (iv) MDFT is able to in sert a
vir tual beamstopper to the vir tual dif frac tion ex per i ment,
i.e. it en ables to elim i nate or at ten u ate the cen tral spot in the 
Fou rier trans form; (v) MDFT can do log a rith mic trans form 
of the re sult ing im age; (vi) MDFT out puts 2D Fou rier
trans forms as im ages or num ber ar rays and (vii) MDFT
con verts 2D dif frac tion pat terns to 1D dif frac tion pat terns
in the form of graphs of num ber ar rays.

To con clude, MDFT is noth ing more than yet an other
pro gram cal cu lat ing 2D-FT but it of fers a few ex tra rou -
tines which are usu ally miss ing in the anal o gous soft ware
and pro vides the user with full con trol of the cal cu la tion. In
par tic u lar, points (iv) and (v), listed above, are of great
prac ti cal value be cause the in ten sity of the cen tral spot is
quite of ten too dom i nat ing. More de tails can be found in
the brief help file that is a part of the pro gram [9].

Ap pen dix B: MDFT as a Learn ing Tool
In dis pens able part of de vel op ment of any pro gram, even if
it is not much com plex, is its test ing. MDFT pro gram is
triv ial from the point of view of the al go rithm but, at the

Fig. 2. 1D-FT trans form of UHMWPE sam ples.
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same time it per forms a huge amount of cal cu la tions. The
main part of MDFT, cal cu lat ing the dis crete Fou rier trans -
form, is based on four nested for-cy cles. That is why it was
im pos si ble to ver ify the cor rect ness of the cal cu lated val ues 
with a pocket cal cu la tor. In stead, the pro gram had to be
checked us ing some known sim ple ex am ples (Fig. 3).

Dur ing test ing the au thor of the pro gram re al ized that
the pro gram can be used as a sim ple tool for learn ing and
better un der stand ing of Fou rier trans form in crys tal log ra -
phy. The re sults in the form of grayscale pic tures are un der -
stood in tu itively. For ex am ple, the pro gram can
dem on strate the Bragg Law and the rec i proc ity prin ci ple
(Fig. 3a,b) ef fect of ori en ta tion on the dif frac tion pat tern
(Fig. 3c,d), sym me try re la tion ships in di rect and re cip ro cal

space (Fig. 3e,f) or ef fect of ther mal mo tion on in ten sity at
higher dif frac tion an gles (Fig. 3g,h).

Two facts may be worth men tion ing in the end: (i) more 
com pli cated ef fects, such as ex tinc tion and in flu ence of
crys tal lat tice im per fec tions on the dif frac tion pat tern, can
be dem on strated with MDFT as well (ii) and all the in put
im ages for test ing shown in Fig. 3 were pre pared quite eas -
ily us ing short scripts based on a com bi na tion of freeware
pro grams ImageMagick [18], PerlMagick [19], Perl [10]
and GD [11]; sam ple scripts are part of the MDFT help [9].

Ac knowl edge ment. This work was sup ported by the Grant
Agency of the Czech Re pub lic (grant GACR 106/04/1118)
and by the Acad emy of Sci ences of the Czech Re pub lic
(pro ject AVOZ4050913).

Fig. 3. Model im ages and their 2D-FT pat terns cal cu lated with MDFT.
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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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