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Al-Zn-Mg al loys are age hardenable at room tem per a ture
(RT) due to the for ma tion of Guinier-Pres ton zones. The
tem per a ture of solid so lu tion heat treat ment has a strong ef -
fect on the ki net ics of the early stages of de com po si tion.
The sam ples of two dif fer ent al loys have been quenched
from 470 or 600 oC into RT wa ter. The small- and wide an -
gle scat ter ing and dif frac tion ex per i ments have been
started within about 60 to 120 s af ter quench ing. The SAXS 
pat terns are eval u ated for the av er age size and the vol ume

frac tions of the Guinier-Pres ton (GP) zones. From the
shifts of the peak po si tions of the 111 and 200 Bragg re flec -
tions the change of the Mg and Zn con tent of the solid so lu -
tion dur ing zone for ma tion is eval u ated. The offcentre of
the dif fuse halo ap pear ing around the fun da men tal 111 and
200 Bragg re flec tions en ables to con clude about the elas tic
strains pro duced by the GP zones.
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In the con ven tional setup of a small-an gle neu tron scat ter -
ing diffractometer the mono chro matic beam is pro duced by 
a me chan i cal ve loc ity se lec tor. Usu ally, the wave length of
the neu tron beam is cal cu lated as sum ing that it is pro por -
tional to the reciproc of the se lec tor ro ta tion speed. Due to
the fi nite wave length spread of the se lec tor trans mis sion
func tion and the non-flat wave length dis tri bu tion of the
thermalized neu tron spec trum, this re la tion is not pre cise.
In the pres ent work, we car ried out cal i bra tion mea sure -
ments us ing a sil ver behenate pow der sam ple, at two se lec -

tor tilt an gles. The de vi a tions form the sim ple rec i proc ity
re la tion reached few percents, in ac cor dance with the nu -
mer i cal cal cu la tions us ing the mea sured spec trum and the
known se lec tor trans mis sion func tion. It was shown that
the usual way of the wave length cal i bra tion by the se lec tor
speed is not sufficienlty ac cu rate; it can af fect con sid er ably 
the pre ci sion of the size de ter mi na tion in SANS mea sure -
ments.
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The struc ture in ves ti ga tion of nickel base super al loys is an
im por tant task of ma te ri als re search. The nickel base super -
al loys are multicomponent al loy sys tems, ther mo dy nam i -
cally not sta ble, which are used at se vere con di tions. The
struc ture sta bil ity and creep re sis tance of super al loys is de -

pend ent on the g‘-pre cip i tate mor phol ogy and vol ume frac -

tion of pre cip i tates, which strengthen the g-phase ma trix.
Var i ous tech niques (TEM, SEM, X-ray, neu tron dif frac -
tion) are nec es sary for a full char ac ter iza tion of super al loy

microstructure, es pe cially its g‘ mor phol ogy.
The SANS method can con trib ute sub stan tially to the

mor phol ogy in ves ti ga tion of g‘ pre cip i tates in nickel base
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super al loys [1]. The pres ent SANS ex per i ment (SANS-II
fa cil ity, SINQ, Paul-Scherrer Institut Villigen, Swit zer -
land) was aimed to pro vided bulk in for ma tion on the

g‘-pre cip i tate char ac ter is tics in polycrystalline nickel base
super al loy Waspaloy re sult ing from the mod i fi ca tion of the 
ap plied heat treat ment. This pre cip i ta tion-strength ened
super al loy has stan dard heat treat ment as fol lows: 1080
°C/4h + 4K/min to 850 °C + cool ing to RT + 850 °C/2h +
760 °C/16h. In or der to im prove its prop er ties as well as to
sim plify the treat ment, a mod i fied pro ce dure (1080 °C/4h + 
800 °C/16h, al loy de noted DT750) have been tested re -
cently.

The microstructure re sult ing from these two (stan dard
and mod i fied) treat ments was in ves ti gated by SANS. At
the same time, the mor pho log i cal changes (pre cip i tate size
and their vol ume frac tion) re sult ing from the long ther mal
ex po sure of the al loys were ex am ined in de pend ence on the 
tem per a ture and time of ex po sure. 

The ex per i ment had clearly re vealed the sec ond ary pre -
cip i ta tion in the stan dard al loy af ter the heat treat ment.
These pre cip i tates, how ever, are alredy not pres ent (at least 
not with a sig nif i cant vol ume frac tion) af ter the ther mal ex -
po si tions. Fig. 1 dis plays the mea sured and eval u ated
scatteing curves for mod i fied al loy at low Q-val ues. At
larger Q-val ues, there was no in di ca tion of the sec ond ary
pre cip i ta tion for this mod i fied al loy at all. 

The bulk pa ram e ters re sult ing from the eval u a tion
(mean size and vol ume frac tion) are stated in Ta ble 1. It can 
be no ticed that the large dif fer ence ex ists al ready be tween
the al loys pre pared at dif fer ent places (Saarschmiede,
Juelich). Ther mal ex po si tion has then an ad di tional ef fect

on the growth of g‘ pre cip i tates.
It has also been found, that the ther mal ex po sure in flu -

ences the scat ter ing con trast. It could be prob a bly the ef fect 
of de pleted- zones for ma tion dur ing the pre cip i tate growth
and (at lon ger ex po sures when the pre cip i tate growth is al -
ready not fast) by dif fu sion in the ma trix which pro motes
its ho mog e ni za tion.

The SANS re sults clearly showed that there are large
dif fer ences even be tween sam ples of the mod i fied super al -
loy heat-treated at dif fer ent fa cil i ties (see Ta ble 1). A
strong in flu ence of the ther mal ex po si tion on the super al -
loy microstructure was ob served which can have an im pact 
on the me chan i cal prop er ties.

sam ple
name

DT750, heat
treat ment at

ther mal 
ex po si ti on

mean
size (C)

vo lu me
fracti on

DT5
Sa ar schmie -
de

none 1020 0.21

MW4 750°C/1000h 1190 0.27

VB2 Ju e lich none 620 0.21

VB2/3 700°C/1000h 750 0.35

VB2 750°C/5000h 1210 0.20

Ta ble 1: Pa ram e ters de ter mined by fit to the mea sured data.
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Fig ure 1: Mea sured and fit ted scat ter ing curves of mod i fied
Waspaloy (DT750).
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Ul tra-low car bon steel is widely used in the man u fac tur ing
of pan els and struc tural parts for au to mo biles be cause of
good sheet formability. The high formability is achieved by 
de vel op ing the strong {111} fi ber tex ture in the
recrystallized steel sheet af ter cold roll ing, which can be
more eas ily ob tained in in ter sti tial-free steels. The ti ta nium
used for scav eng ing the car bon and ni tro gen at oms in so lu -
tion also leads the for ma tion of pre cip i tates sush as TiN,
Ti4C2S2 and TiC. These pre cip i tates, es pe cially nano-sized
TiC, also af fect the evo lu tion of the tex ture in the steel
sheets. In the pre vi ous stud ies, the size dis tri bu tion of fine
pre cip i tates was eval u ated quan ti ta tively by us ing small
an gle neu tron scat ter ing (SANS) tech nique for hot rolled
and recrytallized steel sheets [1,2]. How ever the ef fect of
cold roll ing on the fine pre cip i tates was nearly stud ied. 

In this study, the Ti-added low car bon steel sheets cold
rolled with dif fer ent re duc tion rates were in ves ti gated by
us ing SANS in stru ment in HANARO, Ko rea. Scat ter ing
pat terns were ob tained in the Q-range of 0.008~0.25 by
0.508 nm wave length neu tron. As in creas ing the re duc tion

rate, the scat ter ing in ten sity in the Q-range of 0.02~0.06
de creased, while the in ten sity in the Q-range less than 0.02
in creased. The size dis tri bu tion and vol ume frac tion of fine
pre cip i tates were an a lyzed by us ing di rect model fit ting
method as sum ing the pre cip i tates with a log-nor mal size
dis tri bu tion. As in creas ing the re duc tion rate, the vol ume
frac tion of 10~20 nm nano-sized inhomogeneities de -
creased, while that of nano-sized inhomogeneities more
than 20 nm in creased. These re sults are con sid ered due to
the dis lo ca tions clus ter ing around pre cip i tates. 
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Embrittlement of steels ex posed to high doses of neu tron
ir ra di a tion es sen tially re duces the life time of re ac tor pres -
sure ves sels (RPV). The deg ra da tion of me chan i cal prop er -
ties is closely re lated to microstructure changes, which
in volve the cre ation of lat tice de fects and sub se quent dif fu -
sion pro cesses lead ing - be sides other ef fects - to the cre -
ation of ul tra-fine pre cip i tates. For ma tion of these
pre cip i tates de pends on steel com po si tion, how ever the
role of dif fer ent sol ute at oms in this pro cess is not yet fully
un der stood. 

We have stud ied neu tron-ir ra di ated RPV steels of dif -
fer ent com po si tions by Small-An gle Neu tron Scat ter ing
(SANS). Al though the in for ma tion con tents of SANS data
is too low to de scribe the com plex microstructure of steels
in de tail, this method has sub stan tial ad van tage of yield ing
in te gral char ac ter is tics of the pre cip i tates like vol ume frac -
tion, mean size or even size dis tri bu tion av er aged over
mac ro scopic sam ple vol umes. These sta tis ti cally rep re sen -

ta tive pa ram e ters of microstructure can be thus di rectly
com pared to me chan i cal char ac ter is tics like yield strength.
More over, mag netic in ter ac tion of neu trons with
inhomogeneities in fer ro mag netic iron ma trix per mits to
sep a rate nu clear and mag netic scat ter ing cross-sec tions
and ob tain thus ad di tional pa ram e ter, which helps to as sess
pos si ble chem i cal com po si tion of the pre cip i tates. 

Sig nif i cant dif fer ence (fac tor of 10) has been ob served
be tween vol ume frac tions of small pre cip i tates cre ated in
Cu-rich steel of west ern type (A533B) and V-rich
VVER-440 steel (15Ch2MFA) ir ra di ated un der sim i lar
con di tions (Fig.1a, see [1] for de tails of com po si tion and ir -
ra di a tion con di tions). The vol ume frac tions are eval u ated
un der as sump tion of zero mag ne ti za tion of the pre cip i tates
in mag net i cally sat u rated Fe ma trix, which is not nec es sar -
ily sat is fied in Fe-rich pre cip i tates. The lower vol ume frac -
tions in the low-Cu steel 15Ch2MFA can thus sig nify
lower mag netic con trast due to lower con cen tra tion of sol -
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ute at oms in ex change of iron. This is in agree ment with the 
mod els in which cop per strongly ac cel er ates nu cle ation of
well-formed Cu-rich pre cip i tates through ra di a tion-en -
hanced dif fu sion [3]. On the other hand, the left peak for
low-Cu steel co mes prob a bly from di lute sol ute at mo -
spheres with high iron con tents and con se quently lower
scat ter ing con trast. Ob vi ously, the right-hand peak at 
~7.5 nm cor re sponds to va na dium-car bides, which are not
pres ent in the A533B steel. 

As for the de pend ence of pre cip i ta tion on fluence, we
have ob served con tin u ous in crease of vol ume frac tions
(Fig 1.b) in VVER-440 steels, which is in cor re la tion with
grow ing yield strength mea sured ear lier [2]. The dis cus -

sion of SANS re sults pre sented in this con tri bu tion is sup -
ported by com par i son with the re sults of other tech niques
(trans mis sion elec tron mi cros copy and pos i tron an ni hi la -
tion [1], as well as atom probe to mog ra phy [2]).

1. J. Koèík, E. Keilová, J. Èížek & I. Procházka, J. Nucl. Ma -
ter. 303 (2002) 52.

2. M.K. Miller, K.F. Rus sell, J. Koèík. & E. Keilová, J. Nucl.
Ma ter. 282 (2000) 83.

3. G.R. Odette, B.D. Wirth , J.  Nucl. Ma ter. 251 (1997) 157.
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PVDF is an poly mer witch shows a pi ezo elec tric ef fect, can 
be used as ma trix in pho to vol taic cells and act as a
pyroelectric trans ducer. For that the nanostructure of this
ma te rial is very in ter est ing and, be cause of the change in
the elec tri cal prop er ties dur ing de for ma tion, stud ies on the
nanostructure of the ma te rial are nec es sary to un der stand
the dif fer ence be tween na tive and stressed sam ples. Small
an gle X – ray scat ter ing is a good method to study the
nanostructure of poly mers and is very sen si tive for
changes. We ap plied ten sile stress to thin PVDF foils with
a dif fer ent de gree of crystallinity and stud ied the change in
the struc ture while ten sile stress was ap plied. For the
change in the nanostructure, scan ning three di men sional
SAXS meth ods have been ap plied. For this pur pose an uni -
ax i ally stretched foil was scanned over the de formed re -
gion of the spec i men. Stretched foils vis i bly show 3 ar eas:
undeformed re gions are trans par ent, then some milk i ness
ap pears upon de for ma tion and the area of plas tic flow
again is trans par ent. In the non de formed stage the sam ples
show an iso tro pic ori en ta tion of the lamella, in the milky 
area ran domly ori en tated crazes are formed and in the area

of plas tic flow a fi brous struc ture ap pears, show ing an
lamellar – an gle of 60° with re spect to the stress di rec tion. 
The dis tance of the lamella pack ages also changes from
11.0 nm to 6.5 nm upon stretch ing, which is a sign that the
de for ma tion is largely caused by mi cro scopic shear ing.
 from the in ter face dis tri bu tion func tion, cal cu lated from
the sec ond der i va tion of g1(x). Lamellar thick ness was de -
ter mined by the po si tion of the first max i mum of g(x) and
long pe riod from the po si tion of the first min i mum. Both
SAXS long pe ri od ic ity peak as well as crys tal dif frac tion
peaks ap pear si mul ta neously at 144°C and within a short
tem per a ture in ter val they reach their max i mum val ues. The 
re sults from Gaussi an fit ting of Lo rentz cor rected SAXS
peak is pre sented in Fig ure 1, and the pa ram e ters, de ter -
mined from the anal y sis of the g1(x), in Fig ure 2. These re -
sults were com pared with DSC cool ing trace.

The fol low ing con clu sions could be drown from the
above re sults:

1) Non-iso ther mal crys tal li za tion of the VAE co pol y -
mer from the melt leads to the ap pear ance of SAXS and
WAXS peaks at the same tem per a ture, re veal ing that the 
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The Structure Powder DIffractometer SPODI, cur rently
be ing tested and cal i brated at the new neu tron source
FRM-II at Garching near Mu nich, is go ing to be equipped
with a Small-An gle Neu tron-Scat ter ing (SANS) ap pa ra tus. 
This com bi na tion of a pow der diffractometer and a SANS
ap pa ra tus is fea si ble due to the unique fea tures of the in -
stru ment SPODI [1,2]. A neu tron guide with a length of
14.5 m coated with supermirrors (mh = 2, mv =3) re sults in a
high neu tron in ten sity at the mono chro ma tor as well as in a
low di ver gence. Af ter wave length se lec tion with an un cer -

tainty of Dl/l ~ 0.01 at the Ge (551) waferstack mono chro -
ma tor, an other 5 m long flight path (4 m in vac uum) can be
used to collimate and fo cus the neu tron beam with very low 
ver ti cal di ver gence in com par i son to other struc ture pow -
der diffractometers.

Based on these unique geo met ri cal spec i fi ca tions ex -
ten sive Monte Carlo sim u la tions of var i ous in stru ment
con fig u ra tions for the wide-an gle part [3] and the small-an -
gle part of the in stru ment SPODI [4] were per formed us ing
the soft ware pack age McStas [5]. With the Ge(551) mono -
chro ma tor cur rently in stalled wave lengths be tween 1.1 C
and 2.6 C can be se lected with small tilt ing of the crys tals
while the stan dard wave length will be 1.5469 C. Us ing
pin-hole slits with a di am e ter be tween 1 and 6 mm, it was

found that scat ter ing vec tors Q=4psin(q)/l be tween
0.0029 C-1 and 4 C-1 can be achieved, as de picted in fig ure
1.

Since ther mal neu trons are scat tered, the re sult ing an -
gles are smaller than at con ven tional SANS ma chines us ing 
cold neu trons. There fore a much smaller de tec tor area, but

also smaller pixel sizes are needed. The SANS ap pa ra tus at
SPODI is go ing to uti lize an im age plate scan ner by MAR
Re search. This scan ner with an ac tive area of 345 mm di -
am e ter is equipped with a Fuji BAS-ND im age plate and
has a cy cle time of 108 s at 100 µm min i mum pixel size and
max i mum im age di am e ter. The us age of ther mal neu trons
also re duces the scat ter ing of neu trons by air be tween the
sam ple and the de tec tor. There fore, at the cur rent sta tus no
vac uum sys tem for the flight path is planned, but could be
retro fit ted, if nec es sary. 

Since neu tron im age plates are very sen si tive to g-rays,
the de tec tor is placed in a hous ing made of poly eth yl ene
and lead. The frontside of the de tec tor is cov ered with a 1

mm thick lead foil to ab sorb soft g-rays. Hard g-rays are not
ab sorbed by this thin foil, but these do not con trib ute to a
de tec tor sig nal, since the im age plate is not sen si tive to
pho tons with en er gies above 300 keV [6, 7]. The main
shield ing has a mod u lar con cep tion and can be ad justed if

the g-spec trum in the ex per i men tal hall make this step nec -
es sary.

The de tec tor and the hous ing, weigh ing 350 to 550 kg
(de pend ing on the com po si tion of the shield ing), are
moved by a com bi na tion of three trans la tion stages. This
ar range ment per mits the de tec tor to be po si tioned over the
sam ple ta ble re sult ing in a min i mum sam ple-de tec tor dis -
tance of about 0.1 m. On the other side, a max i mum dis -
tance of 3 m with the reg u lar set-up, with an op tional
ex ten sion even 5 m, can be reached. Fig ure 2 shows an
over view of the SANS set-up with the de tec tor be ing in a
po si tion that cor re sponds to the min i mum sam ple-de tec tor
dis tance.

Due to the fea tures de scribed above, the SANS ap pa ra -
tus of SPODI has sev eral ap pli ca tions. Firstly, it will be
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Fig. 1: Max i mum and min i mum scat ter ing vec tors Q as a func -
tion of sam ple-de tec tor dis tance and di am e ter of pin-hole slits
ob tained by Monte Carlo sim u la tions with the pro gram McStas
[5].

Fig. 2:  Pho to graph of the SANS ap pa ra tus with the de tec tor be ing 
at the min i mum sam ple-de tec tor dis tance of about 0.1 m. Note the 
three trans la tion stages.



used to ob tain SANS data of sam ples in ves ti gated by
wide-an gle scat ter ing at SPODI. These SANS ex per i ments
can be per formed si mul ta neously or se quen tially to the
pow der dif frac tion yield ing in for ma tion about par ti cle
sizes, size dis tri bu tions and morphologies of par ti cles or
pores with out the ne ces sity to change the sam ples´ en vi -
ron ment or ori en ta tion. This ren ders pos si ble an ex ten sive
char ac teri sa tion of a sam ple in one step. Fur ther more, at
small sam ple-de tec tor dis tances a de ter mi na tion of full
Debye-Scherrer cones is pos si ble. On the one hand, this
data can be used for a fast pre-char ac teri sa tion of a sam ple
be fore a de tailed mea sure ment of the dif frac tion pat tern
with high res o lu tion is started. On the other hand, the dif -
frac tion pat tern in for ward di rec tion al lows for a tex ture
anal y sis of the sam ples. At last, the sig nal from the im age
plate scan ner can be uti lized to align and cal i brate the in -
stru ment SPODI it self.

To our best knowl edge, the in stru ment SPODI is the
first ther mal pow der diffractometer be ing equipped with a

SANS ap pa ra tus, sig nif i cantly en larg ing the range of
achiev able scat ter ing vec tors Q and re sult ing in unique
pos si bil i ties for neu tron dif frac tion ex per i ments.
The sup port of this study by the Ger man BMBF un der
grant FKZ03-FU5FRM is grate fully ac knowl edged.
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SAXS IN VES TI GA TION OF SINTERED NI O BIUM POW DER SUR FACE STRUC TURAL
INHOMOGENEITIES
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14/23 Shaul ha-Melekh Str., 84797 Beer Sheva, Is rael
2 Na tional Tech ni cal Uni ver sity, 21 Frunze Str., 61002 Kharkov, Ukraine

This re port pres ents a method for in ves ti gat ing of solid po -
rous sur face inhomogeneities. The method pro posed in this 
re port was used to in ves ti gate the sur face of com pact ni o -
bium Sam ples ob tained by high tem per a ture vac uum
sintering of ni o bium pow der. The tech nique de scribed in
[1] was used the small-an gle X-ray scat ter ing (SAXS). The
range Of scat ter ing an gles is to 2 up to 360 an gu lar min -
utes. With the collimation pro cess used and the ra di a tion
cho sen, a res o lu tion is achieved which al lows to de tect
pores with di men sions from 0,1 to 50 nm. The SAXS mea -
sure ments were treated ac cord ing to spe cial pro gram which 
in cluded the back ground curve substraction of the the
SAXS diffractometr through the use of the 5-point cu bic
in ter po la tion tech nique in the re gion of ev ery ex per i men tal
point.

The fol low ing char ac ter is tic pore di men sions were ob -
tained by SAXS: vol ume V = 106 nm3 ; area S = 104 nm2; di -
men sion l = 20nm. The pores, of which two di men sions
ex ceed the third one ( lamella ), are ap prox i mated by cyl in -
ders. The corve of the SAXS data scat ter ing in vari ant has
some peak val ues. This in di cates the polymodality of the
sur face inhomogeneities sys tem. It should be noted that
sur face inhomogeneities dis plays the fractal na ture. The
ap prox i ma tion pro ce dure of the cyl in der shapes is known
in the fractal the ory as the Swartz area par a dox [2].
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