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Abstract

At the Geesthacht Neutron Facility GeNF about 180 experiments were performed in 2005 by
GKSS and by or for external users, partners or contractors. In most cases the measurements
were performed and analysed in cooperation by the guests and by the GKSS staff or by the
permanent external user group staff. The activities, which are based on a proposal procedure
and on the in house R&D program, are reported in 67 contributions in the present annual
experimental report for the year 2005. The contributions may contain one or also several
combined experiments.

During 2005 the GKSS research reactor FRG-1 achieved an operation time of 199 days at
the full 5 MW reactor power providing a neutron flux of ca. 1.4 •1014 thermal neutrons/cm2 s.
The cold neutron source was available during the complete operation time. 

The focus of the in house R&D work at GeNF instruments was the characterisation of metal
alloys, the analysis of stresses in welds and technical structures at ARES, FSS, DCD and
SANS-2, the structural investigation of hydrogen containing substances such as polymers,
colloids and biological macromolecules at SANS-1 as well as the characterisation of 
magnetic thin films at PNR, POLDI and RÖDI. The thoroughly upgraded reflectomer NeRo
went in full operation. It now offers state of the art new measurement possibilities. 

In appendices the progress of the project REFSANS at FRM-II is reported as well as the
experimental activities of the GKSS outstation HARWI-II at DESY where in 2005 first ex-
periments were performed. 

Jahresbericht 2005 über die Experimente an GeNF 

Zusammenfassung

An der Geesthachter Neutronenforschungseinrichtung GeNF wurden von GKSS und von oder
für externe Nutzer, Partner oder Auftraggeber etwa 180 Experimente in 2005 durchgeführt.
In den meisten Fällen wurden die Messungen gemeinschaftlich von den Gastwissenschaftlern
und dem GKSS-Personal vorgenommen und ausgewertet. Die Experimente, die in der Regel
über das Antragsverfahren und über das GKSS-eigene F&E-Programm abgewickelt wurden,



werden in diesem Jahresbericht in Form von 67 Experimentierberichten dargestellt. Dabei
können die Berichte einzelne Experimente oder auch mehrere zusammengefasst beschreiben.

Während 2005 erreichte der Forschungsreaktor FRG-1 119 Volllasttage bei 5 MW und bei
einem Fluss von 1,4 •1014 thermischen Neutronen je cm2 und s. Die kalte Neutronenquelle
war während der gesamten Betriebszeit verfügbar.

Der Schwerpunkt der GKSS-eigenen Forschungsarbeiten lag in 2005 im Bereich der 
Charakterisierung von Metalllegierungen, der Analyse von Eigenspannungen in Schweiß-
verbindungen und technischen Strukturen an ARES, FSS, DCD und SANS-2, im Bereich
der Strukturanalyse von wasserstoffhaltigen Substanzen wie Polymere, Kolloide und 
Biomolekülen an der SANS-1 sowie im Bereich der Charakterisierung magnetischer
Schichtstrukturen an PNR, POLDI und RÖDI. Nach dem gründlichen Umbau wurde das
Reflektometer NeRo voll in Betrieb genommen. NeRo bietet nun erweiterte Messmöglich-
keiten auf neuestem Standard.

In Anhängen wird auch über den Fortschritt des Projekts REFSANS am FRM-II sowie über
die experimentellen Arbeiten der jungen GKSS-Außenstation HARWI-II bei DESY berichtet,
wo in 2005 der Messbetrieb aufgenommen werden konnte.

Manuscript received / Manuskripteingang in TDB: 30. März 2006
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PREFACE 
 
 
GeNF Operation  

 
The Geesthacht Neutron Facility (GeNF) is operated as an open facility for external users for 
about 2/3 of the available beam time and it is used for GKSS in house research within its 
materials science programme for the remaining 1/3. The external users come either from 
national and international scientific research institutions, universities and industry, or they 
own and operate experiments at GeNF as permanent external partners. 

 
The beam time allocations for GeNF instruments are established on the base of a proposal 
procedure which can react in a flexible and fast way on new proposals. Proposals can be 
submitted at any time. In 2005 about 180 experiments were performed at GeNF by or for 
external users, partners or contractors as well as for the in house research programmes. A 
part of these activities – mainly the part of external use based on proposals – is reported in 
the present annual experimental report for the year 2005. In many cases several experi-
ments are concentrated in one experimental report. 

   
Operation of FRG-1 

 
In 2005  the FRG-1 was operated routinely interrupted by the two planned major shut downs 
in January/February and in July. The total FRG operation time was 208 days providing neu-
trons, from these 199 days at its full 5 MW power providing a neutron flux of ca. 1.4 • 1014 
thermal neutrons/cm2 s. The cold neutron source was always available during FRG operation. 

 
GeNF Instruments 

 
The current set of instruments at GeNF is shown in figure A and listed in table A. The avail-
able sample environment is listed in table B. 

 
In 2005 the installation of the modern experiment control hardware and software based on 
LabView was continued for SANS-2 and ARES. An additional option to integrate a magnet 
into the sample position system was added at DCD. A thorough upgrade of the complete 
secondary spectrometer of ARES was started. The POLDI experiment was modified for   
research on magnetic nanostructures. PTB continues to use the neutron dosimetry option of 
POLDI, since PTB has qualified POLDI as the best thermal neutron reference field in Europe. 
Last but not least, the new neutron tomography camera on GENRA-3 has successfully com-
menced operation. 

 
The focus of the GKSS in-house research at GeNF is the investigation of metal alloys, the 
analysis of stresses in welds and technical structures at ARES, FSS, DCD and SANS-2, the 
structural investigation of hydrogen containing substances such as polymers, colloids and 
biological macromolecules at SANS-1 as well as the characterisation of magnetic and poly-
mer thin films at PNR, NeRo, POLDI and RÖDI.  

 
In the autumn of 2005 the GKSS high-energy synchrotron beam line HARWI-II at DESY went 
in operation with its diffractometer and tomography parts. For details see the report in       
Appendix II.  

 
The construction of the REFSANS instrument of GKSS at FRM-II as a highly sophisticated 
instrument for the research on solid and fluid films and nanostructures by combining small 
angle scattering and reflectometry was completed and also began operation. In 2005 GKSS 



 

began to contribute to the operation of the Strain/Texture diffractometer STRESS-SPEC at 
FRM-II together with HMI and the Technical University of Munich (TUM). Furthermore a 
collaboration was started with the TUM to construct a new small angle scattering machine at 
the FRM-II. 
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EXPERIMENTAL REPORT 

 
GeNF 

SANS-1 

Small-angle scattering instrument SANS-1 
 
 
Short Instrument Description: 
The small angle neutron scattering instrument SANS-1 using cold non-polarised/polarised 
neutrons serves primarily to investigate molecular biology, colloids and polymers. 

 
Local Contact: 

Dr. Regine Willumeit 
Phone/Fax : +49 (0)4152 87–1291 / +49 (0)4152 87–1356 
e-mail: regine.willumeit@gkss.de 
 
Dr. Vasyl Haramus 
Phone/Fax : +49 (0)4152 8 –1290 / +49 (0)4152 87–1356 
e-mail: vasyl.haramus@gkss.de 
 

 
 

Schematic View of SANS-1: 
 

       

Instrument Details: 
Beamline: Beamline 8 - NG-1, radius of curvature R = 1040 m, 

cross section 3 x 4 cm2, cold neutrons 
Monochromator helical slot selector  
Wavelength range behind 
polariser and selector: 

≥ 0.45 nm;  

Wavelength resolution ∆λ / λ= 0.1  (λ= 0.85 nm) 
Length L of collimation: 1 m, 3 m, 5 m, 7 m, 9 m 
Flux at specimen: Φ = 0.04 - 6·105 cm-2 s-1    

see table  
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Instrument Details (continued): 
Range of momentum transfer: 0.05 ≤ Q ≤ 3 nm-1 
Distance sample to detector: 0.7 m ≤ d ≤ 9m 
Detector: 
 active area: 
 effective pixel size: 
 background: 

2-dim position-sensitive 3He-counter 
 55 x 55 cm2 
 0.7 x 0.7 cm2 
 1 cps 

Polarized target station: dilution refrigerator (120 mK) 
2.5 T C-shaped electro-magnet 
microwave emitter (68–74 GHz)  
NMR circuit for protons and deuterons 
selective nuclear spin depolarisation 

Other sample environment thermostat (5 °C to +200 °C) 
automatic sample change 

 
 
 
 
Flux of polarized cold neutrons at the sample position:  

length of collimator [m] 1 3 5 7 9 

Φ [103 n cm-2 s-1]   (λ= 0.85 nm) 600 360 120 72 40 
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Scientific Objective 
The small-angle neutron scattering experiment (SANS) in the Fe–30,5%Ni-0,4%C, Fe–
30,5%Ni-1,5%C (wt.%) alloys has shown the existence of chemical and magnetic inhomoge-
neities. The average sizes of the inhomogeneities of 20–300 Å were estimated and they 
were described in terms of a fractal-like structures [1, 2]. The applied magnetic field of 2.5 T 
reduced the scattering intensity by approximately one order due to exclusion partially of the 
magnetic component in SANS. We assumed that the predominantly small length-scale mag-
netic inhomogeneities in the Fe-Ni-C alloys were not destroyed even by 2.5 T. However, the 
use of nonpolarized neutrons did not reveal difference between SANS curves [3]. In this work 
the SANS was measured in Fe–Ni alloys containing 29,2, 30,3, 34,1 % Ni with using polar-
ized neutron beam and applied magnetic field in order to determine the effect of Ni and to 
separate nuclear and magnetic contributions in scattering excluding effect of carbon.  

 
 

Experimental  
The alloys with different Ni concentration, Fe–29.2 % Ni, Fe–30.3 % Ni, Fe–34.1 % Ni, were 
melted in a vacuum induction furnace in protective Ar environment. The ingots were an-
nealed at 1273 K in vacuum for 3 hours. The concentration of Ni was obtained by means of 
X–ray fluorescence analysis. The samples were the 2–2.5 mm thick plates which were solu-
tion treated at 1373 K in vacuum and subsequently quenched in water. The phase content of 
samples was controlled with X–ray analysis. The polarized neutron beam and applied mag-
netic field of 2.5 T was used in SANS experiment.  
 
 
Results and Main Achievements 
The differential cross-section of SANS in the f.c.c. Fe–Ni alloys for H = 0 and H = 2.5 T are 
presented in Fig. 1 a. At small and average values of q the applied magnetic field decreases 
the scattering intensities (dΣ(q)/dΩ) of two-one order of magnitude. The largest effect is re-
lated to the Fe–29.2 % Ni alloy. The difference of scattering at large q for all alloys is negligi-
ble small.  
The decreasing of dΣ(q)/dΩ is due to magnetic ordering under the field. In this case the scat-
tering is as almost from nuclear structure of the alloys FN(q). We can support our suggestion 
by negligible difference between SANS curves which represent different spin direction I-(q, H) 
and I+(q, H) (Fig. 1 b). Similar reaction on polarized neutrons was observed in the Fe-Ni-C 
alloys [3]. Under the field the behavior and slopes of curves for all Fe-Ni alloys is similar. 
However, the intensity of scattering simultaneously reduces with increasing Ni concentration 
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Figure 1. The ϕ-averaged small-angle nonpolarized neutron scattering intensity in the Fe–29,2 % Ni, 
Fe–30,3 % Ni, Fe–34,1 % Ni (wt. %) alloys in magnetic field 2.5 T and without field (a) and SANS in 
the Fe–30.3 % Ni alloy by different direction of polarization of neutron beam (averaged by ϕ-angle) 
(b).  

(fig. 1 a). The power-law exponent α in the power-law I(q) = Aq-α + B charac-terizing the 
structure of nuclear inhomogeneities was estimated. The values of α at low and large q point 
to existence of nuclear inhomogeneities in the Fe-Ni alloys with the fractal-like properties [5] 
The sizes of aggregates in the Fe–Ni alloys (for q > 0.05 Å-1) was estimated using the Indi-
rect Fourier Transformation method, 16–200 Å (it belongs to Fe–30,3 % Ni [3], what about 
Fe–29,2 % Ni, Fe–34,1 % N), which appeared to be less than in the Fe–Ni–C alloys, 20–300 
Å [3].  
Thus, the increase of Ni concentration in the austenitic Fe-Ni alloys reduces both nuclear and 
magnetic fraction in SANS varying magnetic structure ambiguously in given q range. 
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Objectives 
In this work we investigated the interaction of a carbohydrate-based bolaamphiphile with so-
dium dodecyl sulfate (SDS) (figure 1). SDS-mixtures in particular gained much interest in 
mixed surfactant systems, therefore much data is available that can be compared with re-
sults from our studies. It is known that SDS shows synergism in mixtures with non ionic sur-
factants [1]. Mixtures of SDS with glucosides (octyl glucosides) favour the formation of mixed 
micelles also [2]. From these and other studies synergetic interactions between a bolaam-
phiphile and SDS and formation of mixed micelles can be expected. In this work the mixtures 
were investigated by small-angle neutron scattering (SANS) and surface tension measure-
ments, using deuterated and protonated SDS to obtain information about mixing with the 
bolaamphiphile and it’s location in mixed micelles.  
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Figure 1: Investigated compounds: 1,12-bis-[4’’-O-(α-D-glucopyranosyl)-β-D-glucopyrano-syl]-
dodecane (MDM), sodium dodecylsulphate (h-SDS) and sodium dodecyl-sulphate-D25 (d-SDS). 
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Experiment 
Figure 2a shows the CMC values of the mixtures together with the theoretical curve for the 
CMC’s of an ideal mixing of surfactants which was calculated within the regular solution the-
ory (RST) using [1,2]. 
It is easy to see that the experimental values of the CMC are always lower than the values 
expected for an ideal mixing. It shows that there is a synergism pointing on the formation of 
mixed micelles in solution of SDS/MDM. It can be expected that the parameters f1 and f2 are 
lower than 1 and the corresponding parameter β (f1=expβ(1-x1)2 and f2=expβx1

2) which is 
related to an interaction between surfactants in mixed micelles, is negative  [3,4]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
SANS measurements were performed in two solutions: first SDS/MDM/D2O and second SDS 
was substituted by deuterated SDS. The total concentration of surfactant was the same in 
both cases (0.1 M, ~4.5 wt%, and composition α = 0.7). The use of deuterated SDS instead 
of protonated gives us the possibility to decrease the scattering contrast from SDS ~ 200 
times. It can be concluded that most scattering in the second solution should be mainly from 
MDM.  
SANS data are shown in Figure 2b. For both solutions an interference maximum is clearly 
visible which points on a significant repulsion between the aggregates due to a strong elec-
trostatic interaction between micelles. The main feature, which has to be compared for both 
curves, is the position of the maximum. The position of the maximum is connected with the 
average distance between aggregates qmax ~ 1/d1/3 which is determined by the concen-tration 
of aggregates. The constant value of qmax supports the idea that the concentration of aggre-
gates, there we observe SDS and MDM (solution with protonated SDS) and there we can 
observe only MDM (solution with deuterated SDS), is the same. It means that we observe 
the same aggregates i.e., mixed micelles of SDS and MDM. It is well-known for non-
ionic/ionic mixtures [5]. 
The experimental data were analyzed via fitting of the scattering intensities by the model of 
two-shell ellipsoids of rotation, interacting screened Coulomb potential (α>0). This approach 
was successfully applied for many micellar solutions [6,7]. 
Some obtained fitting parameters and other geometric features (semi-axis values) are pre-
sented in Table 1. Analysis of solutions with h-SDS and d-SDS gives the same parameters of 
aggregates. It points that the chosen model of one population of mixed micelles (without 
demixing within the micelle) is correct for the length scale l >π/q >10 Å. Aggregates are of a 

Figure 2a: CMC as a function of surfactant
composition of SDS and MDM mixtures
(symbols) and ideal mixing curve (solid line).
α is the molar fraction of SDS. 

Figure 2b: Small angle neutron scattering 
data from solutions of SDS/MDM/D2O, 
α=0.7 (filled symbols – protonated SDS and 
empty symbols – deuterated SDS). 
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non-spherical (oblate) shape which is in accordance with pure SDS micelles [8]. The total 
aggregation number is 30 % less than for pure SDS micelles but it should be taken into ac-
count that MDM molecules are significant larger than SDS ones. 
The observed oblate shape (mostly planar) shape of aggregates is in agreement with a pref-
erably planar geometry of bola amphiphiles [9]. The values of smaller semi axis suggest a 
tilted direction of SDS molecules in mixed micelles. 
 
Achievements and Main Results 
Synergetic interactions between a carbohydrated bolaamphiphile and SDS are observed 
(parameter β is negative; with a minimum in the cmc vs composition plot). SANS data are 
collected for mixtures containing protonated and deuterated SDS which give us the possibil-
ity to conclude the formation of mixed micelles with a homogeneous distribution of surfac-
tants within the micelle. The shape of micelles is non-spherical (oblate). 
 
 
Table 1: Results of fitting SANS data by a model of a two-shell ellipsoid of rotation (a,a,b) for solutions 
of SDS/MDM/D2O containing h-SDS and d-SDS (Na – total aggregation number, Na,SDS and Na,MDM  - 
number of SDS and MDM molecules in micelles, γ - axis ratio, total charge, semi axis values a and b). 
 

 Na Na,SDS Na,MDM γ Total 
charge, 

e 

a, Å b, Å 

h-SDS 46±3 32±2 14±1 0.85±0.05 10±1 25±2 21±2 
d-SDS 42±3 29±2 13±1 0.89±0.05 8±1 24±2 21±2 
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Objetives 
The effect of spacer and alkyl chain length on the formation of micelles in aqueous solutions 
of synthetic alkyloxyethyl β-maltosides containing ethyl spacer was investigated. The lipo-
philic part consists of dodecyl or tetradecyl chains (Figure 1). The adsorption at the liquid air-
interface was investigated by surface tension measurements. The micellar phase region (L1) 
was studied using small-angle neutron scattering. The results were compared with the micel-
lar structures reported for the corresponding n-alkyl β-maltosides with different chain length 
(C12 and C14).  

O

OH

O
HO

OH
O

O

OH

HO
HO

OH

O
R

Mal-EG-12:   R = C12H25

Mal-EG-14:   R = C14H29  

Experiment 
For Mal-EG-12 solutions at 6 x 10-4 and 1 x 10-3 g/mL (three and five times the CMC) were 
measured. For Mal-EG-14 a concentration of 1 x 10-4 g/mL was measured (two times the 
CMC). The concentration range near the CMC was chosen for measurements to get informa-
tion about the growth and a possible change in the shape of the aggregates near the CMC. 
As reported for the micelle formation of some simple alkyl glycosides the size and shape of 
micelles does not change with the concentration in a concentration range well above CMC 
[1]. In the measured concentration range (close to CMC) no change of the structure was ob-
served on increase of the concentration.  
We did not observe a significant difference in the shape of SANS curves for the maltose 
compounds Mal-EG-12 and Mal-EG-14 (Figure 2a). The increasing of the alkyl chain from 12 
to 14 carbon atoms results in a slightly higher scattering but does not change main features 
of the scattering patterns (size and shape of formed aggregates). 
The application of the IFT analysis shows that micelles formed by Mal-EG-14 are slightly 
larger than the ones formed by Mal-EG-12. The corresponding values of radius of gyration 
are 27.6±0.3 Å and 24.7±0.2 Å. The shapes of the pair distance distribution functions (Figure 
2b) show a shift of the maximum to larger r. The shape of the p(r) function is also more 
symmetrical in the case of the long chain compound. Although the same maximum distance 

Figure 1:  
Chemical structures of the investi-gated 
amphiphiles. 
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of 90 Å was required to get reasonable fits; it can be explained as a hydrocarbon core of mi-
celles and hydrated shell of the polar groups. 
The application of the two-shell spherical model gives a good fit of the scattering data (Figure 
2a) and the structural parameters of the formed micelles: Similar radius of the hydrocarbon 
core Rc = 20±1 Å (Mal-EG-12) and Rc = 22±1 Å (Mal-EG-14) for both compounds, similar 
total radius Rt = 38±2 Å (Mal-EG-12) and Rt = 40±2 Å (Mal-EG-14) but different values for 
the contrast ratio between the shell and the core: 0.15±0.01 (Mal-EG-12) and 0.20±0.01 
(Mal-EG-14). The increase of the contrast ratio of the shell/core values can be connected to 
a higher fraction of methylene groups, which are located in the shell of the micelles and/or a 
different degree of hydration of the polar groups. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Achievements and Main Results 
The CMC value of Mal-EG-12 is two times higher than the corresponding value of the non-
spacer Maltoside Mal-C12 [2]. This result shows that the equilibrium between micelles and 
monomers in solution is shifted to the monomer side, if the hydrophilic part of the molecule is 
increased by a hydrophilic spacer. This also changes the shape of micelles. 
The formation of ellipsoidal micelles by Mal-C12 and cylindrical micelles for Mal-C14 was 
already reported [2,3]. In present studies we have observed that only spherical aggregates 
were formed. This observation can be connected to a lower surfactant concentration (10 
times) compared to previous studies and with the influence on the polarity of the ethylenoxid 
spacer. The overall size of micelles formed by alkyl glycosides with short alkyl chains and 
with and without spacer is in the case of the maltosides very similar (r~35–40 Å).  
The main difference in the micellisation behaviour of maltosides with spacer and without 
spacer was observed with an increasing of the alkyl chain from 12 to 14 carbon atoms. For 
maltosides without spacer the micellar shape changes from a ellipsoidal to a rod-like geome-
try while increasing of the alkyl chain from 12 to 14 carbon atoms [3]. On the other hand the 
maltosides with a spacer form the same type of micelles (spherical) with increasing chain 
length (12 to 14 carbon atoms). The addition of spacer results in a higher rigidity of the polar 
group, which resists the transformation of the micelles with increasing chain length. 
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Figure 2a: Scattering data for Mal-EG-12 (filled 
squares) and Mal-EG-14  (empty squares) to-
gether with the model fits (solid lines). 

Figure 2b: Pair distance distribution func-
tions, p(r) for Mal-EG-12 (filled squares) and 
Mal-EG-14 (empty squares). 
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Objectives 
A novel type of water-soluble triblock terpolymer of polybutadiene-b-polystyrene-b-
poly(ethylene oxide) has been synthesized. These terpolymers form well-defined micellar 
aggregates in aqueous solution. During the performed experiments, the main goal was to 
study the impact of dioxane on the aggregation behavior of the amphiphilic triblock terpoly-
mers, by means of varying the concentration of dioxane in the dioxane/water mixture. 
 
Experiment 
In general the morphology of amphiphilic block copolymers in aqueous solution is currently a 
topic of intensive research [1-4]. We have recently synthesized a novel type of water-soluble 
triblock terpolymer of polybutadiene-b-polystyrene-b-poly(ethylene oxide). Such terpolymers 
can become dispersed in aqueous solution by different techniques, e. g. by vigorous shaking, 
ultrasonification or aqueous dilution of a concentrated solution dissolved in dioxane or THF 
[5]. 
These aqueous solutions were characterized by means of dynamic light scattering and it is 
interesting to note that for identical total concentration of copolymer we found similar values 
of the hydrodynamic radii, e. g. about 50–65 nm for B19S34EO47

142 [5]. Evidently the terpoly-
mer is aggregated in these solutions and the aggregates are only little affected by the way of 
preparation. This is surprising as the polymer contains an extended block of polystyrene, 
which is below the glass transition temperature, and accordingly one should expect formation 
of non-equilibrium aggregates ("frozen micelles"), which normally display a strong depend-
ence on their way of formation. 
The sample used in our experiments was a polybutadiene-b-polystyrene-b-poly(ethylene 
oxide) triblock terpolymer, B19S34EO47

142. In the notation here employed, B stands for polybu-
tadiene, S for polystyrene and EO for poly(ethylene oxide).  In the AxByCz

m, the subscript 
numbers stand for the mass fraction in percent and the superscript indicates the overall 
number-averaged molecular weight Mn in kg/mol of the block copolymer. 
The influence of the d8-dioxane:water ratio on the micelles formed was studied.  In order to 
do so, the polymer was dissolved in deuterated dioxane.  The dispersion of the particles was 
achieved by adding deuterated water slowly and drop-wise to the polymer solution under 
stirring.  The final polymer concentration was kept constant at 0.1 wt.-%. 
 
Achievements and Main Results 
The aggregation behavior of the triblock terpolymer was successfully studied. Figure 1 shows 
the scattering patterns obtained for the different solvent/non-solvent ratios employed.  The 
results of the corresponding fittings are shown in Table 1. 
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Table 1:   Results from the data analysis. 

d8-Dioxane:  
D2O ratio 

Slope,  
q = 0.05–0.15 nm-1 

Slope,  
q = 0.5–2.5 nm-1 

Shape 

1:0 1.12±0.02 1.18±0.02 Rod like  
1:1 1.58±0.01  Random walk chains 
1:2 1.43±0.01  Random walk chains 
1:9 2.48±0.01 α=4.0 

 
Structure volume fractal-like with 
smooth and sharp interface 

1:19 2.70±0.01 α=4.6±0.1 Some structure volume fractal like  
1:49 2.74±0.01 α=4.4±0.1 Some structure volume fractal like  

 
 
As can be observed in table 1, at low content of D2O (ratios of 1:0, 1:1 and 1:2) rod like ag-
gregates have been found, with radius of cross section is around 90–100 Å. At higher content 
of the non-solvent (ratios of 1:9, 1:19 and 1:49) volume fractal aggregates are formed, which 
size of primary particles is ~ 100 Å.  Specifically for the case of a d8-Dioxane: D2O ratio of 
1:9, a smooth surface was found, and the average size of the aggregates was calculated to 
be ~ 5000 Å. 
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Figure 1:  
Neutron scattering of B19S34EO47

142 triblock 
terpolymer in deuterated dioxane:deuterated 
water mixtures with different mixture ratios. 
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Objectives 
Detonation nanodiamond (DND) was discovered in 1963 [1] and, then, rediscovered in 1988 
[2,3] as an excellent alternative to the well-developed shock diamond. DND was found in the 
soot from explosion of oxygen-imbalanced explosives exploded in the absence of any extra 
carbon source. DND particles are ultra-fine single crystals of cubic diamond with diameters of 
4–5 nm as estimated from the half widths of powder X-ray diffraction peaks, thus offering the 
smallest known diamond, apparently a highly attractive material in nanotechnology. 
However, until very recently DND has never been successfully purified. The most crucial was 
the lack of knowledge on the remarkable tendency of nanoparticles to form tight aggregates, 
primarily because of large surface area relative to bulk inside. The particles in DND powders 
available now are assumed to be of a complex structure, which is conglomerates of variously 
sized aggregates containing the agglutinates (extremely tight aggregates) in the core. In 
2002 a way to decompose the agglutinates by stirred-media milling technique using ultrafine 
ceramic beads of 30 micron zirconia was developed [4]. Dispersed in liquids, primary 
particles of DND result in surprisingly stable colloid - dispersed ultrananocrystalline diamond 
(DUNCD). Especially favorable are water and polar aprotic solvents like dimethyl sulfoxide 
(DMSO). The mechanism of stabilization of DUNCD is unclear for the moment. We believe 
that it can be connected with the interaction of surface atoms different from carbon (O, N, H ) 
with the solvent. According to dynamic light scattering, the size of the agglutinated core 
ranges between 60 to 200 nm. 
 

Experiment and main results 
In the given experiments small-angle neutron scattering was applied to DUNCD in water and 
DMSO to reveal features of the aggregates and their interaction at the scale of 1-100 nm. 
The concentration effect in the range of 0.1–10 wt. % was followed by dilution of initial 
samples with the maximal fraction of diamond. SANS curves referred to one concentration 
are presented in Fig.1. One can see that for q > 0.1 nm-1 the curves coincide and show 
common two-scale organization: primary particles of ~6 nm size compose fractal-like 
aggregates with the mass fractal dimension ~ 2.3 found from the power-law scattering. The 
size-effect on the scattering from these aggregates is not seen in the curves reflecting the 
fact that their characteristic size is more than 120 nm. Instead, one can see the pronounced 
interaction effect between the aggregates at smallest q-value. It reveals an interesting 
observation that the correlation length of such interaction is less than the size of the 
interacting particles. This means that the large fractal aggregates  penetrate  each other  
when interacting, so that the length between their centers of mass is less than their 
characteristic size. 
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The next step performed during the experiments was the contrast variation technique based 
on exchange of hydrogen with deuterium in liquid media. The change in the SANS curves 
with the contrast variation and determination of the match point of the particles are demon-
strated in Fig.2. One can conclude that the studied aggregates are quite uniform at the scale 
of 10–100 nm. The match point of their structural basic units is determined with a good preci-
sion 1.62±0.04, and gives the value of the mean scattering length density of 10.6±0.3 cm-2. It 
is less than that calculated for pure diamond, 11.8 cm-2. It can be explained by the presence 
of other component in basic units. This component can form a shell around diamond crystal-
lites, which is responsible, from the one hand, for aggregate formation during the synthesis 
and, then, for stabilization of the aggregates in liquid dispersions due to its specific interac-
tion with polar solvents. Modelling of such shell is in progress. 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 
Figure 2. (left) Experimental SANS curves from DUNCD in water obtained with different content of 
D2O in the carrier (contrast variation); (right) Determination of the match point of the system for the    
5 wt.% dispersion. 
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Objectives 
Water soluble π-conjugated polymers form an option for interrogating biological substrates. 
Furthermore, control of the inkjet process and layer-by-layer self assembly – the major ad-
vantages of polymers over oligomers in organic light emitting device fabrication – would 
greatly benefit from versatile selection of water soluble electroluminescent materials. Unfor-
tunately, conjugated polyfluorenes are scarcely water soluble as such but different co-
solvents are needed [1]. In order to probe the water solubility of polyfluorene and  its solubili-
zation by C12E5 surfactant, a phase behavior study of the ternary D2O-poly-{1,4-phenylene-
[9,9-bis(4-phenoxy-butylsulfonate)]fluorene-2,7-diyl} (PBS-PFP) and pentao-xyethylene gly-
col ether (C12E5) system was realized.  
 
Experiment 
The solution formation was initially suggested by the transparency and a blue shift in photo-
luminescence spectrum upon mixing the constituents as well as changes in surface tension 
and contact angle. The micellar structure was then suggested to be studied using small-
angle neutron scattering. As indicated by this consideration, the polymer itself is not water 
soluble. Then, a phase behavior study of a ternary D2O-PBS-PFP(C12E5)x at 20 oC was per-
formed. PBS-PFP and C12E5 concentrations were 5⋅10-4 M and 2.5-75⋅10-4 M, respec-tively. 
Surface tension, contact angle, and photoluminescence, measurements were per-formed at 
the University of Durham. The general phase behaviour was introduced as a function of sur-
factant fraction using the mentioned methods (see results below).  
 
Achievements and Main Results 
Under the studied conditions, ternary D2O-PBS-PFP(C12E5)x shows three phase regimes 
phenomenologically corresponding to observed blue shifts in photoluminescence and 
changes in surface tension and contact angle. First, the solution turns isotropic, when the 
molar ratio of surfactant over monomer unit (x) is around 1, indicating dissolution and negli-
gible polymer-surfactant interaction (association). Second, for x ~ 1-2, SANS patterns indi-
cate elongated (polymer-surfactant) objects with elliptical cross-sectional and persistence 
length of 7-22 nm increasing with x. Third, for x ~ 4-15 the SANS curves show a concentra-
tion dependent interference maximum at q ~ 0.015 Å-1, which is suggested to be due to the 
electrostatic repulsion between C12E5 micelles with adsorbed polymers [2]. The inteference 
maximum due to the intermicellar interaction is shown in Figure 1.   
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We found the results reasonable and important and they give us a base to develop ternary 
water soluble polyfluorene solutions. As we had made a preliminary study at the Budapest 
Neutron Centre, the experiment in Geestacht was straightforward and technically successful.  
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Figure 1.  
(a) SANS data of D2O-PBS-PFP(C12E5)x for 
x=8 (open symbols) and x=10 (solid symbols) 
with PBS-PFP concentration of 5·10-4 M 
(squares), 2.5·10-4 M (spheres), 1.25·10-4 M 
(upper triangels), 0.625·10-4 M (lower trian-
gles), and 0.3125·10-4 M (stars).  
 
 
 
 
 
 
 
(b) The qmax (open symbols) and intermicellar 
distance (solid symbols) vs. monomer con-
centration corresponding for x=8 (squares) 
and x=10 (spheres). A solid line is a of qmax for 
x =8. T=20 oC. 
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Objectives 
Polyelectrolyte-surfactant interactions can often lead to macroscopic phase separation 
thereby exhibiting diverse phase behaviours akin to pure surfactants in water. For example 
studies conducted on various polyelectrolyte/ surfactant systems revealed varied phases like 
cubic, hexagonal or lamellar1-3. Such interactions also lead to conformational change of the 
polyelectrolyte chain. It is possible to observe the change in chain conformation in SANS by 
performing the experiment under appropriate contrast. This study concerns the 100 % 
charged Poly (dimethylaminoethylmethacrylate.CH3Cl) and its interaction with anionic surfac-
tant (SDS). Addition of 4 mM of SDS to 0.2 % polyelectrolyte lead to phase separation which 
is a general phenomenon observed in most polyelectrolyte and oppositely charged surfactant 
systems. Also this phase is in equilibrium with dilute aqueous solution. Measurements in dif-
ferent contrast clearly show the change in chain conformation in presence of surfactant. The 
main objective is to study the interaction between the anionic surfactant (SDS) and the oppo-
sitely charged polyelectrolyte, poly (dimethylamino-ethylmethacrylate.CH3Cl) under various 
contrasts. 
 
Experiment 
Dimethylaminoethylmethacrylate monomers were free radically polymerised using thermal 
initiator. The amine group in all segments were quarternized thereby providing us with a 
100 % permanently charged polyelectrolyte. Represented as Poly (DMAEMA.CH3Cl).  
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure1: Chemical structure of Poly (dimethylaminoethylmethacrylate 
CH3Cl) used in this study. 
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Poly (DMAEMA.CH3Cl)-SDS complexes were prepared at room temperature in D2O. In this 
case both the surfactants and the polyelectrolyte contribute to the total scattering. In order to 
contrast match the surfactants complexes were prepared with dSDS in D2O. In this case the 
polyelectrolyte alone contributes to the total scattering. Thus any change in the conformation 
of the polyelectrolyte chain can be readily observed. 
 
Achievements and Main Results 
SANS scattering curves of pure Poly (DMAEMA.CH3Cl) and the Poly (DMAEMA.CH3Cl)-SDS 
complexes in different contrasts are shown in figure 2. The peak at low q range, in the case 
of pure polyelectrolyte, is a consequence of electrostatic interaction between the chains. The 
change in the chain conformation upon addition of surfactant is observed in the case where 
the surfactant is contrast matched. Here a small peak is noted in the high q range. This indi-
cates that the polyelectrolyte chain is interacting at larger q range (or smaller distances) in 
presence of surfactant. This interaction is due to well ordered structures adopted by the 
polyelectrolyte chain in presence of surfactant. However it is not possible to comment on 
what structure, for example lamellar, hexagonal, the polyelectrolyte adopts in presence of 
surfactant.  For this additional SAXS measurements are needed.   
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Figure 2: Effect of addition of 4 mM SDS to 0.2 % Poly (DMAEMA:CH3Cl): only polyelectrolyte(∆); in 
presence of 4 mM SDS in D2O (○); in presence of 4 mM dSDS in D2O (■) 
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Objectives 
The intensity scattered by magnetic fluids, which are dispersions of magnetic nanoparticles 
in a liquid, is the sum of the magnetic scattering IM and the nuclear scattering IN. With the aim 
of studying the structure of concentrated samples, dilute samples have been analyzed in 
order to separate and determine the magnetic and the nuclear contributions. Once 
separated, their contrasts can be determined, as well as the nuclear and magnetic sizes of 
the nanoparticles, and the contribution to the intensity of the stabilizing species adsorbed on 
their surface. 
 
Experiment 
Measurements have been performed on a biocompatible magnetic fluid, both on dilute and 
concentrated dispersions. They are constituted of maghemite (γ-Fe2O3) nanoparticles dis-
persed in water with a diameter d=8.3 nm and a polydispersity σ = 0.35 in order to obtain 
stable solutions with high enough magnetic dipolar interaction for concentrated samples. 
Citrate molecules adsorbed on the surface of the particles ensure a negative charge at pH = 
7, thus an electrostatic stabilization of the biocompatible colloidal solutions.  
The present report deals with the results on dilute samples. In this system, the nuclear scat-
tering IN can be modified by changing the nature of the solvent, and the magnetic scattering 
IM is constant. IN is high in H2O and low in D2O, however difficult to estimate precisely in D2O 
because the contrast of maghemite is close to the contrast of D2O, which introduces a large 
error. Moreover, in D2O, IN could be strongly influenced by the hydrogenated citrate shell 
around the particles, the contribution of which is also very difficult to estimate. Due to the 
complexity of the problem, we coupled two kinds of measurements: (i) polarized neutrons on 
samples with large proportions of D2O and (ii) contrast variation with non polarized neutrons. 
The volume fraction of all the dispersions studied here was 1 %.  
The measurements with polarized neutrons in D2O allow separating IN and IM. Indeed, for 
such a dilute sample, the intensity scattered is only due to the shape of the particle and not 
to the structure, because the interparticle interactions are negligible, both without and with a 
magnetic field (1T here). The two contributions extracted are plotted in Figure 1 as well as 
the nuclear signal in H2O. It shows that in D2O IN ~ 0.2 IM although we expected IN  ~ IM from 
calculated estimations. It means that IM dominates the signal in D2O. In this system, the in-
tensity is very low, therefore the nuclear signal is difficult to extract and very noisy. From 
these form factors, 2 mean radius of gyration can be determined: Rg N = 11 ± 0.5 nm and Rg M 
= 7.9 ± 0.5 nm. The shape of the nuclear signal in D2O is the same as the shape of the nu-
clear signal in H2O (IN H2O scaled by a constant is plotted as a solid line in Figure 1), which 
means that the contribution of the citrate molecules is negligible in D2O.  
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Figure 1: Nuclear scattered intensity in H2O and 
D2O, and magnetic scattering in D2O obtained 
from measurements  with dilute dispersions (Φ = 
1 %).  

Figure 2: Mean radius of gyration Rg as a 
function of the fraction of D2O  for dispersions 
with Φ = 1 % (non-polarized neutrons). 
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The contrast variation (xD2O = 0, 0.7, 0.8, 0.9, 0.95, 1) with non-polarized neutrons confirms 
these conclusions. In H2O, the nuclear signal dominates while in D2O, the magnetic signal 
dominates. The influence of the citrate molecules appears negligible in D2O and the mag-
netic and nuclear sizes are clearly different. The apparent radius of gyration is plotted as a 
function of the fraction of D2O in Figure 2. It shows that it decreases for large D2O contents. 
In H2O, the value of Rg corresponds to the mean nuclear size:  Rg N = 10 ± 0.5 nm and, in 
D2O, it corresponds to the mean magnetic size Rg M = 7.5 ± 0.5 nm, with the hypothesis that 
the nuclear signal is negligible in D2O.  

 

Achievements and Main Results 
We performed a very careful and precise analysis of the dilute samples of maghemite 
nanoparticles in water, which allowed determining the magnetic and the nuclear form factor, 
the intensity and shape of which could not be evaluated from calculation. The analysis of 
these form factors using the method described by Glatter [1] proves that the particles are 
roughly spherical and well dispersed in the liquid. The magnetic size is smaller than the nu-
clear one, which can be explained by the existence of a non-magnetic shell on the surface of 
the nanoparticles. Such a shell has also been evidenced by its strong influence on the mag-
netic properties of the nanoparticles, in particular their magnetic anisotropy energy [2,3]. The 
results also show that the magnetic signal can be neglected up to a fraction of D2O around 
75 %, which is very interesting for the study of many mixed systems, i.e. maghemite 
nanoparticles dispersed with polymers or surfactants for example. Indeed, while matching 
the polymer or surfactant, the scattering of the particles is nuclear and can be used to probe 
the structure of the systems. 
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Objectives 
The intensity scattered by magnetic fluids, which are dispersions of magnetic nanoparticles 
in a liquid, is the sum of the magnetic scattering IM and the nuclear scattering IN. Our aim 
here is to determine the magnetic and nuclear structure factors SM and SN in concentrated 
samples, both without and with an applied magnetic field. Using high volume fractions of 
magnetic material allows maximizing the magnetic dipolar interactions between 
nanoparticles, while the global interactions can be varied from repulsive in average to 
attractive in average, keeping monophasic samples [1]. 
 
Experiment 
Measurements have been performed on a biocompatible magnetic fluid, both on dilute and 
concentrated dispersions. They are constituted of maghemite (γ-Fe2O3) nanoparticles dis-
persed in water with a diameter around 10 nm in order to obtain stable solutions with high 
enough magnetic dipolar interaction for concentrated samples. Citrate molecules adsorbed 
on the surface of the particles ensure a negative charge at pH = 7, thus an electrostatic stabi-
lization of the biocompatible colloidal solutions. This repulsive interaction can be tuned by the 
concentration of citrate molecules free in the solution, which controls the ionic strength.  
The present report deals with the results on concentrated samples. In this system, the nu-
clear scattering IN can be modified by changing the nature of the solvent, and the magnetic 
scattering IM is constant. IN is high 
in H2O and low in D2O. Four solid 
samples have been studied, with 
attractive or repulsive interactions, 
both in H2O or D2O in order to mod-
ify the ratio IN/IM (see Table 1). 
Measurements have been done 
with non-polarized neutrons (H=0) 
and polarized neutrons (H = 1 T).  
Figure 1 shows the effective structure factors determined by dividing the intensity scattered 
by these samples by the intensity scattered by dilute samples, i.e. with negligible interac-
tions, in the same solvent. As they are obtained with non-polarized neutrons, IN and IM are 
mixed. From measurements with polarized neutrons, thus with H = 1T, we can separate the 
different contributions and obtain: IN 

//, IN 
⊥ and IM 

⊥. Figure 2 shows, as an example, a repul-
sive solid in D2O: this is the raw analysis, which reveals several difficulties of the treatment. 
Indeed, due to the method of preparation of these concentrated samples, several percent of 

Solvent Volume 
fraction Φ 

[Citrate]free 

(mol/L) 
Potential 

H2O 0.22±0.013 0.01 repulsive 
D2O 0.24±0.013 0.01 repulsive 
H2O 0.29±0.017 0.5 attractive 
D2O 0.295±0.017 0.5 attractive 

 

Table 1: characteristics of the samples measured. 



 - 42 -

H2O remain and, as the contrast of maghemite is very close to the contrast of D2O, this in-
duces a drastic variation of IN compared to a sample in pure D2O (like the dilute one). More-
over, the signal is low and the error bars are large. However, some qualitative and very 
interesting conclusions can be drawn yet.  

Achievements and Main Results 
The measurements with polarized neutrons allow concluding that the nuclear signal is domi-
nant in H2O, and that it is smaller than the magnetic signal in D2O. Therefore, in H2O, the 
effective structure factors (H=0, Figure 1) are close to the nuclear ones. For repulsive solids, 
there is a peak corresponding to the most probable distance of the first neighbouring particle 
(d ~ 125 Á here, in good agreement with the volume fraction) and a low compressibility. On 
the contrary, for attractive solids, this peak disappears and the compressibility is much 
higher. In D2O, the magnetic signal is not negligible and strongly modifies the effective struc-
ture factor, especially at small q, indicating that SM(q)H=0 ≠ SN(q)H=0.  
The comparison of the data without and with field is also very interesting. In Figure 2, the 
three components extracted using polarized neutrons signal are very different from the global 
intensity in D2O and H=0. The equivalent sample in H2O proves that this difference cannot be 
attributed to the modification of IN, thus of the nuclear structure factor, under magnetic field. 
Consequently, this means that this difference comes from IM and that SM(q)H=0 ≠ SM(q)H=1T. 
These results constitute the first study of attractive and repulsive solids based on aqueous 
magnetic fluids with large magnetic dipolar interactions, both without and with magnetic field. 
Although the results remain rather qualitative here, we prove that SM(q)H=0 ≠ SM(q)H=1T and 
that SM(q)H=0 ≠ SN(q)H=0. This can be the origin of the unexplained results that we observed in 
H2O under field with neutrons in such samples. The treatment will be improved to reach 
quantitative results, however X-Rays measurements (no magnetic signal) are necessary in 
order to exploit them at the maximum (we applied for beamtime at ESRF, France). 
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Figure 2: Scattering of the repulsive solid in D2O. 
I total D2O H=0 : non-polarized neutrons (H=0). 
Other curves: analysis of the data with polarized 
neutrons (H=1T).  

10-2

10-1

100

101

102

0.01 0.1

I total D2O H=0
IM perp
IN perp
IN parallel

q (�-1)

H=1T

Figure 1: Effective structure factors for the 4 
samples of Table 1. Non-polarized neutrons, 
H=0. 



 - 43 -

  

 
EXPERIMENTAL REPORT 

 
GeNF 

SANS-1 

Solution Conformation of comb copolymers containing different degree of 
graft PEO and its interaction with the anionic detergent (SDS) 

Proposer: 
Co-Proposers: 

Per Claesson1, 1Chemistry Department, KTH, Stockholm, Sweden 

 

Experimental Team: 
 
User Group Leader: 

Joseph Iruthayaraj1, Luis Bastardo Zambrano1 

 

Per Claesson 

Date(s) of Experiment: 3–9 July 2005 

 
Objectives 
Polymer-surfactant interactions play a key role in diverse applications ranging from many 
consumer products to drug release processes. Hence the study of their interactions has al-
ways been a subject of both academic and application interest. Association between PEO 
homopolymers and the anionic surfactant (SDS) is well characterised using range of tech-
niques from tensiometry to sum frequency spectroscopy1-3. In this study the solution confor-
mation of methacrylate based comb copolymers containing varying degree of PEO side 
chains (or equivalently varying degree of charged groups) and its interaction with the anionic 
surfactant (SDS) were elucidated using SANS. Results for four comb polymers, uncharged 
(100 % PEO side chains), and 25 % charged (75 % PEO side chains), 50 % charged 
(50 % PEO side chains) and 75 % charged (25 % PEO side chains) are summarized below. 
The main objectives of this work can be delineated as follows: i) to study the solution con-
formation adopted by the comb copolymers, containing different degrees of PEO side chains 
and positively charged groups (quarternized ammonium groups) along the back bone. ii) to 
study the interaction between the anionic surfactant, SDS, and the comb copolymers of vary-
ing PEO side chain density. 
 
Experiment 
The comb copolymer consists of two monomer types, one with long PEO (Mw 2000 g/mol) 
side chains attached to methacrylate backbone, the other with a positively charged quart-
nized ammonium group attached to methacrylate backbone. The structure of the polymer is 
shown in Figure 1. The ratio of PEO side chains to the charged groups were systematically 
varied during the synthesis providing a series of comb polymers containing different percent-
age of PEO side chains and charged groups.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1: General chemical structure of the comb copolymers used in
this study. Different copolymers vary in the percentage content of PEO
and charged groups. The segment distribution is random. 
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SANS measurements were performed for comb copolymers of different PEO graft density (or 
charge densities) both in D2O and in presence of 100mM NaNO3. Association of SDS to the 
comb polymers were studied by performing the measurements under various contrasts using 
appropriate ratios of H2O/ D2O mixture and dSDS. All measurements were performed at 
25 0C. 
 
Achievements and Main Results 
SANS scattering curves of comb polymers of varying PEO density (or equivalently varying 
charge density) is shown in Figure 2. The curves resemble each other up to 25 % charge 
density. Above 25 % charge density there appears a peak in the low q- range, corresponding 
to charge interaction between the polymer chains. The structure adopted by the low charge 
density comb polymers (<25 %) in solution is dictated by the repulsions of the PEO side 
chains where as for higher charge densities (>25 %) repulsion between the charged groups 
also make a significant contribution. 
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Figure 2: Effect of increasing the charge density 
(or equivalently decreasing PEO graft) of the 
comb polymer on solution conformation: un-
charged (■); 25 % charged (∆); 50 % charged (●); 
75 % charged (○). 

Figure 3: Scattering in presence of 18mM SDS in 
D2O for comb copolymers of different charge 
density: uncharged (●), 10 % charged (□), 25 % 
charged (∆) and 75 % charged (○). 
 

 
 
SANS scattering curves of comb copolymers of varying PEO density (or equivalently varying 
charge density) in presence of 18mM SDS in D2O is shown in figure 3. In this case both the 
polymer and the surfactant contribute to the total scattering. The slopes in the q-range 0.02–-
0.06 are the same (-2.2) for uncharged to 25 % charged. For 75 % charged the scattering is 
linear over a broader q-range (0.018–0.1) with a slope of -2.03. A small hump seen at higher 
q-values can be interpreted as being due to surfactant micelles associated with the polymer. 
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Objectives 
We newly synthesized a double-tailed surfactant, di-n-decylmethylamine oxide (DDMAO) to 
examine the electrostatic effect on the spontaneous formation of unilamellar vesicles (ULV) 
in the aqueous media. The DDMAO surfactants exist as either a nonionic or cationic (proto-
nated form) species depending on the pH of the aqueous solutions. In this study, we have 
performed the SANS measurements for the DDMAO solutions as a function of the degree of 
protonation (α) of DDMAO, and the surfactant concentration C (1 mM < C < 300 mM) to ob-
tain the structural information on the DDMAO vesicles (e.g. vesicle size, bilayer thickness, 
and polydispersivity).  
  
Experiment 
 Sample preparation:  DDMAO surfactants were synthesized from di-n-decylmethylamine 
(Kanto Chemical Co.) through the oxidation in ethanol by hydrogen peroxide following, in 
most part, the similar procedure as for other alkyldimethylamine oxides [1], and they were 
purified by the extraction of the unreacted amine with hexane and recrystllized two times 
from hot acetone. The purity of DDMAO samples was confrimed by H1-NMR(>98 % in 
purity). Samples of different degree of protonation (α) were prepared as follows: the 
prescribed amounts of DCl in D2O(99.9% in purity) were added to  the nonionic DDMAO 
solution in D2O. Upon protonation of the DDMAO solution, the spontaneous formation of 
vesicles was took place in the α range (0.05<α<0.2) at C = 10 mM. 
Results: Figure 1 shows SANS profiles of DDMAO solutions (α = 0.2) at different concentra-
tions. Samples with C > 100 mM exhibit Bragg maxima, which is typical of a lamellar phase 
(Lα). The lamellar repeat distance d varies linearly with the changes in C, from 176 Å to 727 
Å with decreasing concentration from C = 300 mM to C = 100mM. In contrast, the scattering 
profiles for C < 75 mM do not exhibit sharp Brags peaks, with the scattering intensity decay-
ing as q-2 over the q range from 0.02 to 0.1 Å-1. This is consistent with the form factor of lo-
cally flat, sheet-like objects such as bilayers of ULV. The weak oscillatory behaviour in the 
scattering patters indicates that the ULV are polydisperse. The bilayer thickness δ is almost 
independent of C, which is estimated to be 21 ± 1 Å with the analysis by IFT for the vesicle 
phase (plane approximation). At a low concentration of C = 1 mM, the scattering profile do 
not show the q-2 dependence and the scattering intensity remarkably decreases, indicating a 
large change in the morphology of the DDMAO self-assembly. It is likely that micelle–to-
vesicle transition occurs around C = 1 mM.  
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The fact that these scattering profiles are almost no change in the whole concentration range 
from 2 mM to 75 mM except for low q rage indicates that the ULV are highly stable over the 
wide concentration range. These results are contrast to another charged double-tailed sur-
factant systems such as di-n-decyldimethylammonium bromide (DDAB), where the dominant 
structures of DDAB vesicles are mutilamellar, and the ULV are stable only in the very low 
surfactant concentration less than 1 mM [2,3,4]. Preliminary our results indicated that the 
size of DDMAO vesicles(C =10 mM, α = 0.2) was no change for periods of weeks and 
months by a dynamic light scattering (DLS), suggesting the high stability of DDMAO vesicles 
for a long time. In addition, it was also found that the ULV are stable in the temperature 
change between 25 °C and 50 °C.  
Salt concentration and the α values both dramatically changed the stability of the ULV 
(C=10 mM). In the a range (0.05 < α < 0.3 ), the scattering profiles show the q-2 dependence 
characteristic for the ULV. In the α  more than 0.4, however, the phase separation occurs. 
The addition of NaCl salt (5 mM) also induced the phase separation for the DDMAO solution 
at α = 0.2. These observations suggest that the high stability of the ULV is attributed to the 
electrostatic effect in the weakly charged membrane. Actually, some theoretical studies indi-
cated that  ionized membranes can form vesicles spontaneously when the Gaussian 
modulus of the membranes becomes negative for a symmetrically charged membranes, 
which depends on the charge density and the Debye length [5, 6].  

 
Achievements and Main Results 
Spontaneously formed unilamellar vesicles (ULV) composed of a double-tailed surfactant of 
di-n-decylmethylamine oxide (DDMAO) were studied with small-angle neutron scattering. 
The size of ULV was almost independent of both C and T, respectively. The SANS data 
showed that the ULV are highly stable in the wide concentration range (2 mM < C < 75 mM) 
and in the temperature range T (25 °C < T < 50 °C). The electrostatic effect was found to be 
important factors in the stability of the weakly charged ULV.  
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Objectives 
Mixtures of fluorocarbon and hydrocarbon surfactants in aqueous solution either assemble to 
form mixed micelles, or to form coexisting populations of hydrocarbon-rich and fluorocarbon-
rich micelles. In earler experiments (May 2004) we have shown that contrast variation SANS 
results give strong support for the demixing of micelles into hydrocarbon-rich and 
fluorocarbon-rich populations in solutions containing a fluorinated and a normal cationic 
surfactant. This is the first time such a demixing have been verified by SANS studies [1]. In 
present experiments the objective was to determine the width of the composition distribution 
of micelles in water solutions containing a mixture of a normal cationic surfactant, CPC, and 
a partially fluorinated surfactant, HFDePC, with the same headgroup. 
 
Experiment 
In SANS fluorinated surfactants and hydrogenated surfactants have quite different scattering 
length densities, and would seem to be ideally suited for contrast variation experiments in 
H2O/D2O mixtures. In earlier studies using mixtures of the cationic fluorocarbon surfactant 
HFDe-d-PC (N-(1,1,2,2-tetrahydroperfluorodecanyl)pyridinium chloride), with a deuterated 
headgroup, and a hydrocarbon surfactant with a different headgroup, cetyltrimethyl-
ammonium chloride (CTAC), we have shown that a substantial residual scattering is retained 
at the solvent composition where the average scattering length density of mixed micelles 
would match that of the solvent [1, 2]. We also showed that for micelles of similar size the 
residual scattering is related to the width, σ, of the composition distribution.2  
 
In this follow up study we have repeated the measurements using a pair of surfactants with 
the same headgroup, so that the non-ideallity is only affected by the differences in the 
hydrophobic region of the surfactants. We plan to expand the investigations in future 
measurements by varying the surfactant tail lengths. The (partially) fluorinated surfactant was 
the same as in the previous studies, and the hydrocarbon surfactant hexadecylpyridinium 
chloride (CPC, Merck, analytical grade). 20 mM of each surfactant was used, and to reduce 
the electrostatic interactions the solutions contained 63.5 mM NaCl. The contrast was varied  
using seven solvent mixtures with fractions of D2O varying between 0.1 and 1.0. 
 
Data analysis by Indirect Fourier Transformation (IFT) was performed at q>0.02 Å-1 where 
the effects of intermicellar interactions are negligible. This yields the scattering at zero angle 
(dΣ(0)/dΩ) and the radius of gyration (Rg) without any presumptions regarding particle size 
and shape. 
Figure 1 shows the scattering curves for solutions with salt in D2O and at “match point” of 
mixture (38 % D2O). 
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Figure 1.  Scattering intensity as a function of scattering vector for samples with the same 
amounts of the surfactants (33 mM surfactant in toto). Empty symbols are solution 0.1 M 
NaCl in D2O and filled symbols is  solution at match point, solid lines are the fit by IFT.  

 
Achievements and Main Results 
The results from this study are in line with the previous results for a very similar system, and 
give little new physical insights. They will be much more interesting together with results from 
the planned extension to measurements on a system with shorter tail length of the hydrocar-
bon surfactant, dodecylpyridinium chloride instead of the hexadexyl analogue, and on a sys-
tem with higher salt concentration. In the first case we expect mixed micelles that do not 
demix appreciably, and it is of interest to determine to what extent the milder non-ideality 
broadens the composition distribution. In the second case, longer micelles are expected. We 
shall try to find a salt concentration region where the elongation is limited (can be tested in 
cryoTEM investigations).  
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Objectives 
The proposal was aimed to continue of the investigation of the neutron-carrier scattering in 
single crystal CeRu2Si2 at low temperatures (≈1 K) and magnetic fields H = 0  ÷ 2.5 T by 
means of small angle polarized neutron scattering (SAPNS) [1].  
 
Experiment 
1. Theoretical background. The theoretical studies [2–4] have shown that the orbital part of 
the magnetic scattering amplitude contains the term, which is singular at q → 0 and gives 
rise the small-angle neutron scattering on the conduction electrons in metals: 
 

                         ,                                                                            (1) 
 

where r = γe2/mc2 = 5.4⋅10-13 cm and γ = -1.91 is the neutron g-factor; q is the momentum 
transfer and p is the electron momentum. It was also shown [2–4] that in metals the scatter-
ing cross section is proportional to (m/M)2, where m is the effective mass of the electrons 
(carriers) and M is the mass of the neutron. For ordinary metals this factor is of order 10-5–10-

6 and the neutron-electron scattering is negligibly small. However for some heavy-fermion 
substances m ~ 100 me [5] and (m/M)2 ~ 10-2. In such cases the neutron-carrier scattering 
could be observed if one takes into account that the static cross section dΣ(ϑ)/dΩ is propor-
tional to ϑ--1 for 2Eϑ >> T and T/(ϑ 2E) for T >>2Eϑ, where ϑ << 1 is the scattering angle and 
E is the neutron energy. The crossover from one regime to another is observed at qc= 
k⋅sin(T/2E).  
Our previous experiment [1] showed presence of the additional small angle neutron scatter-
ing at low temperatures of order of 1 K. This scattering was observed  at q ≤ 0.04 Å and may 
be attributed to the contribution of the neutron-carrier scattering to the orbital part of the 
magnetic scattering amplitude in this heavy-fermion system, as predicted theoretically in [4]. 
Moreover, it was found that the applied magnetic field results in both the increase of the scat-
tering at q ≤ 0.04 Å and the appearance of the additional scattering at q > 0.04 Å. At small q 
the field-induced scattering is mostly anisotropic with respect to the magnetic field H while at 
large q scattering is isotropic and the crossover point is well described by qc= k⋅sin(T/2E).  
 
2. Sample. The intermetallic system CeRu2Si2, which crystallizes in a body-centered tetrago-
nal structure (the ThCr2Si2 structure) with lattice parameters a = b = 4.197 Å and c = 9.797 Å 
[6], is an archetypal heavy-fermion compound with a large value of the linear coefficient of 
the specific heat γ  = C/T ≈ 350 mJ/K2 mol below T ≈ 1 K [7,8]. According to data of the dHvA 
experiments [9,10], in this compound the effective mass of quasi-particles foot up to ≈ 200me. 
The large single crystal (V ≅ 0.4 cm3) was grown in a three-arc furnace using the Czochralski 
method [6].  

[ ]
2sin q

riF g
pqσ ×

⋅−=
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3. Experimental Technique. In the present experiments the initial polarization P0 ≈ 0.95 and 
the wavelength λ = 8.1 Å were used. The range of momentum transfer 7⋅10-3 < q < 2⋅10-1 Å-1 

was obtained using four sample-to-detector distances (0.7–9.7 m).  
At first, the single crystal was so mounted in a criostat that the direction of crystallographic 
axis c (001) was vertical and parallel to the plane of the detector (position 1). In second posi-
tion 2 of the sample the axis c was perpendicular to the plane of the detector and anti-parallel 
to direction of axis c in [1] (position 3). The measurements for each position of the sample 
were carried out at two different temperatures T ≈ 1.1 K and T = 290 K. The external mag-
netic field H, produced by the magnet, was vertical directed and changed from 0 to 2.5 T.  
 
4. Data presentation. In present experiment we found the presence of the additional small 
angle neutron scattering at low temperatures of order of 1 K. This scattering is weak but sta-
tistically resolved and observed at q ≤ 0.04 Å as in [1].  
The two-dimensional representations of the cross section dΣ(q)/dΩ of magnetic small-angle 
neutron scattering in magnetic field H  = 1 T at Т = 0.9÷1.1 К for various crystallographic ori-
entations of single crystal CeRu2Si2 are presented in Fig.1.   
 
 
 
 
 
 
 
 
 
 
 
 
  
It is seen from this figure that the field induced scattering occurs if and only if the axis c (001) 
is perpendicular to the direction of the magnetic field and the plane of the detector (sample 
positions 2 and 3). Then axis c is parallel to the magnetic field H  (position 1) this scattering 
is particularly absent.  
5. Results. In the course of SAPNS experiment on the single crystal CeRu2Si2 at T ≈ 1.1 K 
we corroborated, firstly, our results which were obtained in [1]. Secondly, it was found that 
the applied magnetic field results in both the increase of the scattering at q ≤ 0.04 Å and the 
appearance of the additional scattering at q > 0.04 Å. Moreover, it was found that this scat-
tering is depend on the crystallographic orientation of the single crystal.   
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Figure 1: The two-dimensional representations of dΣ(q)/dΩ of SANS in magnetic field H  = 1 T at
Т = 0.9 ÷ 1.1 К for various crystallographic orientations of single crystal CeRu2Si2 (see text above).  
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Objectives 
Long-term colloidal stability of magnetic nanofluids (ferrofluids), especially at high volume 
fraction of magnetic nanoparticles, is a complex issue connected to the synthesis procedure 
followed, including the nature of surfactant(s) and carrier liquids used [1]. The dimensionless 
coupling parameter λ, which is half the ratio of the dipolar energy of two aligned dipoles at 
close contact to the thermal energy, should be kept below 1 to ensure highly stable magnetic 
fluids. During preparation repulsive forces due to coating of magnetic cores are introduced to 
prevent irreversible aggregation of particles produced by attractive van der Waals and dipolar 
interactions. When the dipolar interactions are much stronger than the thermal energies, par-
ticle chains start growing and forming more complex structures, depending on the particle 
volume fraction, size distribution, temperature and magnetic field applied. An interesting fea-
ture of magnetic nanofluid synthesis is that the relative strengths and ranges of various inter-
action potentials can be controlled by the diameter of magnetic cores and the thickness of 
the surfactant layer. 
 
Experiment 
In the given experiments on the small-angle scattering of polarized neutrons (SANSPOL), 
non-polar organic liquid based magnetic nanofluids (MNFs) were studied, having magnetite 
nanoparticles coated with various chain length surfactants, such as myristic acid (MA), 
C14H28O2, and oleic acid (OA), C18H34O2, as well as their mixtures. Our previous studies re-
vealed [2] that these fatty acids show different efficiency in dispersing different size-fractions 
of nanometric magnetite particles. While oleic acid is proved to be highly efficient surfactant 
to stabilize nanomagnetite over the wide size interval of 2–20 nm [3, 4], shorter fatty acids 
stabilize partially this interval dispersing in the carrier only a fraction of smaller particles. 
Nevertheless, it should be pointed out that the resulting nanofluids with the MA stabilization 
are as highly stable in strong magnetic field (up to 2.5 T in the current experiments) as the 
samples stabilized by OA. Taking into account that the considered surfactants are well mis-
cible in bulk liquids, one could expect that a similar property takes place at the interface with 
magnetite particles. Thus, the synthesis of magnetic fluids with regulation of particle size 
distribution can be realized with the help of mixtures of fatty acids. 
 
Achievements and Main Results 
As the main result, our structural investigations of magnetic fluids prepared with mixtures of 
different fatty acids confirm this expactation and point out the fact that the characteristic size 
of the magnetite particles can be changed during the synthesis in the range of about           
4–10 nm. The effect of tailoring the stabilizant layer thickness is illustrated in Fig.1, where the 
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nuclear scatettering contribution obtained from the polarization analysis under magnetic field 
[4] is shown for three ratios MA/OA in ferrofluids based on deuterated benzene. The volume 
fraction of magnetic particles in the studied systems was about 1 % to avoid effects of the 
interparticle interaction on the scattering. The magnetic particle size distribution function was 
determined from fits of the core-shell model of non-interacting particles [4]. 
The size regulation effect is also confirmed in complementary studies by magnetometry for 
wider class of fatty acids including lauric acid (LA), C12H24O2 (Fig. 2). These findings are in 
agreement also with magneto-rheological investigations. All the samples show Newtonian 
behaviour in magnetic field, while the field induced viscosity change is rather small (up to a 
few percent), especially in the cases of MA and LA stabilized samples. 
All these open new prospects towards the size regulation synthesis of organic non-polar fer-
rofluids. Taking into account that preparation of organic ferrofluids is often the first stage for 
producing ferrfolfuids on polar madia, current studies are of a great importance for the synth-
sis of polar ferroflsuids as well. We connect further developments of the SANS application in 
diagnostics and research of the new class of ferrfluids with the use of deuterated surfactants 
in the contrast variation techniqie. The aim is to realize how the surfactant are mixed at the 
interface with magnetite particles. For the moment, we cannot conclude about this, since all 
of the usual fatty acids are very close in their scatteing lenght densities. 
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Figure 1. Nuclear scattering contributions 
obtained by SANSPOL analysis for 1 %  
d-benzene based ferrofluids stabilzied by 
different mixtures of fatty acids. In the in-
set, detemined particles size distribution 
function of magnetite are shown. 

 

 

Figure 2. Relative full magnetization 
curves for samples of transformer oil 
based magnetic fluid stabilized with differ-
ent chain length surfactants, LA, MA and 
OA. 
Mixing of surfactants of different chain 
lengths, MA: OA = 1:1, conducted to a 
relative magnetization curve situated be-
tween those corresponding to samples 
with MA (LA) and OA monolayer, which 
indicate the different magnetite sizes sta-
bilized in the fluids. 
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Objectives 
The aim of the proposed project is to investigate the conformation of lysozyme conjugated 
with poly(ethylene glycol) and comparing it with native lysozyme. PEGylated proteins have 
been receiving increasing attentions because of their extensive pharmaceutical and biomedi-
cal application (Tao et al., 2004). Using lysozyme as a model protein, we will study how PE-
Glyation changes conformations of proteins and consequently predict the related physical 
properties and functions.  
 
Experiment 
Hen egg white lysozyme was conjugated with PEG using mPEG-NHS (mono-methoxy-PEG-
N-Hydroxy-Succinimide) reagent ME-050-CS Sunbright, and the tetra-PEGylated lysozyme 
(4-PEG-lysozyme) was purified from the reaction product by gel filtration chromatography 
column. The quartz cuvettes (2 mm path length) containing the sample solutions were placed 
in a thermostatted sample holder. The raw data were corrected for background contribution 
from the solvent and sample cell by conventional procedures. 20 mM sodium phosphate 
buffer prepared from D2O and/or H2O was used as solvent for all experiments. 
 
Achievements and Main Results 
The production method of lysozyme PEGylation has a significant effect on its behaviour in 
solution. The SANS data show that there was a significant amount of aggregates in the PEG-
lysozyme solution prepared from its lyophilized powder (Figure 1), suggesting that a lyophili-
sation step can induce aggregation of PEG-lysozyme. Interestingly, a freshly prepared PEG-
lysozyme without a lyophilisation step shows a typical scattering spectra of monodisperse 
particles. The mechanism of this interesting aggregation behaviour will be further investi-
gated in the future study. 
As mentioned in the objective section, our main purpose is to investigate the conformation of 
PEG-lysozyme. We have thus performed H2O/D2O contrast experiment, aiming to highlight 
the PEG part and the protein part separately. Our theoretical calculation using the literature 
data (Jacrot and Zaccai, 1981) has shown that a matching point of lysozyme is around 40 % 
D2O. Indeed, our measurement on pure lysozyme using 40 % D2O phosphate buffer has 
shown that its spectra is almost identical to that of the same buffer (data not shown). This 
preliminary experiment gave us confidence to perform further contrast variation experiment 
to elucidate the structure of this interesting molecules in future experiments. The experiments 
are planed to be performed in 2006 once a new beam line time is proofed.  
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Figure 1. Comparison of scattering spectra of 
PEG-lysozyme prepared from lyophilized 
powder (A) and the freshly prepared solution 
without a lyophilisation step (B). 
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Objectives 
The aim of the proposed project is to investigate conformation difference of full length  
galectin-3 and its carbohydrate-recognition domains (CRDs). We have previously shown that 
the purity of our preparation passes most rigorous quality control and that analysis by ultra-
centrifugation is not sufficently sensitive to reach our aim (Kopitz et al., 2003; Morris et al., 
2004). Galectin-3 is distinct from any other, because it is composed of three domains, with 
only one being the lectin domain (Gabius et al., 2004). Together with SANS data of other 
lectins which we have already obtained (He et al., 2003), scientific outcome of this work will 
likely harbour relevance beyond the galectin family.  
 
Experiment 
The range of scattering vectors from 0.007 to 0.25 Å-1 was used. In all experiments, the neu-
tron wavelength λ  was 8.1 Å with a wavelength resolution ∆λ/λ, of 10 %. The quartz cu-
vettes (2 mm path length) containing the sample solutions were placed in a thermostated 
sample holder. The raw data was corrected for background contribution from the solvent and 
sample cell by conventional procedures. 20 mM sodium phosphate buffer prepared from D2O 
was used as solvent for all experiments. 
 
Achievements and Main Results 
Most current studies on the galectin-family have focused on galectin-1 and galectin-3, which 
have emerged as promising molecular targets for cancer therapy (Liu and Rabinovich, 2005). 
Indeed, NH2-terminally truncated form of galectin-3 (CRDs) is efficacious for reduction in tu-
mor growth and inhibits metastasis in an orthotopic nude mouse model of human breast can-
cer (John et al., 2003). In this work, we first investigated the CRD of human galectin-3, which 
was produced from the full length galectin-3 by removing the collagenase-sensitive tandem 
repeat part at its N-terminal. The pair distance distribution function (p(r) function) of truncated 
galectin-3 resulted from its scattering spectra is compared with that of the full length human 
galectin-3 (Figure 1). The truncated galectin-3 shows a typical p(r) function of a spherical 
particle. The p(r) function of the full length one shows a shape feature of a spherical particle 
connecting with a rod, suggesting that the tandem repeat part of the galectin-3 may have a 
rode like shape.  
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Encouraged by this finding, we further measured the scattering spectra of mouse galectin-3 
in the presence and absence of its ligand. No significant change of scattering induced by the 
ligand has been observed, which is similar to the behaviour of human galectin-3. Compared 
to human galectin-1 that we studied before, they differ in the extent of the ligand effect on 
their conformation. We have also studied the spectra of phosphorylated gal-3 which is re-
ported to loose its carbohydrate-binding activity, although the phosphorylation site in the  N-
terminus is far from the C-terminal CRD in sequence. However, due to the extreme difficulty 
to obtain a large amount of phosphorylated gal-3, the spectra measured at a low concentra-
tion of the protein do not give us a clear information on its shape.  
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Figure 1.  
Comparison of p (r) function of full length and 
truncated galectin-3. 
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Small-angle scattering instrument SANS-2 
 
 
 
SHORT INSTRUMENT DESCRIPTION: 
 
Small angle neutron scattering using cold non-polarised/polarised neutrons is a powerful tool 
for investigating the structure of matter in the range between 1 and 100 nm. It is a non de-
structive method for a wide range of application in: 
– Metal physics (precipitates, clusters, interfaces, grain boundaries,...) 
– Materials science (defects, porosity,....) 
– Nanocrystalline materials (grain size, magnetic structures,...) 
– Polymers and polymer systems (blends, mixtures, structure and morphology,...) 
– Biology (viruses, proteins,...) 
– Complex liquids (microemulsions, colloids, liquid crystals,...) 
 
 
Local Contact: 
 
HELMUT ECKERLEBE 
Phone/Fax : +49 (0)4152 87 – 1202 / +49 (0)4152 87 – 1338 
e-mail: helmut.eckerlebe@gkss.de 
 
Dr. P. Klaus Pranzas 
Phone/Fax : +49 (0)4152 87 – 1326 / +49 (0)4152 87 – 1338 
e-mail: pranzas@gkss.de 
 
 
 
 
 

SCHEMATIC VIEW OF SANS-2: 
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INSTRUMENT DETAILS: 

Beamline: beamline 8 – cold neutron guide NG-2, radius of curva-
ture R = 900 m, cross section 3 x 4 cm2 

Monochromator: helical slot velocity selector (Dornier) 
Wavelength range at sample po-
sition: 0.3 to 2.0 nm 

Wavelength resolution: ∆λ/λ = 0.1 (2 additional velocity selectors with 
∆λ/λ    =    0.05 and 0.2 available) 

Length of collimation: max. 16 m (2 m elements) 
Flux at sample position: Φmax = 2·107 cm-2 s-1 (1 m collimation, λ = 0.5 nm) 

Range of momentum transfer: 0.01 ≤ q ≤ 3 nm-1 (small-angle scattering) 
q ≤ 25 nm-1 (wide-angle scattering with 2. detector) 

Distance sample to detector: 1.0 m ≤ d ≤ 22 m 
optional 2. detector for wide angles: d = 1 m 

Detector: 
 active area: 
 resolution: 
 background: 

2-dim position-sensitive 3He-counter 
 50 x 50 cm2 
 0.25 x 0.25 cm2 
 < 0.5 cps 

 
Supplementary equipment: 

–  several electro-magnets up to 2.0 T (horizontal and 
vertical fields) 

–  superconducting magnet up to 5.0 T 
–  cryostats (8–300 K) 
–  furnace (-30 °C to +400 °C, atmospheric condition, 

inert gas and vacuum) 
–  linear translation, rotary, tilting and lift tables (freely 

programmable sample position) 
– “HOLONS”: holographic combined with SANS setup 

(see table A) 
 
Special features: 

–  Sample environment space is variable from a few 
mm up to 2500 mm 

–  User-friendly software for data reduction and evalua-
tion running on PC (SANDRA a. o.) 
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Objetives 
SANS measurements along with transmission electron microscopy (TEM) and atom probe 
field ion microscopy (APFIM) were successfully used to study the precipitation sequence of a 
novel tool steel which is age hardening by secondary hardening carbides and intermetallic 
NiAl precipitates [1]. However, additional measurements had to be made in order to fully 
characterize the precipitation behaviour. Furthermore, measurements have been performed 
to characterize scattering effects which are possibly caused by the magnetic microstructure 
of the material.   
 

Experiment 
In order to fully characterize the precipitation behaviour of the steel described in [1], two dif-
ferent kinds of heat treatment have been performed.  
One set of samples was annealed isothermally at a temperature of 610°C for times ranging 
from 0 min to 10000 min. Thereby, an annealing time of 0 min means that the sample was 
heated up rapidly to the target temperature and immediately quenched to room temperature. 
The quenching rate λ was chosen as 0.3 for all samples, what means that the theoretical 
cooling time from 800 to 500 would have been 30 sec.    
A second set of samples was annealed isochronally to target temperatures between 450°C 
and 750 °C. The heating rate was chosen as 20 K/min and λ for the subsequent cooling 
process was again 0.3. 
Prior to annealing all samples were austenitised at 990 °C for 30 min and subsequently 
quenched with λ 0.3. All heat treatments were performed on a quenching dilatometer which 
enables setting very reproducible time-temperature sequences.  
Additionally, two samples of the steel described in [2] have been prepared to study the influ-
ence of retained austenite and possible scattering due to a inhomogenous magnetisation  of 
the martensitic matrix, e.g. due to dislocations. Both samples were quenched from an aus-
tenitising temperature of 1060 °C to room temperature and one of the samples was addition-
ally annealed at 300 °C for 3 x 1 h. SANS measurements were performed on both samples, 
whereas the quenched-only sample was subsequently cooled in liquid nitrogen and meas-
ured again. 
Specimens for SANS-measurements were prepared by cutting discs of 1 mm and 0.3 mm 
from the heat treated rods. All measurements were carried out at the SANS-2 facility at 
GKSS. Scattered neutrons were detected by a position-sensitive detector with a resolution of 
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256x256 pixels. Four detector distances (1 m, 3 m, 9 m and 21 m) were used with appropriate 
apertures and collimators to cover scattering vectors Q from 0.025 nm-1 to 2.5 nm-1. The 
measurements were performed using neutrons at a wavelength of λ=5.8 nm and a 
wavelength spread of ∆λ/λ=10 %. The neutron beam impinging on the samples had a 
diameter of 3 mm. The samples were magnetized to saturation in a field of 2 T. Measured 
intensities were corrected for sample transmission, background and detector efficiency. The 
nuclear cross sections were measured at azimuthal detector angels of α=0° and 180°, while 
the sum of nuclear and magnetic cross section was measured at angels of α=90° and 270°, 
where α is the angle between the scattering vector and the magnetization. The scattered 
intensity was averaged over sectors of 20° around the given mean angles. Absolute cross 
sections were calculated by comparison with the incoherent scattering of vanadium.  
 
Achievements and Main Results 
 

  
Figure 1: Scattering curves of steel samples 
isothermally annealed at 610 °C. 

Figure 2: Scattering curves of isochronally 
annealed steel samples. 

 

Fig. 1 shows the resulting scattering curves obtained for samples isothermally annealed at 
610 °C, as partially published in [1]. It is clearly visible that a large volume fraction of particles 
is forming after very short annealing times. In order to distinguish between carbides and the 
preceding intermetallic phase, TEM and APFIM measurements have been performed, show-
ing good agreement with the SANS data. However, especially the size distributions of M2C 
carbides and the intermetallic NiAl phase tend to overlap and therefore it is difficult to deter-
mine the corresponding volume fractions independently. 
Fig. 2 represents the results obtained for isochronally annealed samples. Additionally, as in 
Fig. 1, the scattering curve of an as-quenched sample is shown as a reference. At 450 °C 
only a little fraction of very small carbides or clusters has formed. The formation of the inter-
metallic phase can be ruled out due to thermodynamic reasons. Between 550 °C and 700 °C 
a significant fraction of particles has formed and proceeds coarsening, depending on the 
corresponding target temperature. However, at 750 °C a reversal process occurs which can 
be correlated to the partial dissolution of the intermetallic NiAl phase. On the other hand, the 
M2C carbides are still thermodynamically stable and proceed coarsening. Consequently, the 
size distributions of this carbide and the NiAl phase are no longer interfering each other and, 
therefore, its volume fraction can now be determined.  
While the evolution of the scattering curves with changing annealing conditions is well under-
stood at scattering vectors q > about 0.2 1/nm, the behaviour is somewhat unexplained for 
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smaller values. Scattering in this q-region occurs from large inhomogeneities within the mate-
rial which might be primary carbides. However, according to the SANS measurements, these 
particles tend to dissolve, what is in strong contradiction to results from thermodynamic cal-
culations as well as TEM studies [1]. The same observation could be reproduced for different 
kinds of steels, e.g. the one analysed in [2]. Therefore, in order to investigate the reason for 
the changing scattering behaviour in this q-region, additional measurements have been 
made as explained in the experimental part of this report. However, data processing of these 
measurements, which have been performed not earlier than in September this year, is still 
under progress and their result will be presented elsewhere. 
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Objectives 
Precipitates in the size range from nanometres to microns are affecting the mechanical and 
thermo-physical properties of steel. In the present study a high-strength low-alloy (HSLA) 
steel containing Ti, Nb, and V is investigated in the as-rolled and different annealed condi-
tions. The combination of modern transmission electron microscopy (TEM) and small-angle 
neutron scattering (SANS) enables the analysis of precipitates in the nanometre region, 
which are relevant for the strength of the steel.  
 
Experiment 
For several years there has been the demand for hot-rolled strip steel with yield stresses 
above 700 MPa. The driving force for this development is the aim to reduce component-
weight, especially in mobile applications, while the requirements for easy processing, i.e. 
cold-forming and weldability, have to be preserved. Due to the small size of involved 
strengthening precipitates the traditional metallographic techniques are of limited use.  
 
SANS was used for the study of changes in particle size distributions as a function of the 
annealing condition. As the matrix of the investigated steel is ferromagnetic, it was magnet-
ized to saturation by a magnetic field of 2 T. Then the nuclear cross sections can be meas-
ured parallel to the applied magnetic field, while the sum of nuclear and magnetic cross 
section can be measured perpendicular to the field. As the precipitates are nonmagnetic, the 
ratio of magnetic and nuclear scattering cross section can be analysed additionally.  
 
A total of 6 samples of a HSLA steel with 95.6 % Fe and 0.17 %C were measured in the as-
rolled state and after annealing treatments for 35 min at temperatures between 300 °C and 
700 °C. After hot-rolling the material under investigation exhibits a martensitic microstructure 
resulting in a hardness of about HV2=508. Subsequent annealing treatments at temperatures 
between 250 °C and 500 °C lead to a considerable decrease in strength (HV2=476 at 250 °C 
and HV2<400 at 500 °C), which is attributed to tempering of martensite. Annealing at tem-
peratures of about 600 °C leads to a plateau or peak in hardness (HV2=400), followed by a 
sharp drop (HV2<330) when the material is annealed above 650 °C. The task is to correlate 
these changes in the mechanical properties with changes in the particle size distribution.  
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Figure 1: SEM image of a sample annealed for 35 min at 610 °C. 
 

 
Achievements and Main Results 
There are significant changes in the SANS cross sections with the annealing state (Fig. 2). 
Especially, there is a large drop at the rather low annealing temperature of 300 °C; its origin 
is not yet fully clear. Most likely the drop is due to annealing effects and the sample tempered 
at 300 °C can serve as a reference sample. Then, possibly by chance, the particle size dis-
tribution shows only small changes from the as-rolled state to annealed states at 570 °C or 
590 °C (Fig. 2). There is a bimodal size distribution of particles with sizes of 1 nm and 20–40 
nm with a total volume fraction of approximately 1 %. At 700 °C the particles grow larger with 
a reduced number density (coarsening), which seems to correspond to the above mentioned 
drop in hardness. A careful analysis of the SANS data in combination with electron micros-
copy results and mechanical data will contribute to a more detailed picture of the strengthen-
ing mechanism in the investigated HSLA steel.  
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Figure 2: Measured magnetic scattering cross section (left) and corresponding particle size 
distributions.  
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Objectives 
Recent polarised SANS measurements by various groups [1, 2] of the flux line lattice (FLL) of 
superconducting niobium showed clear polarisation dependent scattering that cannot be ex-
plained by means of the ideal model of the FLL. In isotropic superconductors no spin de-
pendent scattering occurs, because the flux lines are orientated parallel to the applied 
magnetic field B as well as the polarization of the neutrons is parallel to B [3]. Spin depend-
ent scattering only occurs either i) assuming a non zero nuclear scattering length distribution 
with the same periodicity as the FLL (interference term) or ii) assuming a bending of the FLL, 
ruling out the geometrical constraint. In order to examine, whether the observed polarisation 
dependece is an intrinsic property of pure niobium or is caused by sample impurities, polar-
ised SANS experiments on a single crystal niobium sample were performed at the SANS-2.  
 
Experiment 
A cylindric shaped single crystal niobium sample (19 mm diameter, 3 mm width) was placed 
inside a closed cycle cryostat perpendicular to the incident neutron beam. A magnetic field of 
0-2000 G was also applied parallel to the incident neutron beam by means of a set of water 
cooled Helmholtz coils. Both the magnetic field and the sample could be rotated independ-
ently inside the scattering plane, in order to adjust the scattering geometry. By placing a 
bender in front of the collimation tube of the SANS-2, a polarised neutron beam was gener-
ated. The polarisation direction was chosen parallel to the incident neutron beam to avoid 
depolarisation at the sample environment, and could be reversed using a flipper-coil. Several 
scans through the phase diagram were performed: Constant-T scans, varying the magnetic 
field from 0–2000 G and constant-B scans, varying the temperature from 9–4 K. Each scan 
was performed for both polarisation directions as well as zero field cooled and non zero field 
cooled. 
 
Achievements and Main Results 
Analysing the achieved data by subtracting both polarisation directions, the results of [1,2] 
could be reproduced: A clear polarisation dependent signal was observed, which was clearly 
connected to the Shubnikov phase of the sample. Above Tc, the differential signal was zero, 
contrarily to the Meisser phase, where polarised SANS measurements are impossible due to 
the meissner screening of the sample. Further measurements with samples of a different 
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residual resistivity ratio, and therefore different pinning properties will show if a local bending 
of the FLL is the origin of the polarised signal or wether a difference in the local scattering 
length, related to the pinning centres originates this behaviour. 
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The Six-fold scattering pattern of the flux
line lattice of niobium recorded at 4.5 K 
and 1200 G. 

The polarised signal, obtained by substracting the two 
incoming polarisation directions, up and down. 
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Objectives 
Fe-Zr-B-Cu nanocrystalline alloys belong to important group of soft magnetic materials, 
called also NANOPERM. The previous investigations performed by HRTEM [1] and APFIM-
technique [2] have provided some insight into the early stages of nanocrystallization in these 
alloys, revealing the significant role of the microscopic inhomogeneities (such as Cu-rich pre-
cipitates) and/or tiny medium range order (MRO) clusters, which are present in the thermally 
treated amorphous precursor alloy. However, the knowledge about the nature of such inho-
mogeneities in different pre-crystallization structural stages is still rather poor. In order to get 
more information in this respect, we have performed the SANS experiments on NANOP-
ERM-type samples characterised by different microstructure.  
 
Experiment 
Amorphous ribbons of Fe86Zr7B6Cu1 alloy were prepared by the method of planar flow cast-
ing. Pieces of these ribbons were annealed for 1 hour under high vacuum (better than 10-6 

mbar) at temperatures 400, 440 and 480°C to prepare the series of samples characterized 
by different microstructure.  The crystallization behavior and the changes of microstructure 
upon annealing were studied by DSC calorimetry, X-ray diffraction and VSM-magnetometry.  
The results of these experiments have revealed that the sample annealed at 480°C for 1 
hour exhibits already a clear presence of the ferromagnetic bcc-Fe nanograins, while the 
samples annealed at 400 and 440°C correspond to different pre-crystallization structural 
stages of thermally relaxed parent amorphous material. 
Small angle neutron scattering experiments were carried out at the SANS-2 facility of the 
FRG-1 reactor at GeNF. In order to cover a wider range of scattering vectors, the  
measurements performed at 3 detector distances (1 m, 3 m and 9 m) were supplemented by 
using the wide-angle 2-dimensional side detector. A neutron beam with a wavelenght of λ= 
0.58 nm was used. The magnetic field of 1 T was applied perpendicular to the neutron beam 
direction in order to saturate the ferromagnetic samples. All measurements were performed 
with polarization of the primary neutron beam parallel and antiparallel to the sample 
magnetization.  After usual corrections for background, transmission and efficiency, two-
dimensional anisotropic SANS patterns were analysed according to  
 

( ) ( ) ( ) ϕϕ 2sin, QBQAQI +=   
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where ϕ angle between the scaterring vector Q and the external magnetic field B. For 
complete alignement of the moments along B, A(Q) corresponds to nuclear scattering and 
B(Q) to magnetic scattering, which is proportional to the Fourier transform of the 
magnetization density M(r). 
 
 
Achievements and Main Results 

       
Figure 1: Nuclear a) and magnetic b) scattering curves at room temperature. 

 
Figures 1(a) and (b) show the nuclear and magnetic SANS components for the investigated 
samples obtained at 300 K. A marked difference between the nuclear and magnetic SANS 
components for the sample annealed at 480°C for 1 hour in comparison to other samples is 
clearly connected with the presence of magnetic inhomogeneities of bigger dimensions after 
this heat treatment, which are associated with the ferromagnetic bcc-Fe nanocrystalline 
grains (10-20 nm) embedded in a weak magnetic amorphous residual phase. Additional  
shoulder in the corresponding magnetic scattering curve observed for this sample at large 
scattering vectors (from 1.4 to 2.2 nm-1) seems to be associated  with a presence of much 
smaller scattering centers, which could correspond to that of Cu-rich clusters (1–2 nm) ob-
served for the alloy of similar composition by using APFIM [2,3].  A similar shoulder at the 
largest scatterings vector range is visible also for samples annealed at lower temperatures. 
However, rather poor statistics of data, which seems to be a consequence of the considera-
bly lower volume fraction of corresponding scattering centers in these thermally relaxed 
amorphous  alloys do not allow us to conclude in more details about the nature of these  
nanoscale inhomegeneities.  Further interpretation of data is in progress. 
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Objetives 
Metallic glasses are characterized by unique physical properties and offer exciting possibili-
ties for many technological applications. However, many problems concerning glass forma-
tion abilities, the glass transition phenomenon, temperature and mechanical stability of 
glasses and glass structure are still not solved. The general aim of our study is to investigate 
the physical properties and atomic structure of Ni36.5Pd36.5P27 metallic glass below and above 
the glass transition temperature (ϑg ≈ 315 °C). 
Small-angle neutron scattering (SANS) is applied for investigation of the annealing process 
and evolution of nanocrystalline structures during heat treatment in the Ni36.5Pd36.5P27 glass. 
 
Experiment 
Amorphous ribbons of Ni36.5Pd36.5P27 alloy were prepared by a melt spinning technique. 
Pieces of the ribbons were annealed 15 min under high vacuum (better than 10-4 mbar) at 
various temperatures. Changes in the microstructure upon annealing have been studied us-
ing the SANS-2 instrument at the FRG-1 reactor at GeNF. 
The scattered neutrons were detected by a two-dimensional position-sensitive 3He detector. 
The measurements were performed with the neutron wavelength  λ = 5.8 Å (∆λ/λ = 0.1) at 
four sample-detector distances (1 m, 3 m, 9 m and 21.720 m). The magnitude of the diffrac-
tion vector Q = 4π sinθ/λ, where 2θ is the scattering angle, ranged from ~0.02 nm-1 to ~3.0 
nm-1.  
The experimental data were treated with the SANDRA programme [1]. The measured inten-
sity was corrected for absorption, background scattering, detector efficiency and geometry. 
The scattering data were averaged over azimutal scattering angle and absolute cross sec-
tions were calculated by comparison with the incoherent scattering of vanadium. 
 
Achievements and Main Result 
Figure 1 shows the plots of the coherently scattered intensity for the as-prepared and four 
annealed ribbons of Ni36.5Pd36.5P27 metallic glass. The SANS intensity evolution after heat 
treatment indicates the formation of nano-sized structural inhomogeneities. It is seen that 
noticeable small-angle scattering signal is already observed for Ni36.5Pd36.5P27 glass annealed 
at 315 °C, i.e near the glass transition temperature, well below the crystallization tempera-
ture. With increasing of the annealing temperature the SANS intensity increases which is 
obviously connected to the growth of nanocrystalline particles during annealing of the 
Ni36.5Pd36.5P27 glass. 
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Figure 1:  Experimental SANS spectra for Ni36.5Pd36.5P27 metallic glass. 
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Objetives 
The important aim of our research was the analysis of the microstructure of thin Cu-based 
alloy reed tongues, taken form historic organs. The tongues microstructure influences the 
sound that the reed pipe gives. The phase morphology in different regions of the reed 
tongues can give us important information needed both for the restoring of historical organs 
and for the building of new ones with the same acoustic features of baroque and medieval 
ones.  
An essential problem was the fact that many of the reed tongue samples which are given us 
for analysis are taken from organs and must be put back without destroying them in any way; 
so only non-destructive testing can be performed. This implies that the microtructure analysis 
can not be performed by destructive or partially destructive techniques, like SEM or TEM for 
example. 
 
Experiment 
All the measurements were performed using a wavelength of 5.8Å. The maximum collimation 
length was 16m. On five of eight samples the measurements were performed in two points, 
the vibrating and fixed part of reeds pipe tongue. For the last three samples, because of their 
geometrical shape, the measurement was performed in only one point, in the middle of the 
sample. The dimension of the circular slits in front the samples was 8mm in diameter. Meas-
urements using Vanadium and Teflon standard samples were performed in order to do the 
normalizations.  
                                                     
Achievements and Main Results 
A first result that we obtained was that there are no small precipitates – in the higher part of 
the analysed Q range there is no evident scattering effect. From the macroscopic cross sec-
tion vs Q curves we obtained the information that there are some larger precipitates – futher 
U-SANS measurements are needed for a better understanding of the shape/concentration of 
these precipitates. 
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Objectives 
Among the natural composites, there is a wide variety of stones, such as marbles, used in 
buildings, monuments, statues and other objects of archaeological or cultural heritage 
interest. Marbles may look very different as far as texture, color, mechanical and physical 
properties are concerned, mainly as consequence of their "formation history". Combined Ul-
tra Small and Small Angle Neutron Scattering may be a suitable investigation technique for 
collecting useful information for the “fingerprinting” (structural parameters and texture) of 
white and polychromic marbles.  
 
 
Experiment 
The marble formation is usually the consequence of an isochemical metamorphic evolution 
of a sedimentary carbonate rock (a protolith mostly composed by calcite and dolomite) or a 
previous marble. Metamorphic transformations usually refer to solid-state processes that 
take place in the  presence of a fluid or melt phase. During metamorphism changes in tem-
perature, pressure or chemical composition determine the change in the equilibrium condi-
tion, (i.e. mineralogies of the system). The system re-equilibration, concerning marbles, 
usually occurs trough a recrystallisation process that follows the destruction of the original 
calcite-dolomite matrix. In principle a metamorphic process involving such recrystallisation, in 
a quite narrow range of temperatures, requires the progressive rebuilding of the material at 
different length scales going from the elementary cell (Å) trough intermediate aggregates 
(µm) to crystals (mm). However, it has been observed that while the size of the elementary 
cell is mainly determined by the chemical composition of the protolith and/or of the interacting 
fluids, the temperature effect, characterizing the metamorphic process, determines the size, 
texture and kind of the crystals at macroscopical level. At the mesoscale level (going from 
few Å to the limit of µm) there is not much information known about the metamorphic degree. 
Such events are possibly indicative of power law scaling, typical of fractal structures. Neutron 
scattering is a most appropriate technique for measuring volume fractal properties because 
of a unique advantageous feature of the neutron-matter interaction, the high penetrability of 
neutrons. Sample volumes covering the length scale of fractal behaviour can be studied. 
Sampling of the object volume is determined by the beam cross-section (order of mm) and is 
insensitive to local variations in microstructure. Complex natural composite materials like 
rocks are seen by neutrons as two-phase systems with a density contrast characteristic of an 
overall, average texture "signature". 
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A quite large number of samples (34) coming from Greece and Italy, including white and 
polychromic marbles, have been measured at the SANS-2 instrument. Variable sample to 
detector distance has been used, 1m to 21.7m with λ=0.57 nm and 21.7m with λ=1.14 nm 
giving approximately a momentum transfer range  8x10-3 < q < 2.4 nm-1. 
A selection of previous samples, including both white and polychromic marbles, were also 
measured at the DCD instrument (λ=0.44 nm and approx. 10-5 < q < 3x10-2 nm-1). USANS 
measured cross section are reported in figure 2 for 6 samples. The analysis of USANS 
desmeared data will be performed together with the SANS measurements.  
 
 
Achievements and Main Results 
Typical SANS measured cross section is reported in figure 1. Although a hierarchical struc-
ture model1 should be taken into account for the analysis of combined USANS-SANS meas-
urements, we consider in a first step only the SANS region which is easy to spot. The power 
law exponent (3.65) obtained for this region indicates a surface fractal (q > 0.05 nm-1). All 
samples measured at the SANS-2 instrument have shown such behaviour, although it is rea-
sonable to apply the above mentioned model which implies the knowledge of the USANS 
region. The hierarchical structure model indeed takes into account the existence of a network 
(mass fractal) of fractal aggregates (which have a rough “surface” and therefore are fractals 
themselves) formed by monodispersed solid primary particles.  

Figure 1: SANS curve of a white italian marble.  
Solid line represents best fit to the experimental 
data using a simple power law plus a cutoff limit.  

Figure 2: USANS smeared curves of selected 
white and polychromic marbles. Data are verti-
cally shifted for clarity. 

 
The majority of the samples show a two dimensional isotropic SANS patterns from which one 
dimensional scattering curves with power law behaviour were calculated. Such behaviour is 
typical for fractal structures, in particular for surface fractals. If a more complete analysis is 
considered using the combined USANS and SANS curves, these surface fractals are parts of 
more extended structures of a network of aggregate mass fractals. The correlation of the 
structural parameters with the provenance and type of marbles will be considered, along with 
results from other techniques, to obtain a detailed fingerprinting of the materials. 
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Scientific Objectives 
This experiment was the first one of a series, which is targeting on the clarification of the 
photopolymerization induced phase separation process in (holographic) polymer dispersed 
liquid crystals (H-PDLC). The initial stage of H-PDLCs is a homogeneous solution, that is a 
mixture of mesogenic (liquid crystal (LC) forming) molecules and photosensitive monomers. 
Upon holographic exposure, a photopolymerization reaction takes place more rapidly in the 
bright regions of the optical interference pattern and consequently the monomers diffuse to 
these regions while the liquid crystalline molecules congregate in the dark regions [1]. Be-
sides this, when a specific level of photopoymerization is reached locally, de-mixing of the 
compounds starts to take place, resulting in formation of LC droplets embedded in a polymer 
matrix. This complex process produces optical holograms with a very high spatial modulation 
of refractive index. In addition, due to the strong electrooptic response of the LC domains, 
optical diffraction from these holograms is electrically switchable with low amplitude external 
voltages.  
There is very little known on the details of the H-PDLC formation, especially in the stages 
before and close to the miscibility breakdown. The ultimate goal is to explore the associated 
phase separation process, which determines the final size and the shape of the LC droplets 
and consequently the electro-optical properties of the H-PDLCs. Therefore, we intend to in-
vestigate the process in-situ, during creation of the grating, by neutron diffraction employ-
ing the device HOLONS at SANS-2 [2,3]. To tackle this complex problem we took the first of 
several steps in this experiment: To demonstrate that the achievable contrast, i.e., the scat-
tering length densities, between the LC and the polymer is large enough to observe neutron 
scattering (PDLC) or diffraction (H-PDLC). 
 
Experimental Technique 
Small-angle neutron diffraction experiments were performed at SANS-2. The neutron wave-
length was λ=11.6 Å or 19.6 Å with a FWHM ∆λ/λ=10 %. Full collimator length (16 m) with 
diaphragms – entrance: [10x40] mm2 and exit Ø=5 mm – and maximum detector distance (21 
m) were used, so that the angular spread was <1 mrad. 
A series of PDLC [4] and H-PDLC samples was fabricated from an UV curable mixture pre-
pared from commercially available constituents: an UV curable prepolymer (PN393, 
Nematel), nematic liquid crystal (TL203, Merck) and 1,1,1,3,3,3,3-Hexafluoroisopropyl acry-
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late (Sigma-Aldrich). The ratio of different constituents was selected following the formula-
tions previously reported in literature. A drop of the mixture was placed between two glass 
plates separated by 50 µm mylar spacers. Homogenous illumination or a holographic two-
wave mixing set-up, i.e., a sinusoidal intensity distribution, with different exposures or intensi-
ties of UV-laserlight (λL=351 nm) were employed to prepare PDLC and H-PDLC, respec-
tively.  
In the case of high contrast between illuminated and dark regions, the H-PDLCs could act as 
gratings not only for light but also for neutrons [5]. However, note that the thickness of the 
samples is about two orders of magnitude smaller than for photo-neutronrefractive materials 
reported in literature [2]. To prove that H-PDLC is a new photo-neutronrefractive medium, 
diffraction from that grating was demonstrated using the SANS-2 facility.  
For PDLCs the homogeneous illumination results in formation of LC droplets or clusters 
(phase separation) that are homogeneously dispersed in a polymer matrix. The size of the 
clusters is very sensitive to the recording conditions. By performing SANS experiments we 
intended to reveal the mean size of these LC-clusters as a function of exposure. 
 
Results  
The diffraction experiments on the H-PDLC were performed under highly unfavourable condi-
tions: 
(1) The samples had been prepared for light-optical measurements, so that the two embrac-
ing glass plates with a thickness of 1 mm each were supposed to give a tremendous back-
ground on the scattering signal from the sample with a thickness of only 50 µm.  
(2) The sample itself contains a big amount of hydrogen that contributes to incoherent scat-
tering, and  
(3) the suppliers keep the exact chemical formula of the compounds secret, so that estima-
tions of the expected contrast are difficult. 

Despite these facts we succeeded to detect the grating and could even conduct com-
plete rocking-curves, i.e., the angular dependence of the diffraction efficiency η̣ in the vicin-
ity of the Bragg angle. Fig. 1 shows η+1=I+1/IT for the +first diffraction order of an H-PDLC 
sample with a thickness of d = 50  m. Here, I+1,T denote the number of neutrons diffracted to 
the +first order and the total number of neutrons reaching the detector, respectively. Note 
that the diffraction efficiency is proportional to the square of the thickness. As the FWHM of 
the rocking curve is 30 mrad and thus much larger than the angular spread (~0.5 mrad), it 
can be fitted by using the two-beam coupling theory [6] (dashed line in Fig. 1). This allows us 
to evaluate the light-induced neutron refractive-index change n+1 and hence the light-
induced coherent scattering-length density modulation ∆bcρ)[2]. This modulation is more 
than one order of magnitude larger as compared to that of any material probed up to now. 
At present H-PDLC therefore is the most efficient medium for light-induced neutron-refractive 
index-changes. The diffraction efficiency can be even increased by simply enlarging the 
thickness or the wavelength as ( )[ ]22/1)0( ρλθη cbd∆==∆ , where ∆θ denotes the deviation 
from Bragg angle. This is demonstrated in Fig. 1(b) for diffraction using a wavelength of 
19.6 Å. Here, even second order diffraction can be observed. 
 
The scattering experiments on the PDLC did not yet yield valuable information. Reasons 
might be, that the models of droplet formation discussed in literature are wrong, in particular 
for UV-cured samples like ours, or that the contrast was not good enough to resolve those 
droplets. Further investigations are required to decide about this question. 
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Relevance to other Applications or to other Techniques 
H-PDLC could be used as a new material for fabricating neutron-optical devices for cold neu-
trons, such as beamsplitters, mirrors, interferometers, lenses etc. 
 
 

 
This research project has been supported by the European Commission under the 6th 
Framework Programme through the Key Action:  Strengthening the European Research 
Area, Research Infrastructures.  Contract n°: RII3-CT-2003-505925. We further acknowledge 
support by FWF P-15642 and ÖAD-WTZ SI-A7/0405. 
 
 

References 
[1] C. C. Bowley and G. P. Crawford: Appl. Phys. Lett. 76, 2235 (2000) 
[2] M. Fally: Appl. Phys. B 75, 405–426 (2002) 
[3] F. Havermeyer, R. A. Rupp, D.W. Schubert, E. Krätzig: Physica B 276-278, 330 (2000) 
[4] M. A. Ellabban, M. Fally, H. Uršič, I. Drevenšek-Olenik: Appl. Phys. Lett. 87, 151101 (2005) 
[5] R. A. Rupp, J. Hehmann, R. Matull, K. Ibel: Phys. Rev. Lett. 64, 301(1990) 
[6] H. Kogelnik: AT&T Tech. J. 48 (9), 2909 (1969) 

Figure 1:  

(a) angular dependence of the
diffraction efficiency η+1 for an 
H-PDLC sample (thickness
50 µm).  

 

 

 

 

 

 

 

(b) SANS pattern at Bragg angle
(∆θ=0) for λ=19.6 Å: 0th, 1st and 
2nd diffraction orders are visible.  



 - 78 -



 - 79 -

 

  

 
EXPERIMENTAL REPORT 

 
GeNF 

SANS-2 / DCD 

Investigation of structural changes of nanocrystalline 
MgH2/Cr2O3 for reversible storage of hydrogen 

Proposer: 
Co-Proposers: 

Martin Dornheim, P. Klaus Pranzas, GKSS Research Centre 

Thomas Klassen, Andreas Schreyer, GKSS Research Centre 

Experimental Team: 
 
User Group Leader: 

P. Klaus Pranzas 
 
P. Klaus Pranzas 

Date(s) of Experiment: July 2005 

 
 
 
 

Objectives 
Magnesium hydride offers a safe alternative to the storage of hydrogen in compressed or 
liquid form. It has a high storage capacity of up to 7.6 wt.%. Nanocrystalline MgH2 has high 
absorption and desorption rates of hydrogen as well as very good thermal and cycling stabil-
ity. The sorption properties are distinctly enhanced by the addition of metal-oxide catalysts. 
However, the influences of microstructure, e.g. grain and particle sizes, and distribution of 
different additives on kinetic properties as well as structural changes due to hydrogen sorp-
tion and desorption have hardly been investigated up to now. The aim of this work is to char-
acterize structural changes of high energy ball-milled MgH2 during absorption and desorption 
of hydrogen with and without additives using varying milling parameters. 
 
Experiment 
The MgH2 samples were milled in a FritschP5 planetary ball mill using hardened Cr-steel or 
ceramic milling tools (Yttrium stabilized ZrO2 balls and Al2O3 vials) and an initial ball-to-
powder weight ratio of 10:1. The Cr2O3 additive had an initial particle sizes of 50 µm and     
75 nm (µ- and nano- Cr2O3) respectively. The MgH2 powder was milled together with 10 wt.% 
of Cr2O3 for up to 200 hours. All handling of the samples was carried out under Ar atmos-
phere. Samples containing Cr2O3 as well as samples which were prepared using different 
milling times, vial and ball materials (ceramic or steel) were measured at the instruments 
SANS-2 and DCD at room temperature in quartz cuvettes with a thickness of 1 mm.  
At SANS-2 distances between sample and detector of 1, 3, 9 m (λ = 0.58 nm) and 21 m 
(λ = 0.58 nm and 1.16 nm, ∆λ/λ = 0.1) were used to cover the range of scattering vector q 
from 0.009 nm-1 to 2.4 nm-1. Scattering data were corrected for sample transmission and de-
tector response and normalized by monitor counts. The differential scattering cross section 
was obtained by calibration with a Vanadium reference sample with a thickness of 1.28 mm. 
 
With ultra small-angle neutron scattering (USANS), particle sizes up to 24 µm are detectable. 
The measurements were carried out at the double-crystal diffractometer DCD using a wave-
length of 0.443 nm resulting in an accessible range of scattering vector q from 10-5 to 10-2 nm-1. 
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Figure 2:  SANS/USANS curves of MgH2 samples using 
different milling times and vial and ball materials. 

Achievements and Main 
Results 
 
Figure 1 shows three examples 
of combined SANS/USANS 
curves of MgH2 after addition of 
normal chromium oxide powder 
(µ-Cr2O3) and commercially 
available nanoparticles (nano- 
Cr2O3) after 200 h of milling 
using steel or ceramic vials and 
balls. The obtained scattering 
curve of the sample using 
nano-additives shows a sharp 
shoulder at a scattering vector 
q of about 0.08 nm-1, corres-
ponding to a diameter of 
78 nm. This value is in agree-
ment with the initial particle size 
of the nano-Cr2O3 particles of 

75 nm. At a q-value of about 0.02 nm-1 the curves of the samples milled with µ-Cr2O3 show a 
higher cross section than the sample with nano-additives as well as the samples without ad-
ditives (see figure 2). This signal corresponds to the presence of Cr2O3 particles with diame-
ters of 300 nm. 
 
In figure 2 SANS/USANS curves of  3 samples are shown which were prepared by varying 
the milling time from 20 h to 200 hours, using steel and ceramic vials and balls. The curves 
of the samples prepared with different vial materials show a distinct deviation at a q-value    

of 0.1 nm-1 which corresponds to a 
radius of about 30 nm. In the 
curves of the samples for which 
different milling times were used 
only small structural changes ap-
pear. The scattering curves of the 
samples with Cr2O3 additives in 
figure 1 bend down at a q-value of 
1⋅10-3 nm-1, whereas the curves of 
the samples without additives 
shown in figure 2 bend already 
down at 4·10-4 nm-1. This indicates 
that the presence of Cr2O3 addi-
tives leads to smaller MgH2 particle 
sizes. The results show the poten-
tial of the combination of SANS and 
USANS to characterize structural 
changes in nano-crystalline metal 
hydrides over a large size range. 
 

Figure 1: SANS/USANS curves of MgH2 samples with µ- and 
nano- Cr2O3 additives after 200 h of milling. 
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Objetives 
TiAlN is one of the major industrial coatings used for the protection of tools. In the as-
deposited state, the TiAlN coatings show a homogeneous solid solution with NaCl structure 
(fcc). This phase is, however, metastable and tends to decompose into their stable constitu-
ents fcc TiN and hcp AlN. It has been shown that due to the decomposition process of fcc-
TiAlN during thermal exposure nm-sized precipitates form. Consequently the hardness of this 
kind of coating increases as additional obstacles are provided for the dislocation movement 
(Mayrhofer et al. 2003). The main objective of the investigation of TiAlN hard coatings by 
SANS was to clarify the size distribution and development of their precipitates as a function 
of annealing temperature. 
 
Experiment 
1. Samples 
TiAlN coatings, 1.6 µm in thickness, have bee deposited onto Sapphire substrates 
(12x14x0.6 mm) by arc evaporation using a Metaplus industrial system. The samples are 
investigated in their as-deposited condition as well as after annealing in Ar atmosphere for 
1.5 h at 500, 600, 700, 750, 800, 850, 900, 950, 1000, and 1050 °C. 
 
2. Small-angle neutron scattering 
Small-angle neutron scattering (SANS) measurements were carried out with the instrument 
SANS-2 at the Geesthacht Neutron Facility (GeNF). Selector-monochromated neutrons with 
a mean wavelength of λ = 0.58 nm and a wavelength spread of ∆λ/λ = 10 % were used. De-
tector distances up to 13 m were used with appropriate collimations to cover scattering vec-
tors q from 0.03 nm-1 to 2.5 nm-1 (q = 4πsin(θ)/λ where 2θ is the scattering angle). In this 
case, an additional lateral area detector was used, which can be rotated around the sample 
to cover larger scattering vectors. Measured intensities are corrected for sample trans-
mission, background intensity, and detector response; macroscopic differential scattering 
cross sections are obtained by calibration against the incoherent scattering of Vanadium. In 
this case, however, the sample volume of the annealed samples 850 to 1050 °C were un-
known and, therefore, the cross sections of these samples were matched with the sample 
as-deposited at q > 2  nm-1. 
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Figure 1. 

 
 
Achievements and Main Results 
During the investigations by SANS it appeared that two different particle families develop at 
different annealing temperatures. Furthermore it could be obtained that in the very early 
stage of the decomposition process of TiAlN the formed particles are not sharply separated 
from the parent phase, indicating that phase separation is due to spinodal decomposition 
(Mayrhofer et al., 2005) and not due to nucleation and growth. This result and the obtained 
size distribution and development of the particles as a function of annealing temperature 
would not have been possible to obtain by x-ray diffraction or transmission electron micros-
copy. The obtained results allow developing a simple kinetic model for the decom-position 
process of TiAlN coatings. Furthermore, the effectiveness of additional alloying elements in 
influencing this decomposition process can now be investigated. 
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Objetives 
Thermal stability of Al-Si alloys is an important property for their application in engine com-
ponents. During solution treatment, Si dissolves substitutionally in a fcc cell. During precipita-
tion, Si changes to a diamond structure with higher atomic volume than Al-Si fcc [1]. 
Therefore, the precipitation of Si causes an expansion of the alloys [2,3]. By TEM observa-
tion, it was found that the morphology of Si precipitates depend strongly with the “aging” 
temperature and previous thermal history of the material. The objective of this work is to de-
termine the size and shape of Si precipitates of an Al-Si alloy after different heat thermal 
treatments. 
  
Experiment 
Description of Materials 
An AlSi1.7 alloy was produced using a squeeze casting process by LKR Ranshofen, Austria. 
The Al-Si binary system presents a simple phase diagram, with an eutectic point close to 
12.2 wt.% Si, between an aluminium solid solution of only 1.6 wt.% silicon at the eutectic 
temperature (~ 577 °C) and pure-Si as the second phase. The composition of the alloy is 
depicted in Table 1. 

 
Table 1: Composition of the AlSi1.7 alloy [wt.%], rest Al. 

 
Alloy Si Fe Cu Ni 

AlSi1.7 1.74 0.0655 0.0024 0.0049 
 
Different thermal treatments were carried out as shown in Table 2. The T4 solution treatment 
was carried out in a Linn High Therm furnace model 70.26 followed by water quenching. T6* 
and T6 thermal treatments were performed after T4 in TMA (Thermomechanical Analyser) 
2940 CE dilatometer. T4a and T7* thermal treatments were totally performed in the dilatome-
ter.  

Table 2: Designation of the thermal treatments. 
 

T1: as-cast 
T4: T1 +540°C/4h + H2O 
T4a: T1 +540°C/4h 20K/min RT 
Temperature [°C] 175 200 250 300 370 420 
T4:RT to T+H2O T6*a T6*b T6*c T6*d T6*e T6*f 
T4:RT to T/1h+H2O   T6a  T6b   
T4:RT to T/10h+H2O  T6c     
T4a:RT to T+H2O  T7*b T7*c T7*d T7*e T7*f 
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Theory: 
DSC runs of water quenched AlSi1.7 samples show an exothermic peak between 200–
300°C (Figure 1 a)-A) due to the formation of Si precipitates, which agrees with previous in-
vestigations [4,5]. During solution treatment Si dissolves substitutionally in an fcc cell which 
has an atomic volume of 6.60x10-23cm3/at. During precipitation, Si changes to a diamond 
structure with an atomic volume 23% higher (8.01x10-23cm3/at) than in Al-Si fcc. Therefore, Si 
precipitation causes an expansion of the alloys, which could reach 0.27vol% if all 1.2 % Si 
dissolved at 540 °C could be quenched. The exothermic peak for T4 condition observed by 
DSC coincides with the CTE peak calculated from ∆l vs T-curves (about 56 ppmK-1). The 
precipitation peak is followed by an endothermic reversion up to the end of the measured 
temperature interval (Figure 1 a)-B). This peak B at 510 °C is due to the dissolution of Si 
causing a reduction in the atomic volume to that of Al-fcc again confirmed by the reduction of 
the CTE. 
Figure 1-b) depicts the coefficient of thermal expansion and heat flow vs. temperature of 
AlSi1.7 samples after slow cooling at 1 (T4b) and 20K/min (T4a) from solution treatment 
temperature. T4a condition presents an exothermic peak at 420 °C (Figure 3b-A) of about 
0.006W/g, whereas in T4b no exothermic formation of Si precipitates was observed. This 
temperature range A agrees with the CTE peak for T4a, which amounts to 35ppmK-1. In the 
DSC curve for T4a condition, an endothermic peak (B) at about 510°C was observed after 
the exothermic precipitation of Si (A). AlSi1.7 in T4b presents also an endothermic effect 
starting at lower temperatures (~360 °C). Both endothermic effects are related to the dissolu-
tion of Si causing a reduction in the measured CTE at same temperature range, like in the T4 
condition. 
It is important to note that both the exothermic (A) and endothermic (B) peak shift considera-
bly from lower to higher temperatures from the T4 condition to T4a. 
 

   
Figure 1: Instantaneous CTE and DSC heat flow vs. temperature of AlSi1.7 in comparision with Pure-
Al after a) 4 hours of ST at 540 °C + water quenching (T4) b) 540°C/4h + slow cooling at 1 (T4b) and 
20K/min (T4a) to RT. 
 
The SANS experiments were carried out at RT for 20x20x4 mm³ samples heat treated as 
described in Table 1. The measurements were performed at distances of 1, 9 and 21 m be-
tween the detector and the sample with measurement times of 1 h per position. 
 
Achievements and Main Results 
The scattering curves of AlSi1.7 in the T4 condition shows roughly similar results to that on 
the T4a condition with a detachment of both curves at intermediate cross sections values of 
the curve. Supersaturation of Si is expected in T4 whereas incoherent Si platelets were ob-
served in T4 by TEM observation [2]. Cross section vs. q vector of samples in the T6* condi-
tions show all similar results, although formation of Si precipitates was expected for the 
T6*c,d conditions. Figure 3 a) depicts the evolution of Si precipitation after T4a. The scatter-
ing curves of AlSi1.7 in T7*d and T7*e shows a marked difference compared to the T7*b,c 
curves (where the presence of small Si platelets was expected). As in DSC runs, the forma-
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tion of Si precipitates is observed at higher values of q. After that, the scattering curve de-
crease in the T7*e condition to that of T7*b,c due to the dissolution of Si. Although TEM ob-
servation reveals the formation of Si incoherent precipitates in the T6b and T6c conditiond, 
the cross section shows similar for all T6 conditions. The detection of Si precipitates by this 
technique is still being studied since the contrast between Al and Si, results in SLDD of about 
5.2x107 which is up to three orders of magnitude smaller than for Al-Fe, Al-Mg and Al-Cu 
systems. 
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Figure 2: Cross section vs. scattering vector of AlSi1.7 a) T4 and T4a condition, and b) T6* condi-
tions. 
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Figure 3: Cross section vs. scattering vector of AlSi1.7 a) T7* conditions, and b) T6 conditions. 
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Objectives 
The proposal was aimed to investigate magnetic and structural features of a new class of 
nanocomposites based on silica and alumo-silicate matrices with embedded cobalt nanopar-
ticles. Mesoporous silica and alumo-silicate are the promising potential matrices for the 
preparation of nanocomposites. One could expect that the size and the shape of nanoparti-
cles incorporated into the matrices would be consistent with the dimensions of the porous 
framework. A hydrophobic metal complex Co2(CO)8 was introduced into the hydrophobic part 
of the as-prepared meso-SiO2/surfactant or meso-Al/SiO2 composite. Decomposition of 
Co2(CO)8 was carried out by UV-irradiation in vacuum for 10 hours. To provide better crystal-
linity of cobalt nanowires we performed additional annealing in hydrogen flow at tempera-
tures of 300, 350 and 400 °C for 3 hours for silica matrix and 300, 400 and 500 °C for 3 hours 
for alumo-silicate matrix. The samples obtained were denoted as Co-SiO2-300, Co-SiO2-350, 
Co-SiO2-400, Co-MAS-300, Co-MAS-400 and Co-MAS-500, respectively. The magnetic 
nanocomposites have been studied by Small Angle Polarized Neutron Scattering (SAPNS) in 
order to reveal the effect of annealing on their properties. 
. 
Experiment 
The SAPNS experiments were carried out at the SANS-2 scattering facility of FRG-1 re-
search reactor in Geesthacht. A polarized beam of neutrons with an initial polarization of 
P0=0.94, the neutron wavelength λ=5.8 Å (∆λ/λ=0.1) and a divergence of 1.5 mrad was used. 
The temperature and magnetic field were changed in the range of temperatures 10K – 300 K 
and magnetic fields 0 – 300 mT, respectively. 
 
Achievements and Main Results 

0 1 2
10

100

1000

10000

 Co - SiO2 - 300
 Co - SiO2 - 350
 Co - SiO2 - 400

1.0 1.5 2.0
0

30

60

90

  

 

 

C
ro

ss
 s

ec
tio

n 

 

Q, nm-1

Fig. 1.
0 100 200

0

30

 

 

In
te

gr
al

 c
ro

ss
 s

ec
tio

n

T, K

H = 0 mT

H = 292 mT

Fig. 2.



 - 88 -

Q-dependence of the neutron scattering cross-section is presented in Fig.1 for the samples 
Co-SiO2-300, Co-SiO2-350, Co-SiO2-400 and in Fig.3 for the samples Co-MAS-300, Co-
MAS-400 and Co-MAS-500, respectively. The diffraction peak corresponds to the scattering 
on the regular two-dimensional structure of nanotubes in randomly oriented single particles. 
The Bragg reflection is imposed on the background consisting of two contributions: (i) small 
angle scattering on the individual channels and nanowires and incoherent q-independent 
scattering. The incoherent contribution is different for the samples, which were annealed at 
different temperature, the higher annealing temperature, the less incoherent background. 
This is related to amount of hydrogen inside pores. The coherent part of the small angle scat-
tering is much larger for the samples of alumo-silicate matrices, what is attributed to imper-
fectness of the hexagonal structure in case of Al to Si substitution.  
The field-dependent and temperature-dependent scattering intensity was extracted as IH (q) 
= I(q,H) - I(q,0) and IT (q) = I(q,T) - I(q, 300K). The samples Co-SiO2-300 and Co-MAS-300 
have shown the largest field-dependent part of the scattering in the series. We summarized 
the scattering intensity IT(q) and IH(q) over the Bragg peak. The temperature dependent part 
of the integral cross section is shown in fig.2 for Co-SiO2-300 and in Fig.4 for Co-MAS-300. 
The samples were, first, heated up in Zero Field and, second, cooled down in the field of H = 
292 mT. The figures demonstrate no temperature dependence in Zero Field regime and an 
increase of the cross-section with saturation for Field Cooling regime. 

 
The field-dependent part of the integral cross section was measured in the field range from -
292 mT to +292 mT for Co-SiO2-300 at T=10 K and T=300 K in fig.5 and Fig.6, respectively. 
The measurements reveal a large hysteresis in field dependent part of the cross-section IH(q) 
different for two different temperatures. As a conclusion, the temperature and magnetic field 
behaviour of the magnetic contribution into diffraction peak shows existence of the hexagonal 
structure of the magnetic nanowires in the sample. Further treatment and interpretation of the 
data are in progress. 
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Objectives 
The weak itinerant ferromagnet MnSi with the space group P213 and the lattice constant 
a=0.4558 nm has ordered below Tc= 29 K in a left-handed ferromagnetic spiral along the 〈1 1 
1〉 directions with a propagation vector k = (2π/a) ( ξ, ξ, ξ), where ξ= 0.017 [1,2]. The helicity 
is realized by an antisymmetric Dzyaloshinski-Moriya (DM) exchange interaction caused by 
the lack of a center of symmetry in Mn atomic arrangement [3,4]. This DM interaction is iso-
tropic itself but another weak anisotropic exchange (AE) interaction fixes a direction of the 
magnetic spiral along one of the cube diagonals. The magnetic behaviour of MnSi under ap-
plied magnetic field is puzzling. It is believed that at T << Tc the magnetic spiral domains 
transform into a single domain in a weak magnetic field HC1 of order of 50 mT and a conical 
phase appears. The cone angle decreases as the field increases and the induced ferromag-
netic state appears at HC2 = 600 mT. As was also shown in [1], when the direction of the ap-
plied magnetic field H is not collinear to one of the 〈1 1 1〉, the direction of the helix 
wavevector k follows the direction of the magnetic field. The period of the helix does not de-
pend on the direction of the field. The k-rotation effect was recently interpreted by Maleyev 
on the basis of evaluation of the ground state energy and spin wave spectrum for MnSi [5]. 
The presence of a gap in spin wave spectrum was predicted, which must influence strongly 
the helix structure in presence of the field. The SANS experiments were aimed to study the 
spin structure of MnSi under applied field at low temperature and thus to examine this new 
theory.  
 
Experiment 
1. Sample 
The single crystal MnSi was chosen for the study. The sample was a disc with a thickness of 
1.5 mm and a diameter of 15 mm. The crystallographic mosaic and orientation of the sample 
was tested on the X-ray diffractometer at GKSS (Germany). The average value of the FWHM 
over all measured reflections is 0.25o. 
 
2. Small-angle neutron scattering 
Small-angle neutron scattering (SANS) measurements were carried out with the instrument 
SANS-2 at the Geesthacht Neutron Facility (GeNF). Neutrons with a mean wavelength of 
λ = 0.58 nm and a wavelength spread of ∆λ/λ = 10 % were used. Sample - Detector distance 
of 4 m was used with appropriate collimations to cover scattering vectors q from 0.06 nm-1 to 
0.6 nm-1 (q = (4π/λ)sin(θ/2) where 2θ is the scattering angle). The field ranged from 0 to 
800 mT was directed along [1 1 1] axis. The magnetic structure of MnSi has a complicated 
irreversible behavior at H≠0. Therefore, it is important that the scattering intensity is meas-
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ured in the following way: (i) zero field 
cooling from the paramagnetic state to 
the temperature of the interest; (ii) upris-
ing field from H = 0 to the field value of 
the interest; and (iii) the magnetic field 
direction is fixed with respect to the sam-
ple in the rocking scan experiment .Using 
this principles the rocking curves of the 
Bragg peak (111) were taken at different 
values of the field at T = 15 K. 
 
Achievements and Main Results 
The typical example of the rocking curve 
is shown in Fig.1 for H = 80 mT. The 
curve is well fitted by the Gauss function:  
I(ϕ )= IBG + (2/π)1/2(A/∆M) exp(-2(ϕ-
ϕc)2/∆M

2), where IBG is a small value. The 
integral intensity A, the center of the 
Gaussian ϕc, and its HWHM, or mosaic of 
the helix structure, were obtained from 
the fit. First, the magnetic mosaic ∆M =    
2 HWHM ~ 3.2o is much larger than the 
mosaic of the crystallographic structure 
∆CR = 0.25o. The value of ∆M does not 
change significantly with temperature 
from 10 K to TC. Figure 2 shows ∆M as a 
function of the field. It increases up to the 
maximum at H  = 70 mT and then 
decreases exponentially to the resolution 
level of order of 0.75o. The field de-
pendence of the integral intensity A is 
shown in Fig.3. It is small at low H, then 
it increases sharply at H = 60 mT, and 
decreases again diminishing to zero at 
HC2 = 570 mT. It has a well-pronounced 
minimum at Hins = 160 mT. Thus, we ob-
serve the magnetic structural instabitity 
at Hins at low temperature T = 15 K 
similar to that in the critical range.  
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Objectives 
The weak itinerant ferromagnet MnSi with the space group P213 and the lattice con-
stant a=0.4558 nm has ordered below Tc= 29 K in a left-handed ferromagnetic spiral 
along the 〈1 1 1〉 directions with a propagation vector k = (2π/a) ( ξ, ξ, ξ), where ξ= 
0.017 [1,2]. The helicity is realized by an antisymmetric Dzyaloshinski-Moriya (DM) 
exchange interaction caused by the lack of a center of symmetry in Mn atomic ar-
rangement [3,4]. This DM interaction is isotropic itself but another weak anisotropic 
exchange (AE) interaction fixes a direction of the magnetic spiral along one of the 
cube diagonals. The magnetic behaviour of MnSi under applied magnetic field is 
puzzling. It is believed that at T << Tc the magnetic spiral domains transform into a 
single domain in a weak magnetic field HC1 of order of 50 mT and a conical phase 
appears. The cone angle decreases as the field increases and the induced ferro-
magnetic state appears at HC2 = 600 mT. The situation becomes even more compli-
cated near TC. In presence of the magnetic field a new, so-called, A-phase was found 
at HA ~ 160 mT and slightly below TC by measuring the magnetization and magne-
toresistance [5]. The AC susceptibility measurements had confirmed the presence of 
the A-phase [6]. The SANS experiments were aimed to study the spin structure of 
MnSi near TC under applied field and thus to clarify the nature of the A-phase. 
 
Experiment 
1. Sample 
The single crystal MnSi was chosen for the study. The sample was a disc with a 
thickness of 1.5 mm and a diameter of 15 mm. The crystallographic mosaic and ori-
entation of the sample was tested on the X-ray diffractometer at GKSS (Germany). 
The average value of the FWHM over all measured reflections is 0.25o. 
 
2. Small-angle neutron scattering 
Small-angle neutron scattering (SANS) measurements were carried out with the in-
strument SANS-2 at the Geesthacht Neutron Facility (GeNF). Neutrons with a mean 
wavelength of λ = 0.58 nm and a wavelength spread of ∆λ/λ = 10 % were used. 
Sample – Detector distance of 4 m was used with appropriate collimations to cover 
scattering vectors q from 0.06 nm-1 to 0.6 nm-1 (q = (4π/λ)sin(θ/2) where 2θ is the 
scattering angle). The incident beam was directed along the crystallographic axis [1 1 
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-2]. This configuration allows vectors parallel to [1 1 1] and [1 -1 0] be in the scatter-
ing plane and perpendicular to the beam. The field ranged from 0 to 800 mT was di-
rected along [1 1 1] axis. The polarization followed the direction of the magnetic field. 
The scattering intensity was measured in the temperature range from T = 10 K to T = 
50 K with accuracy better than 0.02 K. 
 
Achievements and Main Results 
Maps of the SANS intensities at T=28.5 K are shown in Fig.1 for four values of the 
magnetic field. At H = 0 (a) two reflections from the domains oriented along [111] are 
observed. When the magnetic field H > HC1 is applied along the [111] axis, it pro-
duces a magnetically uni-domain sample with the spin helix along the chosen axis. It 
is well seen that the field makes the scattering along [111] more intense (b). The 
magnetic field H ~ 150 mT leads to a collapse of the spiral structure along [111] and 
appearance of the reflections along [1 -1 0] (c). With further increase of the field 
above 180 mT the helix structure along [111] restores, while it vanishes along [1 -1 
0]. At H = HC2 ~ 340 mT the helix transforms into the induced ferromagnet and Bragg 
reflections dissolve. The similar picture is observed for the critical scattering above Tc 
Thus, we observe the 90o-reorientation of the spin helix from the [111] axis to [1 -1 0] 
axis under magnetic field H ~ 150 mT applied along [111] in the close vicinity to Tc. 
The detailed analysis of the data is in progress.  
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Objectives 
The experiments were aimed to investigate the magnetic properties of the nickel nanoparti-
cles embedded into the Al2O3 matrix by means of small angle polarized neutron scattering 
(SAPNS). This kind of information is important because magnetic nanomaterials are consid-
ered to be the most promising candidates for data storage devices [1]. However, the use of 
purely nanocrystalline systems is limited because of their low stability and tendency to form 
aggregates. One of the well-known solutions of the problem is encapsulation of the nanopar-
ticles in a chemically inert matrix. Such an approach enables one to avoid aggregation of 
nanoparticles and protect them from the effect of external factors and therefore, makes it 
possible to take advantage of the specific properties of nanomaterials [2]. The aluminum ox-
ide is a promising potential matrix for the preparation of magnetic nanocomposites. An alu-
minium plate is oxidized and the layer of Al2O3 is then exploited for preparation of the matrix. 
The channels/pores are burnt in this layer to produce hexagonal structure of these pores. 
These pores are treated by C2H2O4 during 10-100 hours for different samples in order to in-
crease a diameter of the pores. The nickel is electro-chemically introduced in these pores. In 
the TEM experiment a regular hexagonal structure of nanopores and nickel nanoparticles 
with periodicity a ≈ 100 nm is observed.  
 
Experiment 

1. Sample For this study we have prepared four matrices with different diameters of the 
pores Al2O3–100, Al2O3–100-0-5, Al2O3–150-0-5. One of the matrices was filled with Ni 
nanoparticles: Al2O3–100-Ni. 
2. Small-angle neutron scattering SAPNS measurements were carried out with the instru-
ment SANS-2 at the Geesthacht Neutron Facility (GeNF). Neutrons with a mean wavelength 
of λ = 0.58 nm and a wavelength spread of ∆λ/λ = 10% were used. Detector distances up to 
16 m were used with appropriate collimations to cover scattering vectors q  from 0.03 nm-1 to 
0.18 nm-1. An external magnetic field (0 and 733 mT) was applied in the horizontal plane and 
perpendicularly to the incident beam.  We determine the total (nuclear and magnetic) scattering 
(I(q) =I+(q) + I-(q)) and the polarization dependent part of the scattering (∆I(q) = I+(q) - I-(q)) 
where I+(q) and I-(q) are the intensities for neutrons polarized parallel (+) and anti-parallel (-) 
to the magnetic field. 
 
Achievements and Main Results 
The spectra for matrices with different chemical treatment are presented in Fig. 1. The Bragg 
peaks correspond to the scattering on the regular structure of nanotubes. The period of the 
structure d is obtained from the Bragg law λ = 2dsin (θ/2), or, d = 2 π/qc ≅ 92 nm, 97 nm, 
98 nm for Al2O3–100, Al2O3–100-0-5 and Al2O3–150-0-5, respectively. The widths of the 
Bragg peaks are equal to 0.030 nm-1, 0.026 nm-1 and 0.027 nm-1 for Al2O3–100, Al2O3–100-0-5 
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and Al2O3–150-0-5, respectively. Figures 2 shows that intercalation of nickel into the matrix 
does not shift the position of the Bragg peak what makes clear that the matrix was not de-
stroyed by intercalation. The small angle scattering is significantly increased in the samples 
with Ni. This scattering at small q (q< 0.04 nm-1) is caused by presence of individual 
nanowires. or formation of clusters. The field-dependent scattering intensity was extracted as 
IH (q) = I(q,H) - I(q,0) and is presented in Fig.3. 
The polarization-dependent term of the scattering was extracted. It is well known that this 
term is determined by the nuclear–magnetic interference in the neutron cross-section. It can 
be written as: σInt(q,P0) = 2 <P0 m⊥q> An Am Re(Fnm (q)), where An, Am are the nuclear and 
magnetic contrasts,  m⊥ = m – (me)e, m is the magnetization  and  e = q/q. The interference 
term shows the correlations existing in system between nuclear and magnetic objects and it 
is proportional to the average magnetization of the system. The positive nuclear-magnetic 
interference ∆I(q) is observed over the whole q-range under study but no or negative inter-
ference is visible at the Bragg peak (Fig.4). Further interpretation of the data is in progress. 
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Objectives 
Some octahedral iron(II) complexes assume two spin states – low spin (LS, S=0 singlet 
t2g

6eg
0) and high spin (HS, S=2, quintet t2g

4eg
2)) with an energy difference ~kBT, and are 

therefore considered as bi-stable. The two distinct molecular states differ in volume, colour 
and magnetic state, implying a potential application as a memory unit or molecular switch [1]. 
The transition between two states is characterized by a transition curve relating space and 
time average of the spin states and temperature. This project aimed at following the spin 
conversion as a function of temperature for the molecular Fe(II) complex ([FeII(2-pic)3]Cl2 2-
propanol solvate, pic=picolylamine) using SANS in order to probe the potential nuclear and 
magnetic response at the mesoscopic length scale (tens of nanometres).  
 
Experiment 
The crystal structure, thermodynamics and magnetic properties of the substance are known 
for several solvates of the FeII(2-pic)3]Cl2 complex [2]. The small-angle scattering was studied 
with the SANS-2 instrument at the FRG-1 research reactor at Geesthacht. A beam polarized 
in the horizontal plane with a wavelength of 0.58 nm was used. Small-angle scattering from 
the polycrystalline sample was recorded with help of a 256x256 position-sensitive detector 
constructed at GKSS. The temperature on the sample position was varied between 40 and 
230 K. 
 
The nuclear scattering signal detected in the small-angle range was found to consist of a 
homogeneous and temperature-independent background, presumably due to the incoherent 
scattering from the structural hydrogen, and a θ-dependent small-angle scattering ~Q-4. The 
homogeneity and absence of any temperature dependence of the background signal has 
been proven by measurements at the shortest possible sample-to-detector distance (~1 m) 
at various temperatures. The refined scattering exponent slightly fluctuates around a value of 
3.8 and no deviations of scattering at low Q-3.8 has been found for the small-angle scattering 
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even at the longest possible sample-to-detector distance (~17 m), for the temperatures 
probed. These observations indicate the presence of rather large static and temperature in-
dependent correlations with a radius of order of ~100 nm.  
It is natural to assume that this scattering comes from the mosaic blocks of the crystalline 
material. Contrary to the scattering exponent and to the correlation length, the intensity of the 
small angle scattering is found to be temperature dependent and proportional to the fraction 
of molecules in the most dense low-spin state (Fig.1).  
No magnetic scattering was observed in the small angle range.  

 
Figure 1: The intensity of the SANS scattering fitted from the data measured upon heating, and the 
fraction of HS molecules deduced from the SQUID measurement, as a function of temperature. 
 
 
Achievements and Main Results 
As far as we are aware of, this is the first application of the SANS technique for studying spin 
crossover in a molecular solid. The intensity of small-angle scattering is found to follow the 
transition curve deduced from macroscopic and structural properties thus showing the sensi-
tivity of the SANS signal to the spin conversion process in molecular crystals. 
X-ray diffraction has shown the presence of long-range correlations but also the absence of 
short-range correlations between molecules in the HS and LS states [3].  
Our preliminary results of the SANS measurements indicate the lack of correlations at the 
mesoscopic scale as well. These observations strongly support a mean-field scenario of the 
spin crossover [4,5].  
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Objectives 
The proposal was aimed to investigate the magnetic structure in the intermetallic compounds 
TbxY1-xMn6Sn6 (0 ≤ x ≤ 0.25) by means of small angle neutron scattering (SANS). In such 
intermetallic materials the competition between different exchange interactions results in a 
variety of the magnetic structures. Thus, giant magnetoresistance was recently found in this 
type of materials. 
The YMn6Sn6 is a compound crystallized in hexagonal HfFe6Ge6-type structure (space group 
P6/mmm) [1]. The lattice has an intrinsically layered structure, where Mn atoms are organ-
ized in a so-called “kagome“ lattice within the ab planes, which are stacked along the c axis 
with Y and Sn3 atomic planes between them. The Mn-Mn interplane distance through Sn3 
atomic plane is slightly larger than that through Y atomic plane. Below the Neel temperature 
TN=333K the YMn6Sn6 compound has an incommensurate periodic structure [2]. It is be-
lieved that spins are ordered in the helix along the c axis similar to a simple planar helimag-
net [3]. 
To make clear a role of different exchange interactions we studied samples where Y is par-
tially substituted by Tb. The substitution of magnetic Tb for Y in the TbxY1-xMn6Sn6 com-
pounds changes the magnetic ordering type from incommensurate antiferromagnetic to 
ferrimagnetic at the concentration x ≈ 0.2. The ferrimagnets at x > 0.2 show a change of the 
magnetocrystalline anisotropy with increase of temperature from an easy-axis type to an 
easy-plane type through a conical phase [4]. 
 
Experiment 
1. Samples. Samples of TbxY1-xMn6Sn6 were prepared as powders with x = 0; x = 0.175; 
x = 0.2; x = 0.225; x = 0.25 and with the particle size less than 0.1 mm3. Compounds were 
made by melting the high purity metals in an induction furnace in argon atmosphere following 
by the homogenization annealing in argon at 800 C for 48 hours. 

2. Small-angle neutron scattering. The use of SANS allows one to observe large-scale 
magnetic ordering modes such as long periodical structures, domain walls or critical spin 
fluctuations. The experiments were carried out at the SANS-2 scattering facility of FRG-1 
research reactor in Geesthacht (Germany). Neutron beam with the neutron wavelength 
λ = 5.7 Å (∆λ/λ = 0.1) and a divergence of 2.5 mrad was used. The scattered neutrons were 
detected by a position sensitive detector with (256 × 256) pixels. The scattering intensity was 
measured in the temperature range from T = 25 to 370 K. 
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3. Achievements and Main Results. The q-dependence of the neutron intensity for 
YMn6Sn6 and Tb0.2Y0.8Mn6Sn6 are presented in Fig. 1 (T = 175 K). Two contributions in both 
curves are well seen. The first one is a diffraction peak, which originates from the scattering 
on the magnetic long periodic structure. The second one is a small angle scattering attributed 
to the magnetic inhomogeneities such as domains or critical spin fluctuations. 
The period of the magnetic structure calculated from diffraction peak position is dTB0 = 3.76 
nm for YMn6Sn6 and is dTB.2 = 7.06 nm for Tb0.2Y0.8Mn6Sn6. Coherent lengths of magnetic 
periodicity are wTB0 = 17 nm and wTB.2 = 28 nm.  
The total intensity of Tb0.2Y0.8Mn6Sn6 peak is smaller than that for YMn6Sn6 while small angle 
scattering for Tb0.2Y0.8Mn6Sn6 is much stronger. This may be caused by closeness of the 
Tb0.2Y0.8Mn6Sn6 magnetic structure to the ferrimagnet phase transition on the c-T phase dia-
gram [4].  
The position qC and total intensity I of the YMn6Sn6 peak are shown in Fig.2 a as a function of 
temperature. Intensity of the peak decreases with the temperature and diminishes at T=TN. 
The value of qC has hardly remarkable decrease from 25 K to 200 K and increases sharply 
as temperature approaches to TN = 333 K. It is supposed that the structure has a tendency to 
the commensurate antiferromagnet as T→TN. This temperature behavior is completely differ-
ent from one for simple planar helimagnet [3]. 
Temperature behavior of Tb0.2Y0.8Mn6Sn6 peak is even more complex (Fig.2b). Below 
T = 125 K the incommensurate structural peak is suppressed. We believe that the structure 
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Figure 1: q-dependence of scattering intensity for different samples, at T = 175 K. 
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is purely ferrimagnetic in this temperature range. In the range 125 K < T < 200 K the diffrac-
tion peak appears and its intensity increases with increase of T while qC decreases. This may 
be explained by appearance of the spin cone structure with the cone angle α, which in-
creases with temperature. The T- behavior changes at T = 200 K. The intensity decreases to 
zero at T→TN and the position of the peak is constant for T∈[200 K–240 K] and then it de-
creases down to zero at 300 K. The last observation may correspond to the formation of the 
ferrimagnet with the easy-plane anisotropy. The interpretation of the obtained results is in 
progress. 
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Objectives 
In 1958, Matthias and Bozorth [1] discovered that despite being made from non magnetic 
elements, ZrZn2 becomes ferromagnetic at low temperature. This compound crystallizes in 
the C15 cubic Laves structure, and the 4d orbitals of the Zr atoms (which form a diamond 
structure lattice) are responsible for the magnetic behaviour. This behaviour is characterized 
by a rather low Curie temperature TC= 28.5 K, compared to other ferromagnetic metals, and 
a weak saturation moment of 0.17 µB. Some 40 years later, superconductivity at ambient 
pressure was observed at T ~ 0.3 K in the ferromagnetically ordered phase of ZrZn2 [2]. This 
came after the discovery of superconductivity in UGe2, below 1 K, and within a limited pres-
sure range [3], which had provided an unanticipated example of coexistence of superconduc-
tivity and ferromagnetism. The electronic pairing mechanism needed for superconductivity is 
believed to be magnetic in origin for both materials. 
Muon spin rotation measurements have recently been performed on a ZrZn2 sample, which 
again gave unexpected results [4,5]. The measured coherent muon signal at helium tem-
perature cannot be explained by a normal ferromagnetic structure, but it could be explained 
by the presence of a long-range magnetic modulation. We propose to check this hypothesis 
by looking for low Q magnetic satellites and investigating their temperature dependence. 
 
Experiment 
1. Sample 
The polycrystalline sample ZrZn2, a tablet of 1.2 mm in thickness and 8 mm in diameter, has 
been studied. The sample is the same as used for investigations [4,5].  

 
2. Small-angle neutron scattering 
Small-angle neutron scattering (SANS) measurements were carried out with the instrument 
SANS-2 at the Geesthacht Neutron Facility (GeNF). Neutrons with a mean wavelength of 
λ = 0.58 nm and a wavelength spread of ∆λ/λ = 10 % were used. Detector distances up to 10 
m were used with appropriate collimations to cover scattering vectors q from 0.03 nm-1 to 
2.5 nm-1 (q = 4 πsin(θ)/λ where 2θ is the scattering angle). The scattering intensity was 
measured in the temperature range from T = 10 K The magnetic contribution to the scattering 
was extracted as Im(q) = I(q,T) – I(q,T = 60 to T = 60 K. The external magnetic field H from    
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1 to 900 mT was applied. K). The polarization-dependent cross-section was measured also 
in so-called, "inclined" geometry, when the magnetic field is inclined at the angle ϕ = 45o with 
respect to the incident beam k. This geometry allows one to observe the left-right asymmetry 
in SAPNS pattern that originate from the interaction of the neutron spin with the chiral dy-
namical excitations, i.e. with the spin waves. It is separated from other contributions as the 
asymmetric part of the polarization dependent scattering: ∆I(θ) = [I+(θ)+I-(-θ)-I+(-θ)-I-(θ)], 
where I+(θ) and I-(θ) are intensities with the polarization directed along and opposite to the 
field. 
 
Achievements and Main Results  
Q-dependence of SANS intensity is presented in Fig.1 for two different temperatures 
T = 10 K and T = 25 K. We calculated the integral scattering intensity over the whole q-
range: Iint = 2π∫I(q)qdq. The temperature dependence of Iint is shown in Fig.2. The magnetic 
field suppresses this scattering (Fig.3). This scattering is attributed to inelastic scattering, i.e. 
to spin waves. The polarization-dependent cross-section was measured in the inclined ge-
ometry and integrated over q (∆Iint = 2π∫∆I(q)qdq ) is plotted in fig.4 as a function of the mag-
netic field at T = 25 K. The scattering is observed in the range of fields 0 < H < 100 mT. The 
interpretation of the results obtained is in progress. 

 

 
Figure 1: Scattering Pattern at 10 and 25 K. Figure 2: Temperature dependence of Iint. 

 

Figure 3: Magnetic field dependence of Iint.                      

0 ,0 0 ,1 0 ,2 0 ,3 0 ,4 0 ,5 0 ,6 0 ,7
-2

0

2

4

6

8

10

 

 

In
te

ns
ity

, a
rb

.u
ni

ts

q ,nm -1 

 T  =  10  K
 T  =  25  K

0 10 20 30 40 50 60
86

88

90

92

94
 

 

I In
t, a

rb
.u

ni
ts

T  (K)

0 50 100 150 200 250 300 350 400

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

1.5

 

 

∆
in

t, a
rb

.u
ni

ts

H (mT)

 T = 25 K

0 200 400 600 800 1000

88

89

90

91

92

93

94

 

 

I in
t, 

ar
b.

un
its

H, mT

 T = 25 K
 I

int
 = 4.5 exp(-H/160) + 88.3

Figure 4: Magnetic field dependence of 
the polarization-dependent cross-section. 



 - 103 -

 

  

 
EXPERIMENTAL REPORT 

 
GeNF 

SANS-2 

SANS study of new magnetic nanocomposites based on mesoporous silica 
with embedded Fe-particles. 

Proposer: 
 
Co-Proposers: 

Sergey V. Grigoriev, 1 PNPI, Gatchina, St-Petersburg, 188300, 
Russia 
Natalia A. Grigoryeva, 2SPSU, St-Petersburg, 198504, Russia 

Experimental Team: 
 
User Group Leader: 

Natalia A. Grigoryeva2, P. Klaus Pranzas3,                       
Helmut Eckerlebe3, 3GKSS Research Centre 
Sergey V. Grigoriev1 

Date(s) of Experiment: September 2005 

 

Objectives 
Modern information technologies require development of novel high-density data storage de-
vices due to colossal growth of digital information volume. The materials used as a recording 
media should meet numerous requirements: 1) the size of the magnetic particles should be 
much less than the size of magnetic domain in bulk material (usually 500–1000 nm), 2) mag-
netic particles should possess large magnetic moment, large remanence and large coercive 
force, which are necessary both for steady reading the information, and it’s time stability. The 
special role in creation of the components for such devices belongs to high-quality nanos-
tructure and nanocomposites with detached and strongly anisotropic magnetic nanoparticles. 
This proposal aimed to investigate magnetic properties of a new class of nanocomposites 
(Fe-SiO2) based on silica matrix with hexagonal arrangement of cylindrical pores (a0 ≈ 4 nm) 
and embedded iron nanoparticles (2 x 100 nm2), which is promising material for a novel high-
density data storage devices.  
 
Experiment 
Small-angle neutron scattering (SANS) measurements were carried out with the instrument 
SANS-2 at the Geesthacht Neutron Facility (GeNF). A polarized beam of neutrons with an 
initial polarization of P0 = 0.94, the neutron wavelength λ = 5.8 Å (∆λ/λ = 0.1) and a diver-
gence of 1.5 mrad was used. An external magnetic field (0 ÷ 292T) was applied in the hori-
zontal plane and perpendicularly to the incident beam. Temperature was changed from 10 K 
to 300 K. We determine the total (nuclear and magnetic) scattering ( I(q) =I+(q) + I-(q)) and 
the polarization dependent part of the scattering (∆I(q) = I+(q) - I-(q)) where I+(q) and I-(q) are 
the intensities for neutrons polarized parallel (+) and anti-parallel (-) to the magnetic field. 
 
Achievements and Main Results 
Q-dependence of the neutron scattering for mesoporous silica is typically presented as a 
diffraction peak, which corresponds to the scattering on the regular two-dimensional structure 
of nanotubes in randomly oriented single particles. The period of the structure d is obtained 
from the Bragg law λ = 2d sin (θ/2), or, d = 2π/qc ≅ 3.8 nm. The small angle scattering is ob-
served also and attributed to scattering on the individual channels and nanowires. The field-
dependent and temperature-dependent scattering intensity was extracted as IH (q) = I(q,H) - 
I(q,0) (Fig.1) and IT (q) = I(q,T) - I(q, 300K) (Fig. 4), respectively. We summarized the scatter-
ing intensity over the Bragg peak and plotted the integral cross section as a function of the 
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field in the range from -292m T to + 292 mT at T = 300 K (Fig.2). The measurements reveal 
a large hysteresis in field dependent part of the cross-section IH(q). The nuclear-magnetic 
interference ∆I(q) is observed in the small q-range only but no interference is visible at the 
Bragg peak. The interference term shows the correlations existing in system between nu-
clear and magnetic objects and it is proportional to the average magnetization of the system. 
The field dependence of the integral interference cross-section for small q is presented in 
Fig. 3. It gives an additional information complementary to that shown in Fig.2. Further inter-
pretation of the data is in progress. 
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The temperature dependent part of the inte-
gral cross section is shown in Figure 5 for 
Zero Field Heating and for Field Cooling at  
H = 292 mT.  
 
The temperature and magnetic field behavior 
of the magnetic contribution into diffraction 
peak shows existence of the hexagonal 
structure of the magnetic nanowires in the 
sample. We believe that the system is ruled 
by the competition of the magnetic field, 
dipole-dipole and thermal interactions. 
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Scientific Objective  
We reported on magnetization, specific heat and SANS measurements on the intermetallic 
compound MnSi. In the recent years the properties of MnSi have attracted great scientific 
interest because of its intriguing behavior in the vicinity of the Curie temperature (TC = 29 K). 
The lack of a center of symmetry in the crystal structure of MnSi gives rise to a single-
handed helical spin structure and to a chirality in the magnetic fluctuations, that has been 
even observed well above TC. The magnetic ground state appears to switch abruptly from a 
weakly spin polarized Fermi-liquid to an extended non-Fermi liquid (NFL) phase at a 
pressure of 14.6 kbar. Recent neutron scattering experiment show that large magnetic 
moments survive far into the NFL-phase, where the scattering intensity observed everywhere 
on the surface of a small sphere suggests partial order analogous to liquid crystals.  
Despite theoretical and experimental investigations the critical behavior of MnSi, i.e. The 
observation of a diffuse ring around TC is still a puzzle. Motivated by theoretical predictions 
[1, 2] of the new chiral universality class of helimagnets, we reinvestigate the magnetic 
critical properties of MnSi by comparing bulk measurements with small angle neutron 
scattering data. 
 
Experimental Technique  
The specific heat measurements of a single crystal of MnSi have been measured on a 9 T 
Physical Property Measurement System from Quantum Design. Neutron scattering experi-
ments were carried out on the SANS-2 instrument at the FRG1 neutron source at the GKSS 
research center in Geesthacht (Germany). The incident neutrons with a wavelength = 5.8 Å  
have an initial polarization P0 = 0.95. The scattered neutrons were detected by a position 
sensitive detector with (128 x 128) pixels. The high quality single crystal was oriented in such 
a way that two axes [111] were set in a plane perpendicular to the incident beam. 
 
Results  
Fig. 1 displays the intensity distribution of the magnetic peaks just below the transition 
temperature. Diffuse scattering characteristic of critical scattering is observed around the 
Bragg peaks. The anisotropic spin interactions decreases or vanish leading to strong 
fluctuations in the orientation of the wave vector of the helix leading to a distribution of the 
neutron intensity everywhere on the surface of a small sphere as reported in numerous 
studies before. By fitting our SANS data with a Lorentzian using TC

 = 28.7 K, the analysis of 
the diffuse scattering, as shown in Fig. 2, allows the determination of the staggered 
susceptibility (proportional to the area of peak intensity for T > TC), the magnetization 
(proportional to the area of the peak intensity for T < TC) and the correlation length 
(proportional to the width of the peak for T > TC) and thus the critical exponents.  
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Fig. 2a shows the temperature dependence of the magnetic contribution to the specific heat 
at zero field. The pronounced peak of the specific heat at T = 28.51 K is taken as the phase 
transition from the paramagnetic phase into the helical phase. As the temperature increases 
the specific heat is dominated by a broad shoulder at T = 28.80 K suggesting the presence of 
an additional transition in the crystal. This result is most likely connected with our small angle 
neutron scattering results where a kink is observed in the staggered susceptibility (Fig. 2c). 
We conclude that the peak in the specific heat is not entirely due to the transition from the 
paramagnetic phase to the helical order, but may correspond to an additional transition in 
MnSi. The temperature dependence of the magnetic specific heat as well as the neutron 
scattering results suggest that an interpretation of the diffuse scattering in terms of a second 
order phase transition can only be considered as a first approximation [3]. Forthcoming 
analysis is planned to explain the origin of this unusual behavior. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Distribution of Scattering intensity in MnSi at T = 28.9 K. Magnetic diffuse scattering  is 

observed around the Bragg peaks at  zero field. 

Figure 2:  Temperature dependence of: (a) magnetic specific heat, (b) the peak width and (c) the 
peak area at zero magnetic field. The error bars are smaller than the symbol size. 
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Objectives 
The SANS experiment is aimed at studying the influence of neutron fluence and Ni content 
on irradiation-induced changes of the microstructure of WWER 1000-type reactor pressure 
vessel (RPV) steel. A feature of this material is a high Ni content (> 1 wt.-%) in comparison 
with other RPV steels. We assume that the increased radiation susceptibility of the WWER 
1000 steel is due to increased Ni. Significant progress is expected from the SANS measure-
ments performed for one and the same WWER 1000 steel in different irradiation conditions 
and for model alloys with systematically varied Ni content.   

Experiment 
The WWER 1000 steel (0.03% Cu, 1.27 % Ni) was irradiated at a temperature of 290°C and   
a neutron flux of 3 x 1013 cm-2 s-1. The unirradiated and two irradiated conditions have been 
investigated. Specimen dimensions are about 10 mm x 10 mm x 1 mm. Additionally, pure Fe 
and a Fe-3%Ni alloy were available (unirradiated condition and one neutron fluence)           
as slices of 5 mm diameter. The SANS measurements were carried out at a wavelength of 
0.58 nm with sample - detector distances of 1 and 4 m. The samples were placed in a satu-
ration magnetic field. Scattering data were normalized by monitor counts and corrected for 
sample transmission and detector response. Because of the small dimensions and the weak 
scattering expected relatively long measuring times were preselected for the Fe and Fe-Ni 
specimens. Data analysis was performed using software routines provided by GKSS. 

Achievements and Main Results 
Total, nuclear and magnetic scattering intensities are shown in Fig. 1 for the WWER 1000 
steel. The large-Q results for the unirradiated condition (D0) are presented in Fig. 2 as Porod 
plot. The coherent magnetic scattering cross section is depicted in Fig. 3. A clear irradiation 
effect can be deduced in the Q-range greater than 0.8 nm-1 for the neutron irradiated condi-
tion D1 and more pronounced for condition D2. This effect is caused by the formation of irra-
diation-induced defect or solute clusters. Under the assumption of spherical non-magnetic 
scatterers the size distribution function was calculated by Fourier transformation using a pro-
cedure according to Glatter (Fig. 4). The calculated total volume fraction of irradiation in-
duced clusters is shown in Fig. 5. A monomodal distribution of irradiation induced clusters 
with peak radius of about 0.9 nm is observed (Fig. 4). The total volume fraction of clusters 
increases about linearly with neutron exposure. This is the typical behaviour of defect clus-
ters in contrast to Cu rich precipitates for which a fast saturation should occur. 
As expected, Fe and Fe-3%Ni exhibit a weaker scattering effect combined with a unfavour-
able signal to noise ratio. A more detailed data analysis is therefore needed. 
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Figure 2:   Porod plot for the unirradiated  
         condition of the WWER 1000 steel. 

 
 

Figure 1: Total (a), nuclear (b) and magnetic (c)         Figure 3: Coherent magnetic scattering  
SANS intensities for irradiated (D1, D2) and          cross sections for WWER 1000 steel.  
unirradiated (D0) conditions of WWER 1000 steel. 

  
 
 
 
 
 
 
 

Figure 4:  Volume distribution of scatterers for                     Figure 5:  Total volume fraction of irradiation  
WWER 1000 steel.                     induced clusters vs. neutron fluence. 
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Short Instrument Description: 

The double crystal diffractometer for ultra small angle neutron scattering (USANS) uses non-
polarised cold neutrons to characterise in materials large creep pores, fatigue and sintering 
cavities, precipitates, voids, bubbles, etc. with particle sizes in the range with about 100 nm to 
40 µm in diameter. 
 
Local Contact: 

Dr. P. Klaus Pranzas 
Phone/Fax : +49 (0)4152 87 – 1326 / +49 (0)4152 87 – 1338 
e-mail: pranzas@gkss.de 
 

Schematic View of DCD: 

  
Instrument Details: 
Beamline: beamline 8 – cold neutron guide NG-1,  

max. beam cross section 30 x 40 mm2 
Deflecting crystal: Si(111), Si(311), mosaic spread 0.1 mrad 
Monochromator / analyser: channel-cut perfect Si crystals 
Wavelength resolution ∆λ/λ = 1·10-5  (λ = 0.443 nm) 
Max. flux at deflecting crystal Φ = 2.3 x 108 cm-2 s-1 
Flux at sample position: Φ ≈ 500  cm-2 s-1  (Si(111), λ = 0.443 nm) 

Φ ≈ 180  cm-2 s-1  (Si(311), λ = 0.232 nm) 
Range of momentum transfer: 1·10-5 nm-1 ≤ Q ≤ 5·10-2 nm-1  
Detectors: three  3He-detectors 
Control of crystal alignment: electronic autocollimator, 

angular resolution < 0.05 µrad 
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Objectives 
Block and graft copolymers in applicable solvents can form various microstructures and thus 
influence properties of the whole studied system, e.g., they can stabilize particles of colloidal 
dimensions or "compatibilize" immiscible homopolymers. Such systems found numerous 
applications in many sectors of industrial technology. 
Long-range-ordered nanostructures have been found in solutions of diblock copolymers        
in two partially miscible solvents. Such self-ordered nanostructures are formed by periodi-
cally arranged domains of solvents, stabilized by the block copolymer (see Fig.1). Recent 
performed investigations of such systems by small-angle neutron scattering (SANS) have 
shown that the ordered structure has either a hexagonal or cubic symmetry with a period of 
60–110 nm. The long range periodic structure is limited in extend, typically it consists of 
grains that have an expected size of about several µm, as was estimated by birefringence 

measurements on similar systems. 
The grains (of typical size of several 
µm) can neither be observed by dy-
namic light scattering (relaxation time 
of the grains is too large) nor be de-
tected by birefringence measure-
ments as described for polymer 
melts, because in this case the two 
used solvents are isorefractive and 
the resulting structure is not birefrin-
gent. 
 
Experimental 
We used the DCD instrument to 
characterize the structure of the long-
range ordered grains and their kinet-

ics formed in microscopically ordered solutions of poly[styrene-b-(ethylene-co-propylene)] in 
a mixture of deuterated cyclohexan (d-CX) and dimethylformamide (DMF). The 4 samples 
CP-1, CP-4, CP-6 and CP-7 with different content of diblock copolymer and DMF were inves-
tigated at DCD at a wavelength of 4.43 Å. In order to investigate the dependence of the tem-
perature on the grain size, the samples were measured at several temperatures: 16.4 0C, 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic structure of microphase separated 
solutions (a) forming the grain structure (b). 
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28 0C, 37 0C and 46 0C. The specimens were slowly heated up to 46 0C and then measured 
after 8 hours after getting equilibrium conditions. Subsequently, the temperature was slowly 
decreased step by step to required values with  7–8 hours waiting for equilibrium before the 
measurement was started. 
 
Results 
 

USANS data were fitted by means of 
SASProfit program based on indirect Fourier 
Transformation method. A log-normal distribu-
tion of incoherent spheres was chosen as 
model system. The results of data fitting are 
shown in Fig. 2. In the samples quenched 
down to room temperature the biggest grains 
were detected in the mixture with minimum 
concentration of DFM (CP1, 12.0 %). The 
substantial difference of the values derived 
from DCD curves measured at the ambient 
temperature and those measured at tempera-
tures of 28 0C and 16.4 0C can be explained 
by different cooling regimes. In the first case 
the samples were heated up to 50–60 0C and 
afterwards rapidly cooled down, in the other 

case – temperature was changing very slowly. Actually, one can notice that the slow cooling 
facilitates the formation of larger grains in the studied solutions. 
 
In order to estimate the kinetics of the 
nucleation of the grains in the initial phase 
the samples were measured in-situ after 
quick cooling in the region near Q=0 with 
very short exposition time per experimental 
point (see Fig. 3). Lack of statistics does not 
allow to perform a data treatment, never-
theless these rough results demonstrate 
qualitatively the difference in dynamics of 
creation of the grains for different solutions. 
One can see that the process of creation of 
the long-ranged structure takes a rather long 
time (more than 3.5 hours) for the most of 
the samples with the exception of the sample 
CP-1, which has minimum DMF con-
centration. In this solution the grains were 
formed already just after the quick cooling 
and the following formation was very weak. 
 
Conclusions 
The formation of diblock copolymer grains in the partially miscible solvents was studied by 
USANS. It was shown that the mean size of the grains is strongly dependent on the cooling 
regime, i.e. slowly cooled solutions contained much larger grains than those cooled rapidly. 
USANS data measured in-situ qualitatively demonstrated the different kinetics of initial stage 
of grain nucleation after quick cooling. The estimated relaxation time is larger than 3.5 hours 
for most of the samples. Furthermore, a significant difference in the size of the grains was 
observed for solutions in dependence on the DMF content. The grain structure was not ob-
served in the whole set of samples at 37 0C and 46 0C and in sample CP-1 with minimum 
concentration of DMF at 28 0C. 

 
Figure 2:  Mean sizes of the grains determined 
by DCD. 

 

 

 

Figure 3: Parts of the analyser rocking curves in 
dependence of the analyser rotational angle Φa
measured in-situ with the samples quenched 
down to room temperature. 
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Reflectometer for polarised neutrons PNR 
 
 
Short Instrument Description 
The polarised neutron reflectometer is used to study magnetic and other sur-
faces, layers, thin films and membranes applying cold non-polarised/polarised 
neutrons at high fluxes. 
 
Local Contact: 

Dr. Danica Solina 
Phone/Fax : +49 (0)4152 87-1373 / +49 (0)4152 87-1338 
e-mail: danica.solina@gkss.de  
 

Schematic View of PNR: 

 
Instrument Details: 

Beamline: beamline 8 (NG-2l), cross section 30 x 40 mm2  
Monochromator: helical slot selector  
Wavelength: λ ≥ 0.635 nm 
Wavelength resolution: ∆λ/λ = 0.05  
TOF equipment: 2 choppers, to be used if a resolution better than 0.05 

is required 
Polariser and analyser: set of bent supermirrors 
Spin flipper: hf-flipper or Mezei-coil-flipper 
Collimation lengths: 4 m 
Flux at sample position: 
(beamsize: 0.5 x 40 mm2) 

Φnonpol = 1·105 cm-2 s-1(unpolarised) 
Φpol = 3·104 cm-2 s-1  (polarised neutrons) 

distance sample-detector: 3 m to 4 m 
angular range: 0° ≤ � ≤ 4°  
Detector: 2-dim position-sensitive 3He-counter 
Ancillary equipment: – refrigerator cryostat – temp.-range: 12–475 K  

– electro magnet up to 0.9 T 
– superconducting magnet up to 5 T 

 l = 4 m  zmax = 4 
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Introduction 
Lattice-matched antiferromagnetic/ferromagnetic films offer an ideal layered system to study 
exchange bias. Epitaxial films of FePt3 exhibit an antiferromagnetic ordering with a spin wave 
vector QA = (½ ½ 0) and a Néel temperature of TN = 160 K [1]. The low TN of the antiferro-
magnetic phase allows to perform field cooling through TN of an antiferromagnetic/ferro-
magnetic system. CoPt3 is chosen as the ferromagnet since it has the same L12 crystal struc-
ture as FePt3, nearly the same lattice constant, and it can be grown with an in-plane easy 
axis. X-ray diffraction shows that the Bragg peak widths of the rocking curves for FePt3 films 
grown on Al2O3(1120) and MgO are very different indicating that the samples grown on  
Al2O3(1120) have larger grains and a smaller mosaic spread. On the other side, results from 
vibration sample magnetometry reveal that only the sample grown on MgO shows a signifi-
cant exchange bias effect, suggesting that antiferromagnetic films with fewer defects and 
strain-free interfaces yield a lower exchange bias. Here at GKSS, polarized neutron reflectiv-
ity was carried on a CoPt3/FePt3 multilayer grown on MgO to elucidate the magnetic switch-
ing behavior for different temperatures and magnetic fields. Owing to the significant 
difference in the neutron scattering length density between Fe and Co the technique allows 
to probe the layer-specific magnetizations of the system. 
 
Results and discussion 
The sample consists of five bilayers of CoPt3(10nm)/FePt3(20nm) deposited on a MgO sub-
strate with a Fe(1nm)/CrPt3(2nm) buffer layer and capped with Pt(1.5 nm). The system was 
first magnetized at a maximum field of 0.9 Tesla with the field direction in the sample plane. 
Afterwards the system was field cooled to T = 18 K. For the first measurement shown in Fig. 1, 
the magnetic field at the sample position was reversed and set to a small value of 6mT close 
to the remanence field. A small splitting of the non-spin-flip channel is observed at the first 
Bragg peak at about 0.78 degrees in theta indicating a ferromagnetic contribution of the lay-
ered system. With increasing magnetic field the splitting at the first Bragg peak of the multi-
layer structure reverses and increases strongly as it shown in figure 2 for a magnetic field 
strength of H = 320 mT confirming the observation obtained by SQUID measurements [2]. 
However, at the second structural peak only very weak splitting is observed indicating that 
there is a much weaker ferromagnetic contribution. One of the objectives of the experiments 
was to examine the switching behavior of the ferromagnet. If it would be governed by coher-
ent rotation intensity should be observed in the spin-flip channels which collect the contribu-
tion of the scattering due to the magnetic moments of the sample perpendicular to the field 
direction. Since no significant spin-flip intensity was observed during the reversal process, 
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Figure 2: Polarized neutron reflectivity data 
taken at T = 18 K at H = 320 mT. 

the switching due coherent rotation can be excluded indicating that the process is probably 
due to domain formation. 
The same sets of scans were also carried out at higher temperature. Figure 3 shows as an 
example a measurement at room temperature and at a magnetic field of H = 320 mT. The 
splitting behavior of the non spin flip channel changed. Now also at the second peak the 
splitting between the two non-spin flip channels can be clearly observed indicating that the 
FePt3 has softened and contributes now to the ferromagnetism of the system. By reversal of 
the magnetization of the sample no significant intensity in the spin flip channels is detected 
suggesting that the principle switching mechanism has not changed at increased tempera-
ture. For more exact structural interpretation of the measured reflectivity curves simulation is 
under way. 
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Figure 3: Polarized neutron reflectivity data 
taken at T = 295 K at H = 320 mT. 
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Introduction 
In Fe/Cr multilayer systems, the magnetic coupling of the Fe layers is mediated through the 
Cr layers. The Cr layers themselves are antiferromagnetically ordered, showing commen-
surate (CSDW) and incommensurate spin density waves (ISDW) depending on temperature 
and the thickness of the separating Cr layers [1]. 
Recently, Fe/Cr/Sn/Cr multilayers were studied by Moessbauer spectroscopy [2]. The 
monolayer (ML) of Sn inserted into the Cr layers serves as a Moessbauer probe permitting 
the study of the magnetic local environment around Sn providing details about of the mag-
netic stucture of Cr. This allows to infer the common features of Cr in Fe/Cr and Fe/Cr/Sn/Cr 
superlattices. 
In recent experiments, complimentary neutron diffraction studies were carried out on a set of 
Fe/Cr(t) and Fe/Cr(t/2)/Sn(2Å)/Cr(t/2) multilayers with t = 80 Å and t = 160 Å [3]. The mag-
netic order of the Cr layers was examined, systematically comparing the systems with and 
without Sn inserted in the Cr layers. Both systems without Sn show similar behavior, with an 
ISDW at low temperatures (T) transforming into a CSDW phase at higher temperatures con-
sistent with previous work [1]. In contrast to these, the multilayers with Sn show drastic 
changes with additional asymmetric modulations in the diffraction spectra along (00L) and 
(0H0). Surprisingly, the periodicity of the modulation corresponds to a doubling of the struc-
tural period for the samples with Sn insertion. One possible interpretation of this finding could 
be the formation of a spiral structure of the Cr spins leading to an antiferromagnetic ordering 
of the Fe layers and consequently to a doubling of the magnetic periodicity [1]. Here, polar-
ized neutron reflectivity studies were carried out to examine the magnetic alignment of the Fe 
layers in the multilayer systems with Sn. 
 
Results and discussion 
For the experiment the samples were prepared under the same conditions as for the diffrac-
tion scans mentioned above. First they were magnetized in a magnetic field of 0.9 Tesla 
along the sample plane which was sufficient to saturate the samples. For the polarized neu-
tron reflectivity measurements the magnetic field was then reduced again to about 5 mT. 
Figure 1 shows the spin-flip and non-spin-flip channels collected at a temperature of T = 17 K 
for the sample with t = 80 Å. A large splitting of the non-spin-flip channels can be observed at 
the first peak of the superlattice structure while the spin flip  
channels show no significant signal. In case of an antiferromagnetic alignment of the Fe lay-
ers an additional peak should appear in the reflectivity scans at about half the angular posi-
tion of the superlattice peak. Since this is clearly not the case for neither the spin-flip nor the 
non-spin-flip channels, it can be concluded that the Fe layers are totally collinearly aligned 
along the applied magnetic field showing no antiferromagntic ordering. Therefore, the spiral 
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Figure 1: Polarized neutron reflectivity on 
Fe(10Å)/Cr(40Å)/Sn(2Å)/Cr(40Å) multilayer 
with polarization analysis at T = 17 K. Chan-
nels are not corrected for background and 
flipping ratios. 
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Figure 2: Polarized neutron reflectivity on 
Fe(10Å)/Cr(40Å)/Sn(2Å)/Cr(40Å) multilayer 
with polarization analysis at T = 295 K. 
Channels are not corrected for background 
and flipping ratios. 

configuration of the Cr spins in the above suggested form can be excluded as a reason for 
the doubling of the modulation features in the diffraction pattern. The experiment was carried 
out for several temperatures up to room temperature. Figure 2 shows the different polariza-
tion channels for the sample with t = 80 Å at room temperature. No significant changes are 
found, e.g. no additional peak at the half angular position of the superlattice structure. For 
both samples with t = 80 Å and t = 160 Å (not shown here) no antiferromagnetic coupling 
between the Fe layers could be observed. The additional modulation seen in the high angle 
data [3] could be recently interpreted by theoretical calculations based on other effects [4]. 
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New neutron reflectometer NeRo 

 
Short Instrument Description 

The new Neutron Reflectometer NeRo has been built at the former location of TOREMA 2. 
The instrument is designed for measurements of thin film systems including polymer and 
magnetic systems using cold non-polarised/polarised neutrons with high resolution. 
 
Local Contact: 

Dr. Dieter Lott 
Phone/Fax : +49 (0)4152 87 – 1372 / +49 (0)4152 87 – 1338 
e-mail: dieter.lott@gkss.de  
 

Schematic View of NeRo: 

 
 
Instrument Details: 
Beamline: beamline 8 (NG-1) 
Wavelength: λ = 0.435 nm;  
Wavelength resolution ∆λ/λ = 0.02  
Angular range 0 ≤ θ ≤ 10° 
Flux at sample position: Φ = 5·104 cm-2 s-1 (unpolarised, standard collimation) 
Detectors: 2-dim position-sensitive 3He-counter 

3He pencil counter 
Ancillary equipment: refrigerator cryostat − temp.-range: 12–475 K 

electro magnet with field up to 0.9 T   
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A. Schreyer  

 GKSS Research Centre 

Introduction 
Specular neutron reflectometry is an established technique for the study of magnetic thin 
films [1, 2] and soft matter materials [3]. Recent years have seen a diversity in samples stud-
ied which include laterally structured magnetic films in the micron to nanometre scale [4, 5]. 
In this case polarized diffuse scattering can play a strong role in understanding the magnetic 
behaviour of these structures. With the continuing strides made in the field of thin films and 
structured magnetic materials there is an ever increasing need for instrumentation that can 
accommodate the needs for the study of these films. 
This paper will give a short description of the new Neutron Reflectometer, NeRo (fig. 1), that 
came online early this year at Geesthacht Neutron Facility (GeNF).  

Description of NeRo 
NeRo replaces TOREMA, a standard reflectometer at GeNF which was limited in scan range 
of about 5° in 2 θ. In comparison NeRo covers the range of -20° ≤ 2 θ ≤ 100° allowing it to 
operate as both a reflectometer and diffractometer. It is situated on a cold neutron guide at 
GeNF’s research reactor FRG-1. A pyrolitic graphite monochromator has been used to give a 
0.433 nm monochromatized beam of neutrons with wavelength resolution of better than 2 %. 
NeRo can be used in both polarized and unpolarized modes. The polarizer and analyzer can 
be inserted automatically by the user via software commands. The polarizer and analyzer are 
both transmission type supermirrors. 
The slit system on NERO is also automated allowing for remote control of beam width and 
acceptance angle during measurements.  
NERO has a horizontal scattering geometry, thus it requires samples to be oriented verti-
cally. Silicon cells can be used for studying liquid interfaces. The sample stage is adaptable 
and can accommodate heavy sample environments such as a cryo-furnace and various 
kinds of magnets. Available upon request are a 0.9T magnet and cryostats over a tempera-
ture range of about 3–475 K.  
NeRo has been equipped with both a pencil detector for fast specular measurements and a 
2-D position sensitive detector allowing for the collection of specular and diffuse data. The   
2-D detector has an efficiency of approx 60 % with a sensitive area of 250 mm × 250 mm 
and resolution of 3 mm. The readout is by charge division. A super-mirror stack will be avail-
able in 2006 for time efficient measurements of magnetic diffuse reflectivity. 
All components (excluding flippers) are controlled via LABVIEW. The user interface has been 
designed to allow simple programming of alignment, scan modes and measurement. Data 
can be viewed and manipulated as data is collected. All collected data and manipulated data 
is saved in an easy to view ascii format.  
Reflectivities over nearly 6 orders of magnitude can be measured quite easily with room for 
further improvement (see. Fig. 2)  

Summary 
NeRo is characterized by its versatility in that it can operate in both reflection and diffraction 
modes. It can operate in both polarized and un-polarized modes. It also allows for the study 
of diffuse scattering over a wide range of angles with a sample environment that can ac-
commodate heavy equipment such as magnets and cryostats. 
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Access to NeRo 
NeRo is open to national and international users from universities and other research insti-
tutes at no cost. Industrial applications are welcome at a negotiable cost. Proposals are ac-
cepted throughout the year and forms can be obtained online at http://genf.gkss.de.  
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 Figure 1:  
Schematic diagram of NeRo showing  

various instrument components. 
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Figure 2: 
Specular neutron reflectivity pattern ob-
tained for a Fe[10Å]/Cr[28Å] multilayer of 
60 periods. The magnetic Peaks due to 
the antiferromagnetic ordering in the Fe 
layers are indicated in the graph. 
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Date(s) of Experiment: November 2005 

 
 
 
Introduction 
The aim of the experiment was to characterize a Gd/Y superlattice sample for an upcoming 
experiment of inelastic measurements at the triple axis neutron diffractometer PANDA, lo-
cated at the new research reactor FRM2 in Munich. 

Magnetic fluctuations and spin dynamics in superlattices are of great interest due to the re-
duced dimensionality of the magnetic structure and the great flexibility in the choice of sam-
ple composition. Rare earth superlattices are prime candidates for a study of magnetic 
excitations with inelastic neutron scattering. They exhibit the largest magnetic moments of all 
elements, leading to a very large magnetic scattering length for neutrons. Recently it has 
been shown that it is possible to extract information on spin-wave excitations in exchange 
coupled Dy/Y superlattices by inelastic neutron scattering [1]. Since then significant effort has 
been spent on the theoretical analysis suggesting the occurrence of periodic oscillations of 
discrete spin wave eigenvalues caused by a folding of the Brillouin zone and resulting from 
the finite thickness of the Dy layers in the superlattice. However, these measurements are 
difficult as the inelastic signal is very weak due to the small amount of sample material. For 
the following experiment in Munich measurements on a [Gd/Y]x100/Al2O3(substrate) superlat-
tice are planed,  investigating for the first time a system containing a ferromagnet. Based on 
previous successful measurements on the Dy/Y sample, scans around the Gd/Y (0002) peak 
and in the small angle regime are proposed. Therefore it is essential to have exact knowl-
edge of the peak structure in both regimes, e.i. to ensure that the weak inelastic signal is not 
superimposed by any intense structural peak.  

Experiment 
For the determination of the superlattice period and the peak structure in the small angle 
regime and around the Gd/Y (0002) peak conventional small angle reflectivity and high angle 
diffraction were carried out. All measurements were performed at room temperature using 
the standard setup of NeRo – cold neutrons with a wavelength of 0.433 nm diffracted from a 
graphite monochromator crystal – without any additional sample environment. A 2-D position 
sensitive He3 detector was used for detection. In order to access the Bragg reflections at 
higher Q-values the λ/2 contribution in the wavelength spectrum of NeRo was used.  
 



 - 124 -

Results  
The high angle diffraction scan (Fig. 1) clearly shows the Gd/Y (0002) peak at 20.2=Q Å-1 
and the Al2O3 substrate peak at 66.2=Q Å-1. No additional peaks are observed within this 
range, thus parasitic effects due to elastic structural peaks could be excluded for the upcom-
ing inelastic scattering measurement at PANDA. 
The reflectivity scan (Fig. 2) provides the first and second superlattice reflection at 

149.0=Q Å-1 and 295.0=Q  Å-1, corresponding to a superlattice period of ΛSL = 43 Å.  
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Figure 2: Neutron reflectivity scan of a Gd/Y 
multilayer measured at T = 295 K > TC. 
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Figure 1: Neutron diffraction scan of a Gd/Y
multilayer measured at T = 295 K > TC. 
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Diffractometer for the analysis of residual stresses ARES 
 
Short Instrument Description: 

The diffractometer ARES is designed for the analysis of residual stresses ('strain scanner') in 
specimens with technical sizes (up to approx. 100 kg) using thermal neutrons.  
 
Local Contact: 

Dr. Peter Staron 
Phone/Fax : +49 (0)4152 87–1208 / +49 (0)4152 87–1356 
e-mail: peter.staron@gkss.de 
 
 
 
 
 
 
 
 
 
 
 
Schematic View of ARES:   
 

 
 
 
 
 
 
 
 
Instrument Details: 
Location at FRG-1: beamline 7; thermal neutron guide, cross section         

42 × 90 mm2, (supermirrors on top and bottom wall) 
Monochromator: elastically bent perfect Si monochromator,  

Si (311), Si (220), double focussing 
Take-off angle: 57° to 120°, continuously selectable 
Wavelength: λ = 0.16−0.23 nm (with Si 311) 
Flux at sample position: Φ ≈ 5·105 cm-2 s-1 
Sample displacements: x, y (range 200 mm), z (range 150 mm), Ω 
Detector: 2-dim. position-sensitive 3He-counter 
Distance sample-detector: 100−150 cm 
Sample environment: load frame for in-situ tests planned 
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Residual stresses in a water-quenched IN 718 plate  
Proposer: 
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P. Staron 2GKSS Research Centre 
 

Experimental Team: 
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P. Staron2  
 
H. Clemens1 

Date(s) of Experiment: 18.04.–03.05.2005 

 

Objectives 
The residual stress state in a small water-quenched plate made of the nickel-based superalloy 
IN 718 shall be determined for comparison with predictions of a finite element (FE) model. This 
test is part of the investigation of residual stress states in water-quenched IN 718 turbine discs 
for aero engines. The thin plate serves two purposes: first, an influence of the specimen 
geometry on the FE results can be checked and, second, the use of a thin plate of the same 
material saves beam time.  
 
Experiment 
Sample 
The investigated sample was a 100 mm long, 60 mm wide, and 6 mm thick plate of the 
nickel-based superalloy IN 718. The plate was given the same heat treatment and water-
quenching that are used in the production of investigated turbine discs.  
 
Measurements 
The nominal size of the used gauge volume 
was 3×3×3 mm3 for the measurement of 
strains in three orthogonal directions. Due to 
the small grain size of the material, a large 
number of diffracting grains are contained 
within this gauge volume. The water-
quenched material con-taines mainly the γ-
phase. Three different diffraction peaks of 
the γ-phase (200, 220, and 311) were 
recorded with an area detector at angles of 
about 55°, 82°, and 100° at a wavelength of 
1.647 Å.  
 
Experimental results 
The figure shows the differences in the longitudinal and transverse stresses obtained from 
the measurements (the longitudinal direction is parallel to the long edge of the plate). As 
there should be a plane stress state in the thin disc, the differences should actually give the 
stresses in the two directions. Different reflections have been used to study the influence of 
microstresses on the result. It can be seen that the stress results of the three reflections are 
close together; the maximum deviation of around 100 MPa exists between 311 and 200 in 

100 mm
6 mm

60
 m

m
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the transverse direction. This deviation can be attributed to microstresses in the material. 
According to literature, 311 should give the best representation of macrostresses.  
 
Comparing the measured stresses with results of the FE simulation (see lower figure) shows 
that the simulation gives qualitatively similar results, although still significant differences 
exist. This result has confirmed that temperature-dependent heat transfer coefficients have to 
be used in the simulation. They have to be derived from costly temperature measurements, 
however, with a constant coefficient the simulation results differ much more from the 
measured results. Both results are not directly compared because the simulation results are 
not yet integrated over a volume element similar to the gauge volume used in the 
measurement.  
 
 

a)

0 20 40 60 80 100
-400

-200

0

200

400

600
 (311)   (220)   (200)

σ l –
 σ

n [M
Pa

]

Longitudinal distance [mm]
 b)

0 20 40 60 80 100
-400

-200

0

200

400

600
 (311)   (220)   (200)

σ
t –

 σ
n [M

Pa
]

Longitudinal distance [mm]
  

 
Residual stresses obtained from the measurement 

a) σlong – σnorm, 
b) σtrans – σnorm. 
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Result of the FE simulation. 
 
 

Achievements and Main Results 
The residual stresses in an IN 718 plate have been determined from the measurements. This 
is an important addition to the investigation of the residual stress state IN 718 turbine discs 
for aero engines. The results for the studied plate have shown that temperature-dependent 
heat transfer coefficients have to be used in the simulation. With a constant coefficient the 
simulation results differ much more from the measured results and it seems that even a 
qualitative agreement can not be achieved.  
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Objectives 
A new heat-treatment route for the nickel-based alloy IN718, called direct-ageing, involves 
water-quenching, which results in high residual stresses [1]. The present investigation is part 
of a study optimizing the prediction of these stresses in forged turbine disc pre-forms by 
adopting Finite Element Simulations (FEM) to neutron diffraction results. Forged components 
made of the same material can have very different grain sizes depending on their thickness 
and thus the realizable plastic deformation [2]. Therefore, model plates with different grain 
sizes made of IN718 have been investigated by neutron diffraction. 
 
Experiment 
Sample 
Rectangular samples (100x60x6 mm³) were cut by electro discharge machining from a tur-
bine disc pre-form (Plate A) and form a larger, forged aeroengine component (Plate B). 
These IN718 plates were then reheated to the forging temperature and subsequently 
quenched in water. Figures 1a,b show the resulting microstructures, consisting of a γ-matrix 
and low amounts (3–4 vol.%) of embedded delta phase particles. 
 
Measurements 
Figure 2 indicates the three main orthogonal directions of the strain measurements, which 
have all been performed with a nominal gauge volume of 3x3x3 mm³ and a neutron wave-
length of 1.647 Å. The measurement time was chosen to be 5000–6000 s for each point in 
both plates. Additionally, to the (311) reflection three more diffraction peaks of the γ-matrix 
(220), (200), (111) were recorded to study possible influences of microstrains. In each direc-
tion the respective reference lattice parameters d0 were determined on cubes (4x4.1x4.        
2 mm³) cut from the plates after the measurements. 
 
Experimental Results 
As previous studies have shown that a temperature dependent heat-transfer coefficient has 
to be employed in the FEM calculations to model the quenching process realistically, Figure 
3 shows FEM results based on variable thermal boundary conditions. In order to be able to 
compare the measured results directly to the FEM calculation, the elastic strains are depicted 
in Figure 3 and not the stresses derived from these strains. 
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The measured strains in the three main directions determined with the different reflections 
are very close together in Plate A. They are also very close to the simulated elastic strains, 
except for the transversal direction, which can most likely be attributed to a not yet perfectly 
optimized FEM model. However, all measured strain components follow the trend of the 
simulated strains along the centre line of the plate. Basically the longitudinal strains exhibit a 
maximum in the middle region, which is balanced by a minimum of the transversal strains. As 
there are no big differences between the four reflections the influence of microstrains is re-
garded as minor. 
In plate B there is a larger scatter of the data and thus no clear trend can be observed. Only 
the (311) reflection seems to follow the trend of the simulated strains reasonably well. These 
large deviations in plate B are attributed to the large grain size, which is depicted in Figure 
1b. The sample has to be tilted during the measurement in order to get more grains to fulfil 
the reflection condition. However, the grain size is so large that even additional sample tilting 
and an elongated gauge volume are not likely to give representative macrostrain values. 
 

  
Figure 1: Microstructure of water-quenched In718. a) Plate A taken from the forged turbine disc. 

b) Plate B taken from a larger forged aeroengine component. 
 

Figure 2: Dimensions of the investigated plates (A and B), the measurement locations and 
the directions of the three main strain components: normal, longitudinal and transversal. 

 
Achievements and Main Results 
Residual strains within two water-quenched IN718 plates with different grain sizes were 
measured by neutron diffraction. This investigation was important to evaluate the influence of 
grain size on the residual stresses state, because the FEM models usually contain no grain 
size information. For a comparison between FEM results and measurements a minimum 
spatial resolution is required, and therefore the gauge volume cannot randomly be extended. 
Consequently, the grain size shown in Figure 1b can be regarded as out of bounds for neu-
tron measurements with a spatial resolution of 3x3 mm². 
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a)  b) 
 

Figure 3: (a) Residual Strains in Plate A (a) and Plate B (b) obtained from the four reflections of the   
γ-matrix: (311), (220), (200), and (111) compared to the simulated elastic strains based on a tempera-
ture dependant heat-transfer coefficient. 
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Objectives 
Subject of the experiments are short fibre reinforced metals (SFRM) that show prospects for 
applications in combustion engines. Main requirements for these applications include a low 
mass, high thermal conductivity, sufficient strength and ductility, a low overall thermal expan-
sion coefficient and a high isothermal and thermal cycling creep resistance up to 300 °C. The 
aim of the experiments is a systematic investigation and comparison of the evolution of load 
partitioning between the metal matrix and the reinforcement [i] as well as the development of 
2nd order microstresses in the SFRM after exposure to isothermal creep conditions. 
 
Experiment 
The investigated SFRMs were produced by squeeze casting. An AlSi12CuMgNi [ii] was used 
as the matrix, while pre-forms of random planar oriented Saffil® short fibres were used as 
reinforcement. The composites were produced using reinforcement volume fraction of 10 and 
15 %. 
When Al-Si alloys are used, Si segregates along the fibers during homogenisation and the Si 
forms bridges between the fibers resulting in a hybrid Si-Al2O3 three dimensional network [iii]. 
The creep properties of the SFRMs were tested at 300 °C with loads applied in a direction 
within the plane of predominant fiber orientation [iv]. The creep tests revealed that the fibers 
increase the creep resistance considerably compared to the pure matrix alloy and particle 
reinforced alloys [v]. Surprisingly the creep rate at different loads held constant for prolonged 
periods (more than 100 h) was found to depend on the sequence of the load changes: start-
ing with a certain external stress produced a stationary creep rate significantly higher than 
that at the same stress after the sample had experienced a period at a somewhat higher 
load. Our hypothesis is that this effect is due to a redistribution of the internal stresses and/or 
more pronounced reorientation of the reinforcing structure during the period of higher loads 
increasing the load carrying capacity of the reinforcement architecture. 
To study the evolution of internal stresses during the creep tests, cylindrical samples of 
20 mm length and 6 mm diameter were cut from the gauge length of creep specimens of 
both SFRMs subjected to different exposure times. In order to analyse and quantify the re-
sidual stresses in the Al, Si and Al2O3 phases arising from the creep exposure, the samples 
were subjected to neutron diffraction measurements at room temperature. Al2O3 and Si pow-
ders were used as reference materials. The tests were carried out using three 2θ steps with 
a range of approximately 16° and centres in 46, 66.5 and 90°. An unreinforced matrix sample 
was also tested at 2θ=46° using rotation steps of 15° in order to evaluate the effects of grain 
size on the diffraction patterns. 
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Achievements and Main Results 
Fig. 1 shows a set of spectra with centre at 46° obtained for an unreinforced matrix sample 
for five rotation angles. A very strong dependence of the diffraction intensity on the rotation 
angle is observed for the Al reflexes. The large grains present in this material are responsible 
for this effect. For this reason, only the Si and Al2O3 reflexes will be used to calculate the 
residual stresses during these first experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 shows the spectra obtained during the diffractometry measurements with centre at 46° 
for all the SFRM samples and the Al2O3 and Si powders. The effect of the grain size is also 
observed here for the Al reflexes. The Si(220) reflex observed in Fig.2 is one of the Si re-
flexes that have been chosen for processing since it shows a “clean” pattern without con-
tamination by any of its neighbour reflexes. The evaluation of the diffraction patterns is still 
being carried out and will be complemented with new measurements in GKSS. The final re-
sults will be subject of a future report. 
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Objectives 
The residual stress state in an austenitic steel plate shall be determined by different European 
laboratories using different experimental methods. This round robin test is initiated by the International 
Institute of Welding (IIW). The used experimental methods, besides neutron diffraction, are X-ray 
diffraction, the hole drilling method, and possibly other methods. The special purpose of neutron diffraction 
is to obtain in-depth stress profiles.  
 
Experiment 
Samples 
The investigated sample was a 300 mm long,   
200 mm wide, and 30 mm thick austenitic steel 
plate (316 LNSPH, carbon content 0.024 %) with a 
two-pass TIG weld on the top side (see figure). 
The used filler material was 316 L.  
  
A reference sample was cut from one end of the 
plate by electro discharge machining (EDM). The 
macro-stresses within the reference material cut in 
this way relax largely; therefore it can serve as a 
stress-free reference from which d0 can be deter-
mined. The reference sample has a comb-like 
shape, the teeth have a cross section of 4 mm × 4 
mm (see figure).  
 
Measurements 
The nominal size of the used gauge volume was 
3×3×30 mm3 for the measurement of transverse 
and normal strains. The long edge of the gauge 
volume was parallel to the longitudinal direction, 
assuming that the stresses do not change signi-
ficantly over this distance. This gauge volume was 
used to increase intensity and thus reduce 
required beam time; in addition the grain statistics 
is improved (i.e. the number of diffracting grains is increased). The gauge volume for the 
measurement of longitudinal strains was 3×3×3 mm3 because stress gradients are present in 
the transverse direction. To cover the same total volume element as in the measurements for 
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the transverse and normal directions, the small gauge volume was moved 6 mm and 12 mm 
in both directions along x, giving a total of five measurements for each point that are summed 
up. The γ-Fe (311) diffraction peak was recorded with an area detector at an angle of about 
98.4°.  
 
Experimental results 
Strains in three orthogonal directions were measured at a total of 23 points along three 
different scan lines (a) 3 mm below the top surface, b) in the middle of the plate, and c) 
through the thickness of the plate below the weld). It was not possible to obtain information 
about d0 in the weld from the used reference sample. A comparison of other d0 values from 
the reference sample and those calculated from the plate measurements using the plane 
stress assumption showed that the latter assumption seems realistic. Therefore, strains have 
been calculated using the plane stress assumption.  
 
 
 
 
 
 
 
 
 
 
 
 
 

a)                                                                          b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                           c) 

 
Residual strains a) across the weld, 3 mm below top surface; b) across the weld in the 
middle of the plate; c) in the plate depth below the weld.  
 

 
 

Achievements and Main Results 
The residual stresses in different depths inside the 30 mm thick steel plate can be deter-
mined from the current experimental results. This is an important completion to the other  
experimental results that are mostly confined to the near-surface regions. An assessment of 
the results will take place when the results of all participating laboratories will be available. 
These results give also the chance for a comparison with predictions of finite element models.  
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Residual stresses in laser beam welded T-joint Al sheets 
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GKSS Research Centre 

Date(s) of Experiment: 01.08.–19.8, 05.09–10.10, 17.10–07.11, 11.11–15.11, 19.11–
21.11.2005 

 
Introduction 
Residual stresses are an inescapable consequence of manufacturing and fabrication 
processes such as quenching, welding, forging and machining operations. They can also be 
introduced into components as a result of deformation and creep during use or due to the 
different response of particles and matrix in a multiphase material. The magnitudes of weld 
residual stresses can often be a high proportion of the yield or proof strength. High residual 
stresses in regions near the weld may promote brittle fracture, fatigue, or stress corrosion 
cracking. Welding of aluminum alloys is considered an essential long-term alternative to 
riveted structures for high-strength aerospace alloys because of their high strength/weight 
ratio. Thus, the retention of good post-weld microstructures and properties, and the control of 
residual stress and distortion are essential. Among the fusion welding methods, laser 
technology (LBW) appears to be the most promising solution for structural 6XXX aerospace 
alloys due to its high level of specific power and the limited area involved [1].  
 
Experimental 
The investigated specimens was laser beam welded T-joint configurations with a 6 mm thick 
Al alloy grade 6056 base plate (skin) and 2 mm thick Al alloy grade 6013 T part (clip). The 
dimensions of the specimens are shown in Fig. 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Specimen D 

Figure 1: Schematic illustration of the specimen. 
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Internal strain measurements have been performed at 15 points along a 56 mm long scan 
lines (red lines in Fig. 1) in the middle of a plate using neutron diffraction. The measurements 
on the clip have been at 8 points performed through the middle scan line.  
 
Neutrons of 0.16427 nm wavelength from an elastically bent perfect Silicon (311) mono-
chromator were used. Strain measurements in three perpendicular directions are required to 
determine the stresses in these directions. The three directions are chosen as the principal 
sample axes x, y, and z. The gauge volumes in which the strains are measured are defined 
by Cd diaphragms. For run-ins, run-outs and middle positions (Fig. 2a and 2b) on the base 
plate of both specimens a matchstick-like gauge volume of nominal size 2*2*10 mm3 was 
used for measurements of y and z strains for improving the intensity [2]. A cubic gauge vol-
ume size 2*2*2 mm3 was used for measurements of x strains, because large stress gradients 
are expected in the y direction. In order to increase the number of diffracting grains for the 
small gauge volume, the gauge volume was shifted by 2.5 mm in x direction during the 
measurement. Therefore, approximately the same volume as in the two other directions is 
analysed. By this way, the grain size of the material proved to be small enough to ensure a 
good grain statistics even with the small gauge volume of approx. 8 mm3. However, for the 
measurements in the clip (Fig. 2c) matchstick-like gauge volume of nominal size 1*1*30 mm3 
was used for measurements of y and z strains and a gauge volume size 1*1*2 mm3 was 
used for measurements of x strains; the gauge volume was shifted by 3 mm in x direction 
during the measurement. In order to compare the results obtained from clip with the results 
from middle position of the base plate, the measurement in the base plate (Fig. 2d) is re-
peated with the same gauge volume provided for the measurement in the clip. The Al (311) 
diffraction peak was recorded with an area detector at an angle of about 84° [2]. This peak is 
recommended because the influence of micro-stresses on the stress results should be small, 
i.e. the (311) peak gives a good measure for the macro-stresses [4]. In general, diffractomet-
ric elastic constants have to be used here for Ε andν, which depend on the hkl of the reflec-
tion that is used for the strain measurement [5]. However, the elastic anisotropy of Al is small 
and the macroscopic values Ε=70 GPa and ν=0.33 were used for the Al (311) reflection [5].  
 
For the determination of a triaxial stress state, the knowledge of the unstrained lattice pa-
rameter d0 (or the peak position θ0) at each measured point inside the sample is required (cf. 
equation 1). As the lattice parameter can change e.g. with the solute content (Vegard’s law 
[6]), or, more generally, with the chemical composition of the material, d0 can depend on the 
heat input the material has experienced during welding. Therefore, proper reference material 
is required for the determination of the stress-free lattice parameter d0. For this purpose a 
reference sample could be cut out of the specimens, in which macroscopic stresses can re-
lax. Here, this problem was overcome by assuming a plane stress state in the material [7]. 
From the condition σz = 0, d0 can be calculated for each point. 
 
Results 
The results showed that;  
a) there is a maximum of longitudinal tensile stress in the heat affected zone of the clip 

reaching up to about 200 Mpa;  
b) at the middle position significantly higher tensile longitudinal stresses appear in compari-

son to run-ins and run-outs; 
c) the tensile stresses at run-ins of the base plate are higher compared to the stresses at 

the run-outs. 
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Figure 2:  Residual stress results. 
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Neutron time-of-flight spectrometer FSS 
 
 
Short Instrument Description: 
The spectrometer FSS is a Fourier reverse time-of-flight  spectrometer (system Hiismäki) to 
investigate residual stresses in polycrystalline material specimens with technical sizes using 
thermal neutrons. Details can be found in P. Hiismäki, Modulation Spectrometry of Neutrons 
with Diffraction Applications, World Scientific, 1997. 
 
Local Contact: 
Prof. Dr. Hans Georg Priesmeyer 
Phone/Fax : +49 (0)4152 87–1315 / +49 (0)4152 87–1338 
e-mail: priesmeyer@gkss.de 
 
 
 
Schematic View of FSS: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Instrument Details: 
Location at FRG-1: beam line 9, thermal neutrons 
Flight path: 21.15 m Ni-coated curved neutron guide, 

radius of curvature: 3000 m 
characteristic wavelength: λchar = 0.183 nm 
beam size: 2 x 20  mm-2 to  15 x 108  mm-2 

Fourier chopper: 1024 slits, 1760 rpm max. operating speed 
Flux at sample position: Φ = 5.5·106 cm-2 s-1 
Wavelength range: λ = 0.1 nm to 0.4 nm 
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Date(s) of Experiment: April 2005 

 
 
 
In the context of the project  „In-Situ Untersuchung plastischer Verformungszustände mit 
Hilfe neutronen-induzierter Positronenvernichtungsstrahlung und hochauflösender Neutro-
nendiffraktometrie“, funded through DFG Pr267/13-1, a uniaxial compressive experiment has 
been performed at the FSS TOF-diffractometer. Neutron capture, which is always a compet-
ing process to neutron scattering,  leads to the emission of isotope – specific high-energy 
prompt gamma radiation, which in turn produces positrons within the bulk of the specimen. 
The subsequent decay of the positrons results in annihilation radiation which is influenced by 
crystalline defects, such as dis-locations created 
by plastic deformation. Plastic deformation on the 
other hand leads to an increase in the mosaic 
spread of the Bragg reflections for elastically 
scattered neutrons. By suitable collimation of 
both the neutron and gamma beams it was 
assured that the meas-urements were made 
within the same gauge region.  
While the line shape was observed using a HPGe 
detector looking from above, an NaJ scintillation 
detector was used for background reduction and 
better gauge volume definition (see Fig.1) 
 
 
 
Figure 1: Experimental setup showing the specimen 
in the stress rig together with the lead-shielded HPGe 
detector and its dewar. 
 
 
The analysis of the annihilation line shape was done in the usual way by calculating and 
comparing the shape parameter S and the wing parameter W. Neutron reflections were ana-
lysed by single-peak fitting, which allows to determine both positions and widths for up to 
seven independent reflections simultaneously. 
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Date(s) of Experiment: June 2005 

 
Both the linear coefficient of thermal expansion (LCE) and the diffraction-elastic constants 
Ehkl can be determined by neutron time-of-flight diffraction using the FSS spectrometer. Since 
both material properties depend on the inter-atomic coupling potential within the material, 
correlation between them can be expected. Tabular values for the macroscopic Young’s 
modulus and LCE’s  show a slight anti – correlation (cf. Fig 1). 

   
These findings are strongly supported by the fact, that materials with high macroscopic elas-
tic modules have high melting point temperatures (Fig.2), while these in turn can be shown to 
be inversely proportional to the corresponding LCE’s. 
 
 

Ti V Cr Mn Fe Co Ni Cu Zn Zr Nb Mo Ru Rh Pd Ag Hf Ta W Rh Ir Pt Au

source: www.webelements.com
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Figure 1:  
Anti-correlation between the macroscopic 
Young’s modulus and the LCE’s of several
metals, normalized to isotropic tungsten 
(log scale for higher resolution of details). 
Data were taken from 
www.webelements.com . 
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Figure 2:  
Interrelation between macroscopic elastic 
constants and melting temperatures of several 
metals  
(data taken from L.H. Van Vlack, Materials for 
Engineering). 
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Measurements carried out at FSS have shown for the first time, that the anti-correlation   
observed in the comparison between the  macroscopic elastic properties and the LCE’s also 
holds on the microscopic atomic scale. fcc - copper has been chosen as a model material, 
because of its high elastic anisotropy 111 200E E 2.7= . 

Results are shown in Figure 3: 

 
The general tendency of increasing elastic constants with decreasing linear coefficients of 
thermal expansion is met for the (200), (311) and (111)-reflections and can be qualitatively 
explained by different shapes of the inter-atomic potential: while the LCE is related to the first 
derivative of the potential, Young’s modulus is related to its second derivative. Thus a nar-
rower potential valley will cause less shift of the centre-of-gravity of the oscillating atom, but 
have a higher slope. A theoretical interpretation of these experimental data on the basis of  
quantum mechanical calculations by K. Fuchs[1] is ongoing. It should also explain the devia-
tion of the (220)-reflection from the trend of the other reflections.  
According to most textbooks on materials the LEC’s for cubic crystal systems should be iso-
tropic. The results of this experiment suggest a revision of this statement for elastically ani-
sotropic  materials  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[1] K. Fuchs, A Quantum Mechanical Investigation of the Cohesive Forces of Metallic    

Copper. Proceedings of the Royal Society (London), 151 (1935), 585–602 
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LEChkl vs. Ehkl  for polycrystalline copper.
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A rolled sheet of 1.6 mm thickness, made of magnesium alloy AZ 31, H24 tempered/Spectralite, 
has been scanned in the rolling, the transverse, and the normal direction in order to deter-
mine local three dimensional stress states. The reference lattice spacings needed to calcu-
late strains were measured using Mg powder as well as a metal block, which was considered 
to be almost strain-free. As can be seen from typical neutron time-of-flight diffraction spectra 
taken with FSS, the material has a high degree of texture (cf. Fig. 1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Neutron time-of-flight spectra of rolled AZ31, taken with FSS. 
 
 
The following figure shows the experimental setup, which allows to measure two strain direc-
tions ( rolling and normal resp. transverse and normal ) at the same time, since the spec-
trometer is equipped with two opposite 90°-detectors. 
 
The analysis of the collected data is in progress. The orientation distribution function of the 
textured specimen should be determined next, since a detailed description of the stress 
states is aggravated by the fact, that their calculation  must take the ODF of the rolled sheet 
into account.  
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Figure 2: AZ 31 sheet in measuring position between the two radial collimators at FSS. 
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Positron annihilation experiments on low-Z materials like aluminium, performed as outlined in 
project proposal DFG Pr 267/13-1, can be expected to need increased measuring time, since 
the cross section for pair production in a material depends on its atomic number and the en-
ergy of the incident gamma ray according to the cross section relation for pair-production 
 

 
 
Aluminium alloys are widely used structural materials, which often contain copper as an alloy 
constituent and the element itself produces a rather high-energy prompt gamma radiation 
upon thermal neutron capture. Copper captures neutrons and the isotope 63Cu transforms 
into the isotope 64Cu, which is radioactive and emits either electrons or positrons. Therefore 
the positron annihilation method can suitably be applied to most Al alloys. Experiments were 
made at FSS to determine the experimental parameters to perform simultaneous annihilation 
and diffraction investigations  with adequate statistical accuracy for Aluminium alloys with 
copper contents between zero and 4.5 wt.-%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Cast aluminium alloy (Deutsche Aluminium Werke, Bonn) in measuring position at FSS. 
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As neutron absorption competes with neutron scattering, during strain measurements by 
neutron diffraction additional information is available through simultaneous gamma-ray spec-
troscopy. Isotope-specific high-energy prompt gamma radiation can  produce positrons within 
the bulk of the specimen. Their subsequent decay results in annihilation radiation, which is 
influenced by material properties like crystalline defects near or within welds. It is common 
practise to analyse the annihilation line shape using the shape parameter S and the wing 
parameter W, defined in the following figure: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Definition of the parameters S and W , used to interpret annihilation line shapes. 

 
Often an increase in the mosaic spread of the Bragg reflections for elastically scattered neu-
trons can be observed, too. Suitable collimation has assured that the information from both 
neutron diffraction and positron annihilation comes from the same gauge region within the 
specimens.  
The gamma-spectrometer used in these experiments had an improved instrumental energy 
resolution and the NaJ (Tl) coincidence detector was replaced by a fast Bariumgermanate 
(BGO) detector of smaller size and higher efficiency. 

 
Simultaneous neutron diffraction and gamma ray scans across weldments have been made 
(cf. Fig.2 )  for friction stir welded Al2024 (A), a carbon steel T-butt weld (B), a friction welded 



 

  - 152 -

aluminium-steel liner of the type used for the cold source at FRG-1 (C), and low-carbon steel 
x-weld (D). 

Figure 2: Different welded structures in the measuring position at FSS. 
 
 
Analysis of the data is in progress, but a first result may be reported for the friction stir 
welded specimen:   
Al2024 is an aluminium alloy with a copper content of ~ 3.5 %, which finds its application in 
aerospace industry. It was found, that the S-parameter correlates with the independently 
measured Vickers hardness gradient near the welding seam. 
 
 

 
 
 
 
 
 
 
 

Figure 3:  
Correlation between S-parameter and Vickers 

hardness near friction stir weld. 

 
 
 
 
 
 
 
 
 
 
 
 
 
A                                                                   B       
 
 
 
 
 
 
 
 
 
 
 
 
 
C                                                                   D 
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A quenched non- transforming steel cylinder has be re-investigated by simultaneous positron 
annihilation and neutron diffraction. The stress field which had developed upon water 
quenching had been measured earlier; it compared well to finite-element calculations made 
by Hougardy and Wildau, MPI für Eisenforschung, Düsseldorf, who also prepared the speci-
men. 
 
 
 
 
 

 
 
 
 
 
 

 
 
After subtracting the background of annihilation radiation prevailing near the experimental 
setups, peaks from the rim and the centre of the cylinder show considerable differences, as 
can be seen from Fig. 2.  
The interpretation of these findings is underway. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: 
Annihilation radiation from different gauge 
volumes in quenched steel cylinder. 

Figure 1:  
Steel cylinder in measurement position. Neutron beam
direction and gauge positon are marked by laser beams.
The BGO scintillation detector (covered in black) – used 
to measure annihilation radiation in coincidence – is a 
new development. The crystal size is 8 mm ∅ x 12 mm. 
l h
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Neutron texture diffractometer TEX-2 
 

 

Short Instrument Description: 

The four circle neutron texture diffractometer is used to characterise textures in metallic, ce-
ramic and geologic materials applying thermal, non-polarised neutrons.  
 
 

Local Contact: 

Prof. Dr. Heinz-Günter Brokmeier 
Phone/Fax: +49 (0)4152 87–1207 / +49 (0)4152 87–1338 
e-mail: brokmeier@gkss.de 
 
 
Schematic View of TEX-2: 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Instrument Details: 
Location at FRG-1: beamline 5, thermal neutrons 

maximum beam cross section: 45 x 45 mm2 
Primary collimation: 30’, 42’, 51’ 
Monochromator: Cu (111), Cu (200), PG (002), Ge (311) 
Take-off angle: 17.2°,  27.2°,  37.2°,  47.2°,  57.2° 
Wavelength range: λ = 0.0–0.27 nm (in steps) 
Flux at sample position: Φ = 0.3−2·106 cm-2 s-1 
Angular range Φ: -360° to +360° 

Χ: -360° to +360° 
Ω:   -46° to +  46° 
2Φ: -75° to +120° 

Detector: 3He- single detector 
38° JULIOS-PSD 
2-D-pos. sensitive detector (active area 30 x 30 cm2) 

FRG-1
Reactor shielding

Filter

Collimator

Beam stop

Detector

Sample

Monochromator

Beamline 5
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Instrument Details (continued): 
Sample geometries (standard): 
 
                                 (various): 

cube 10 mm edge, sphere 15–20 mm ∅ 
cylinder 10–15 mm ∅, 10–15 mm high 
e.g. wires, tubes, tensile samples 

Distances: sample–3He detector 
          sample–JULIOS 

40–200 cm 
70–100 cm 

Sample environment: mirror furnace up to 2000 K 
loading device: tension up to 15 kN, 
                         compression up to 20 kN 
sophisticated set of sample holders 
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Objetives 
ECAP is at present one of the most promising techniques to produce bulk nanostructured or 
ultrafine-grained materials (grain size in the range of 100–1000nm) for structural applica-
tions. The process has received considerable attention in the last few years due to the ad-
vent of nano-technology, and it continues to receive attention of the scientific community due 
to its future industrial potential [1, 2]. In ECAP a billet is deformed in a narrow deformation 
zone at the plane of intersection of two die channels of equal area cross-section and the 
strain mode approximates closely to simple shear (Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Idealized simple shear model of ECAP showing the shape change of a material element 
with shear by γ = 2. (ND = normal direction, TD = transverse direction, ED = extrusion direction, X, Y, 
Z = ECAP reference system; X’ ,Y’, Z’ = simple shear reference system). 
 
 
As the overall billet geometry remains nearly constant during ECAP, multiple passes through 
the die are possible without any reduction in cross-sectional area. This allows materials to be 
deformed to very high plastic strains that cannot be readily obtained in more conventional 
processes, such as rolling. Large plastic deformation results in the development of texture, 
which will be demonstrated here for nickel. The study belongs to a project on the depend-
ence of ECAP textures of fcc metals on stacking fault energy. 

0 mm (top) 

10 mm (bottom) 

Φ 
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Experiment 
The material used was extruded 3N nickel. Specimens with 9.9 mm x 9.9 mm square cross 
section and 100 mm length were cut by spark erosion. To get a homogeneous, strain-free 
starting microstructure the billets were annealed 1 hour at 600 °C. ECAP was carried out at a 
crosshead speed of 1 mms-1 at 400 °C using a Zwick 200 kN screw driven machine and a die 
set with rectangular intersection of the channels without any rounding of the corner region. 
The number of ECAP passes was limited to 3. Between individual passes the specimen was 
introduced in the same sense (Route A, that is no rotation around the specimen long axis 
between intermediate passes).  
 
Neutron texture measurements were done on a cube of 9.9 mm x 9.9 mm x 9.9 mm taken 
from the middle part of both the starting and the ECAP billets. The results are presented in 
the form of an inverse pole figure (starting sample) and ODF sections calculated with the 
software developed by Dahms and Eschner [3] (ECAP samples). 
 
 
Achievements and Main Results 
The starting texture is a <100>+<111> double fibre texture in pressing direction (Fig. 2).  
 

 
 
 
During ECAP the texture changes to components typical for simple shear in the transition 
plane of the two die channels (Fig. 3). It is represented by ϕ2 = 0° and ϕ2 = 45° ODF sec-
tions, which for fcc metals contain all major ECAP texture components. The preferred orien-
tations after ECAP are compared with the ideal components of simple shear in the intersec-
tion plane of the die channel. The transformation to the ECAP reference system has been 
given by Tóth et al [4] and is presented in the upper part of Fig. 3. The transformed compo-
nents are distinguished by subscript E. Moreover, the cube component being a rotated Goss 
component in the shearing system is indicated. A detailed analysis and discussion of the 
texture components with respect to intensity and deviation from ideal simple shear positions 
will be given elsewhere. 
 

Figure 2:
Starting texture of Ni displayed as inverse pole figure of
the pressing direction. Isolines: 0.5, 0.75, 1.0, 1.25, 1.5, 
1.75, 2.0 mrd (multiples of a random distribution), grey
area is below one. 
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Figure 3: Textures of ECAP deformed Ni (Route A; isolines: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0 mrd). Top 
figure is the key figure of the ideal compnents. 
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Objectives 
High performance magnesium alloys have great potential in aerospace and other high tech-
nological applications. In order to improve their properties, these magnesium alloys are usu-
ally subjected to thermomechanical  processing. As a result, both grain-refinement due to 
recrystallization and high intensity of texture are attained in the materials. Therefore, it is cru-
cial to understand the correlation among deformation mechanisms, texture and properties in 
the deformed magnesium alloys [1]. In this research, to understand the deformation mecha-
nisms during normal extrusion and ECAP (equal channel angular pressing) of Mg-Zn-Y alloy 
[2,3], the texture developed in normal-extruded and ECAP processed Mg-Zn-Y alloy were 
measured. 
 
Experiment 
The material used in this investigation was a Mg-Zn-Y alloy having a composition of          
Mg-11wt.%Zn-0.9wt.%Y (ASTM designation: ZW1101). The alloy was initially produced by 
conventional ingot casting under a dynamic SF6 and CO2 mixed gas atmosphere, and cast 
into an air-cooled metal mould. The ingot was then hot extruded at 380 oC at a rate of 
0.2 m/min to give rectangular bars with 15 mm in thickness and 15 mm in width correspond-
ing to a reduction ratio of 9:1. The extrusion rods were cut into 10×10×60 mm3 rectangular 
billets for ECAP (designated as EX-ECAP[4]). The ECAP processing was conducted on the 
billets by the die with a channel angle of 90o and a curvature angle of 37° through the die 
using processing route BC, in which the specimen rotated by 90o in the same direction be-
tween each pass. The specimen was ECAP processed at 250 oC for the first pass, 200 oC for 
the second to the eighth pass at a pressing speed of 40 mm/min.  
 
Texture measurements were carried out using neutron diffractometer TEX-2. Four completed 
pole figures, i.e. (0002), (1010), (1120), (1011), were measured for the as-cast, as-extruded 
and EX-ECAPed Mg-Zn-Y alloy.  
 
Achievements and Main Results 
The pole figures of the as-cast and as-extruded ZW1101 alloy are shown in Figure 1. The as-
cast Mg-Zn-Y alloy shows a random texture, as shown in Figure 1 (a) and (b), while as-
extruded alloy exhibits a strong ED // 1010< >  fiber texture, as shown in Figure 1 (c) and (d). 
After the extruded alloy was subjected to ECAP, the basal planes tend to be inclined about 
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45 oC to the extrusion direction, as shown in Figure 2. And the texture sharpness increases 
with increasing ECAP passes. 
   
The tensile stress-strain curves of the Mg-Zn-Y alloy under different conditions are shown in 
Figure 3. The high ultimate tensile stress and high elongation obtained in the as-extruded 
alloy are considered to be resulted from the fine grain size due to recrystallization during hot 
extrusion, the unidirectional distribution of I-phase particles as strengthen phases along the 
extrusion direction, and the 1 010< >  fiber texture formed in the matrix alloy after extrusion. 
After the extruded alloy was subjected to ECAP processing, the yield strength of the alloy 
was increased slightly. Basal slip is generally considered as the main deformation mecha-
nism of magnesium alloys at ambient temperature. High schmid factor obtained when basal 
planes incline about 45o to the extrusion direction will lead to lower yield strength. However, 
in the present case, yield strength was not decreased after ECAP processing. The decrease 
of yield strength due to texture modification is may be balanced by increase of yield strength 
due to the significant grain refinement after ECAP processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Pole figures of the (a), (b) as- cast and (c), (d) as- extruded Mg-Zn-Y alloy. 
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Figure 2: Pole figures of (a), (b) EX-1P ECAPed, (c), (d) EX-4P ECAPed and (e), (f) EX-8P ECAPed 
ZW1101 alloy. 
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Motivation 
Recent activities in Magnesium research are focused on the development of suitable magne-
sium wrought alloys for the production of semi-finished products such as extruded profiles. 
The deformation and recrystallization behaviour as it appears during thermo-mechanical 
treatment like extrusion determines the properties of the material by changing its microstruc-
ture. More in particular, the texture of the wrought component has a significant influence on 
the activation of deformation modes and therefore is an important issue for an alloy devel-
opment with the aim to improve mechanical properties.  
 
Objectives 
The objective of these measurements is to understand the influence of both the alloy compo-
sition and the extrusion parameters on the micro-structural development. In particular this is 
the concentration of solute aluminium in alloys from the magnesium AZ-series and the extru-
sion temperature during hydrostatic extrusion. 
 
Experiment 
Magnesium billets from alloys AZ31, AZ61 and AZ80 were extruded into round bars by using 
the hydrostatic extrusion process. The extrusion temperature was 100 °C and 300 °C, re-
spectively. Directly behind the die exit the bars were water-cooled. Therefore a study of dy-
namic processes that became active during extrusion became possible. Fig. 1 shows micro-
graphs from bars extruded at 100 °C. Fig. 2 shows inverse pole figures in extrusion direction 
from the same bars whereas Fig. 3 shows the inverse pole figures for bars extruded at 
300 °C. 
 

   
 

Figure 1: Microstructure of a round bar after hydrostatic extrusion at 100 °C. 
(extrusion direction →), from left to right: AZ31, AZ61, AZ80. 
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Figure 2: Inverse pole figures of extruded bars at 100°C, Imax are max. intensities: a) AZ31 (lev.: 1,0, 
1,5, 2,0, …), b) AZ61 (lev.: 1,0, 1,25, 1,5, …), c) AZ80 at 110°C (lev.: 1,0, 1,25, 1,5, …). 
 
 
 

 
 
Figure 3: Inverse pole figures of extruded bars at 300 °C, Imax are the max. intensities: a) AZ31 (lev.: 
1, 2, 3, …), b) AZ61 (lev.: 1,0, 1,5, 2,0, …), c) AZ80 (lev.: 1,0, 1,25, 1,5, …) 
 
 

Achievements and Main Results 
A significant result of the extrusion trials is the fact that also after extrusion at 100°C a recrys-
tallized microstructure is found [1]. Thus, new grains have formed dynamically during extru-
sion and grown throughout the trial. A typical <10.0>-fibre texture is found like it is often ob-
served for round bars from hexagonal structured metals after uniaxial deformation. The in-
tensity of this <10.0> pole is significantly lower for AZ61 compared to AZ31. In AZ80 on one 
hand an even lower <10.0> pole intensity is found than for AZ61, but also a second fibre 
component is visible around the <11.0> pole. Thus, a double fibre results with two prismatic-
type poles.  
The inverse pole figures from bars extruded at 100/110 °C also show a double fibre texture 
where the <10.0> pole is less pronounced than in the trial at 300°C. On the other hand the 
<11.0> pole is more pronounced. In AZ61 with a higher content of aluminium the same is 
found, however, the intensity of the <11.0> pole is slightly higher compared to the <10.0> 
pole. The intensities are lower than in AZ31. In AZ80 the <11.0> pole is even more pro-
nounced compared to AZ61. If the results are compared with a view to the lower tempera-
ture, the main differences are lower pole intensities in general, but also a higher significance 
of the <11.0> pole in all three alloys.  
These achievements allow a study of the influence of texture on mechanical properties of 
magnesium extruded bars. Especially the yield asymmetry between tensile and compression 
tests is affected by the maximum intensities [2]. 
 
 

References 
[1] J. Swiostek, D. Letzig, K. U. Kainer, Proceedings of the First Russian International 

Conference and Exhibition of Magnesium – Broad Horizons, Nov 29th–Dec 01st 2005, 
accepted 

[2] J. Bohlen, J. Swiostek, H.-G. Brokmeier, D. Letzig, K.U. Kainer: Low temperature hydro-
static extrusion of magnesium alloys, In: N. R. Neelameggham et al. Ed., „Magnesium 
Technology 2006“, TMS Annual Meeting San Antonio (2006), submitted for publication        



 

  - 167 -

  

 
EXPERIMENTAL REPORT 

 
GeNF 
TEX-2 

Influence of cooling conditions on microstructure and texture during 
extrusion of magnesium alloys 

Proposers: Jan Bohlen1, Dietmar Letzig1 
1Institute for Materials Research, GKSS Research Centre 

Experimental Team: 
 
User Group Leader: 

Bernd Schwebke1, Heinz-Günter Brokmeier2 
2Institut für Werkstoffkunde und Werkstofftechnik, TU Clausthal 
Heinz-Günter Brokmeier2 

Date(s) of Experiment: May – June 2005 

 
Motivation 
Semi-finished products from magnesium wrought alloys like extruded profiles are in the focus 
of present studies in order to improve the mechanical properties of final structural parts. The 
parameter settings during extrusion play an important role for the development of the micro-
structure and texture and influence the resulting mechanical properties of the extruded com-
ponent. Furthermore an additional heat treatment at elevated temperature changes micro-
structure and texture.  
 
Objectives 
The objective of these measurements is to understand the influence of the cooling condition 
directly after extrusion on the resulting microstructure and texture. This will allow to study 
microstructural changes as a result of dynamic processes during extrusion and additional 
static processes during air-cooling. Therefore two extrusion trials of magnesium alloy ZM21 
were used and compared to earlier results from alloy AZ31 [1]. The intension is to study the 
alloying influence on recrystallization processes during extrusion. 
 
Experiment 
Two extrusion trials were carried out using magnesium alloy ZM21 for producing round bars. 
The parameter setting was the same with an extrusion temperature of 300 °C. One trial was 
carried out without any additional treatment and thus the final bar was air-cooled. During a 
second trial water-cooling was applied directly behind the die exit. This procedure allows to 
distinguish between dynamic processes during extrusion and subsequent static processes.  
 
 

 
 
 
Figure 1: Pole figures of a water-cooled bar from magnesium alloy ZM21 after extrusion: a) (00.2) – 
max. Intensity 3.1, {10.0} – max. Intensity, 4.1 {11.0} – max. Intensity 3.8. 
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Figure 2: Pole figures of an air-cooled bar from magnesium alloy ZM21 after extrusion: a) (00.2) – 
max. Intensity 3.0, {10.0} – max. Intensity 3.4, {11.0} – max. Intensity 4.2. 
 
Figures 1 and 2 show a first result of this study. Additionally, a slight coarsening of the micro-
structure was observed. 
 
 
Achievements and Main Results 
The two conditions shown in Figs. 1 and 2 are understood as two stages of the same micro-
structural development during extrusion. The one after water-cooling freezes the condition 
directly after extrusion. Compared to that the one after air-cooling received the same treat-
ment but also an additional “heat treatment” during air-cooling. No significant differences can 
be found in the (00.2) pole figure after water-cooling compared to air-cooling. However, the 
maximum intensity of the {10.0} pole figure decreases whereas the maximum intensity of the 
{11.0} pole figure increases. This is in agreement with results from comparable trials with 
alloy AZ31 [1] where the <10.0> pole density decreases during air-cooling whereas the 
<11.0> pole density increases. 
 
Future efforts will focus on a principal understanding of the influence of single alloying ele-
ments in magnesium on the recrystallization mechanisms during thermo-mechanical treat-
ment. 
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Objectives 
 It is well known that many physical and mechanical properties of polycrystalline materials 
are strongly dependant on the orientation distribution of constituent crystals, namely texture. 
The texture is formed by the manufacturing process such as deformation, heat treatment, or 
phase transformation. Moreover, the properties can be modified by the texture control. 
Ti-alloys are used in aerospace industries, automotive industries, medically implanted mate-
rials because of its good corrosion and high temperature creep resistance.  
In the present study, we observed about the changing texture of Ti64-and TiAl-alloys during 
friction welding. Firstly, the texture was measured on the basic material of Ti64-alloy, far 
away from the heat affected zone. Further investigations deal with the phase composition in 
the heat affected zone and the weld. 
 
 
Experiment 
The texture of Ti64-and TiAl-alloys joined by friction welding was measured non-destructively 
using neutron diffraction in TEX-2. In order to get the bulk information an average texture of a 
24 mm thick rod was investigated. Complete pole figures of (10-10), (0002), (10-11) were 
used to calculate the orientation distribution function (ODF) with Lmax = 22. Thereafter, the 
inverse pole figures in the main sample directions and some recalculated pole figures were 
plotted. 
 
 
Achievements and Main Results 
Figure 1 shows the measured pole figures of Ti64 alloy. It can be seen clearly, that the tex-
ture is not very strong. A medium <10-10> fiber and a very week <0002> fiber is observed. 
The sub-maxima inside the intensity ring of the (10-11) pole figure indicate that the rotational 
fiber symmetry is not ideal. Figure 2 shows the recalculated pole figure, which indicate a suf-
ficient agreement. The inverse pole figures were calculated in three different sample direction 
rolling direction (RD), transverse direction (TD) and normal direction (ND) of rolling direction. 
Through the inverse pole figures, the texture can be easily understood for a particular direc-
tion. In the ND which is parallel to the rod axis, we observed that a medium <100> direction 
and weak <001>direction was developed during processing the Ti6a rod. 
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                    Pmax = 2.35 med                    Pmax = 1.65 mrd                   Pmax = 1.45 mrd 
 

Figure 1:  Measured Ti64-alloy pole figures. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
                    Pmax = 2.59 mrd                    Pmax = 1.57 mrd                    Pmax = 1.32 mrd 
 

Figure 2:  Calculated Ti64 alloy pole figures. 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 3:  Ti64-alloy inverse pole figures. 
 
 

 
 
Reference 
Materials Properties Handbook: Titanium Alloys, 483–486 (1994) 

Pmax=2.59mrd Pmax=1.46mrd Pmax=1.30mrd 



 

  - 171 -

  

 
EXPERIMENTAL REPORT 

 
GeNF 
TEX-2 

Measurement of Textures in Low-Carbon Steels  
Proposer: 
 
Co-Proposers: 

Raúl E. Bolmaro1, 1Instituto de Física Rosario. FCEIA-UNR. Bv. 
27 de febrero 210 bis. Rosario. Argentina 

Heinz-Günter Brokmeier2, 2Institute of Materials Science and 
Technology. Technical University Clausthal and GKSS-Research 
Centre Geesthacht Germany 

Experimental Team: 
User Group Leader: 

Seung Jun Jin2, Bernd Schwebke2  
Heinz-Günter Brokmeier2,  

Date(s) of Experiment: 29–30 June 2005 

 
 
Objectives 
The texture development in Low Carbon Steels (LCS) is known to have a large influence in 
their drawability properties. It is also known that the texture development under rolling may 
present some heterogeneity mainly dependent on the thickness of the sheet and the in-depth 
position inside the sheet. We are currently pursuing a better understanding of the texture 
development and its connections with mechanical properties. The purpose of the current 
experiment is the measurement of textures in two LCS sheets by neutron diffraction and the 
comparison with measurements performed by X-ray diffraction techniques at different 
depths. 
 
Experiment 
Two composite samples were prepared by cutting 12 square shaped sheet pieces and piling 
and gluing to form approximately 1.5 cm3 samples.  
 
Achievements and Main Results 
Results came up very close to the experimental data obtained by x-ray diffraction. Although 
the sample preparation was more critic in the case of X-rays because of the high absorption 
resulting mainly from the fluorescence of iron under Cu radiation. The surface polishing had 
to be done very carefully and a chemical etching was necessary to avoid residual strains and 
polishing perturbations influences. On the contrary, neutrons were much more reliable and 
will be taken as a general guide and control in further investigations. 
 
LCS17 
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Objectives 
Shape memory alloys (SMA) are outstanding materials where the phase transformations are 
closely related with the mechanical properties, both during the process and afterwards. The 
volume changes during the transformation, together with the crystalline reorientation, are 
able to drive the shape memory effect as well as stop it. The development of internal 
stresses, due to those volume and crystal symetry changes, can be used as internal gauges 
to evaluate the whole process and the importance of each phenomena. 
The SMA was discovered in Au-Cd alloys by Chang and Read in 1951 [2]. Because of the 
possible applications numerous studies were performed and SMA, like Ti-Ni, Cu-Zn-Al, and 
Cu-Al-Ni were developed. Only in the eighties the ferrous alloys Fe-Pt [3], Fe-Ni-Co-Ti [4], 
Fe-Ni-C [5], Fe-Pd [6] and Fe-Mn-Si-(Cr-Ni) were developed [7].  
Because the SMA effect strongly depends on the crystallographic orientation, a polycrystal-
line aggregate will not present a macroscopic SMA effect larger than the one observed in the 
most favorable orientation of the single crystal. The most important problem in technological 
applications of SMA of ferrous origin, is that the strain associated with a perfect recuperation 
are always less than the required (between 3 and 4 %). 
Until now, dimensional recoveries observed in polycrystalline Fe-Mn-Si are too small for 
technological applications [5–8]. The systems based in Fe-Mn are very interesting because 
they show two almost overlapped martensitic transformations and two of magnetic ordering. 
The understanding of those transformations in the simplest systems can be considered the 
first steps for the understanding of multi-component alloys with technological applications, as 
the ones we attempt to investigate in this project. 
Transformation textures in steels are usually very weak and a better averaging method for 
measuring them is desirable. Besides, grain boundary after thermal treatment can be too 
large for x-ray measurements. Neutrons are capable to gauge a larger volume and improve 
statistic over many grains making texture results much more reliable.  
We propose to measure between 4 and 6 samples belonging to the same system and pre-
viously subject to different thermo-mechanical treatments. 
 
Experiment 
Texture measurements were performed in 10 mm x 12 mm x 15 mm bar samples cut from 
rolled billets. The samples are named FMRT and FMHT standing the names for Room Tem-
perature and High Temperature ( 1000 °C) deformed samples, respectively.  
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Achievements and Main Results 
 
FMRT 

 
 
 
FMHT 

 
 
The first striking result was that the diffraction spectra showed the presence of only one 
phase in both cases: HCP for the RT sample and FCC for the HT sample. Previous results 
obtained by X ray diffraction showed a combination of both phases. Further investigation was 
performed and we obtained a procedure to get rid of the “phantom phases” developed on the 
surface by the sole polishing procedure. We need to electro-polish the samples to eliminate 
the polishing produced second phases that are completely absent on the bulk sample.   
 
 
 
 
 
 
 
 
 
References 
[1] Y. C. Shu and K. Bhattacharya. The Influence of Texture on the Shape-Memory Effect in 

Polycrystals. Acta mater. Vol. 46, No. 15 (1998) pp. 5457–5473. 
[2] Dunne P., Wayman C.; Metall. Trans. 4 (1973) 137. 
[3] Maki T., Kobayashi K, Minato M., Tamura I.; Scr. Metall. 18 (1984) 1105. 
[4] Kajiwara S.; Trans. JIM 26 (1985) 595. 
[5] Oshima R.; Scr. Metall. 15 (1981) 829. 
[6] Murakami M., Otsuka H., Suzuki H., Matsuda S.; Proc. of Int. Conf. on Martensitic Trans-

formation ICOMAT 1986, Japan Inst. Met., p.985. 
[7] Sato A., Chishima E., Soma K., Mori T.; Acta Metall. 30 (1982) 1177. 
[8] Sato A., Yamaji Y., Mori T.; Acta Metall. 34 (1986) 287. 



 

  - 175 -

  

 
EXPERIMENTAL REPORT 

 
GeNF 
TEX-2 

Measurement of textures in geological structures of Pie de Palo sierra, 
Córdoba, Argentina. 

Proposer: 
 
Co-Proposers: 

Raúl E. Bolmaro1, 1Instituto de Física Rosario. FCEIA-UNR. Bv. 
27 de febrero 210 bis. Rosario. Argentina 

Heinz-Günter Brokmeier2, 2Institute of Materials Science and 
Technology. Technical University Clausthal and  
GKSS Research Centre 

Experimental Team: 
User Group Leader: 

Seung Jun Jin2, Bernd Schwebke2  
Heinz-Günter Brokmeier2, 

Date(s) of Experiment: 3–4 July 2005 

 
 
Objectives 
The Pié de Palo range, adjacent to the Argentine Precordillera, is a massif of cristalline rocks 
shaped by a system of imbricated ductile thrusts. It is divided from west to east in three 
metamorphic units: the Caucete Group (CG), the Ophiolitic Unit (OU) and the Upper Units 
(UU), separated the last ones from the first ones by the Pirquitas thrust. 
All those formations are somehow unique in the sense that they offer quartzites and calcitic 
rocks mixed together but still discernible in such a way that textures can provide coherent 
complimentary information about deformation process. 
The purpose of the study is the understanding of the kinematic, deformation mechanisms 
and textures developed by the quartz and calcite, in the already mentioned CG and UU units, 
under contrasted physical conditions and analogous non-coaxial deformation regimes. Both 
phases were studied by X-ray and neutron texture measurements and the results were 
compared with texture simulations performed by Self-Consistent models. X-ray results 
allowed the measurement of more local kind textures but the averaging capabilities of this 
methods are known to be worst for rocks. In that sense neutron textures offer a better  
approach to geologic texture measurements. 
Results show the capabilities of combined techniques, experiments and simulations, to 
ensure apropriate interpretations of  geological data.  
 
Experiment 
The experiments were performed in three cubic shape samples 2 cm x 2 cm x 2 cm, cut fol-
lowing foliation and deformation directions and oriented respectful of geologic deformation 
characteristics. 
 
Achievements and Main Results 
Two quartz veins (PP10-PP11) have already been studied together with a folded meta-
quartzite sample (QD 10) both obtained from the ADF. Three other quartz veins from meta-
sedimentary cover of Quebrada de Las Flores have also been studied (724, 727 f, 727 gr). 
They were representative of the intense localized internal deformation on the ADF and its 
penetrative characteristic on the HU, product both of the very contrasting metamorphic condi-
tions.  
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The purpose of the current project is the measurement of some samples collected from the 
same areas and their analysis. The goal is two-fold: a) establish cinematic relationships be-
tween the LPO and deformational structures at mesoscopic scales, either localized or pene-
trative. b) suggest deformation mechanisms for quartz and calcite for the region. 
 
We re-measured QD10 and 727f region samples to check for heterogeneity and added a 
third sample, QD11 slightly away from QD10, to investigate deformation gradient variations 
along the vein. Results are under evaluation. 
 
727f 
 

  
 
 
QD10 

 
 
 
QD11 
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Objectives 
The aim of the work was to determine the texture of a high Nb containing TiAl alloy after ex-
trusion compared with subsequently thermo-mechanical heat treated samples. Additionally, a 
change of the texture was determined, due to deformation parallel or across the extrusion 
direction. Furthermore, the variation of the texture during different annealing times and after 
a massive transformation was investigated. 
 
Experiment 
The measurements were carried out on samples, which were spark-eroded form the as-
extruded material and the subsequently stress-relieve annealed material. All thermo-
mechanical heat treatments were conducted in a deformation dilatometer. Therefore, the 
samples were rather small and consequently long measurement times were needed. For 
each sample the 001, 110 and the 201 pole figure were evaluated, in order to calculate the 
orientation-distribution-function to gain the inverse pole figures.  
Figures 1-4 show the measured 110 pole figures in the as-extruded state and after a defor-
mation whereas the extrusion direction was perpendicular (Figures 1 and 2) or parallel (Fig-
ures 3 and 4) to the image plane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: As extruded; 110 pole figure; ex-
trusion direction perpendicular to plane; 
Pmax= 1.507 mrd. 

Figure 2: Deformed sample (deformed) parallel to 
extrusion direction); 110 pole figure; deformation 
direction perpendicular to plane; Pmax = 1.138 mrd.
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Figure 3: As extruded; 110 pole figure; extru-
sion direction: vertical; Pmax = 1.536 mrd. 
 
 
 

 
 
Figure 4: Deformed sample (deformed per-
pendicular to extrusion direction); 110 pole 
figure; deformation direction perpendicular to 
plane; Pmax = 1.857 mrd. 
 

Achievements and Main Results 
According to H.G. Brokmeier et al. it was verified that the extrusion texture is a 111-fibre 
texture [1]. Furthermore, stress-relieve annealing led to a small reduction of the texture
sharpness. In general, all textures showed a rather weak intensity.  
The texture of the deformed samples exhibit a strong dependence of the deformation orien-
tation in respect to the extrusion direction. In addition, the texture formation is connected to 
the deformation temperature and speed. However, there were only slightly changes of the 
111-fibre texture after a deformation with 2 mm/s parallel to the extrusion direction at a tem-
perature of 1290 °C (see Figures 1 and 2). Therefore, we assume that the preferred defor-
mation mode is grainboundary-sliding. The texture of the sample deformed perpendicular to
the extrusion direction showed a change from the 111-fibre (Figure 3) to a 110-fibre texture 
(Figure 4) (deformation temperature of 1255 °C and speed of 5 mm/s). According to Z. Jin et 
al. this is the preferred deformation texture for TiAl alloys [2]. 
Furthermore, the measurements of the samples, which were annealed at a temperature of
1275 °C and an annealing time of either 2 or 45 min, exhibited an increase of the 110-
texture component.  
The investigation of the massive transformed samples resulted in an unexpected rather
strong 110-fibre texture and the subsequently aged samples showed two independent tex-
ture components, which might be caused by the 111-extrusion texture and the 110- massive 
transformation texture.  
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Objectives 
Aluminium is the most heavily consumed non-ferrous metal in the world. Its unique properties 
such as light weight, high strength and resistance to corrosion make it an ideal material for 
use in conventional and novel applications. Aluminium has already become important in the 
production of automobiles, aerospace parts and the manufacture of machinery. Aluminium 
users have to explore new process technologies in order to reduce production costs and 
make aluminium even more competitive. Laser beam welding is a new method in the han-
dling of aluminium. However it is difficult to weld Al-sheets with high quality using a laser 
beam [1]. 
 
Experiment 
In this report we will describe the results of texture analysis for laser beam welded sheets of 
rolled AA5083H111 and AA6013T6. For our samples the laser beam welding had been car-
ried out at the rates of 1.8 m/min and 2.6 m/min and texture measurements were performed 
on the neutron diffractometer TEX-2 using a wavelength of 1,239 Å. At five different speci-
men positions, two in each individual sheet and one in the weld, the texture measurement 
was carried out for each welding rate. Therefore, initially the samples were prepared as a 
cube of 10 mm x 10 mm x 10 mm. Only the diameter of the welding seam was too small (4 
mm). The size was reduced to a cube of 1.5 mm x 1.5 mm x 1.5 mm. At first the basic mate-
rials were researched. Particular in the case of AA6013T6 and in the weld coarse grains 
need neutron diffraction to guarantee a sufficient grain statistics. For each position three 
complete pole figures, i.e. (111), (200), (220), were collected. Finally a quantitative texture 
analysis was performed using the iterative serious expansion method up to a degree of Lmax 
= 22. 
 
In the present study particular interest is focussed on the modification of the texture in the 
welded and the heat affected zone compared to the texture of the basic material. 
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Main Results 
           (a)                                                                  (b) 
 
 
 
 
 
 

 
Figure 1: (111) pole figures of basic materials: (a) AA5083H111, Pmax = 1.9 mrd, (b) AA6013T6, 
Pmax = 2.6 mrd. 
 
The texture of AA5083H111 is characterized by a Brass component {110} <112>, which was 
developed during to the rolling process. AA6013T6 shows a minor texture component di-
rected to rolling of the sheet and a majority cube component {001} <100> [1]. The formation 
of the cube component indicates the heat treatment of AA6013T6. Looking on the orientation 
distribution function the maximum orientation degree is about 9.5 mrd in the case of 
AA6013T6 and about 2.6 mrd for AA5083H111. 
 
 
 
 
 
 
 
 
 
 
           Pmax = 1.8 mrd                          Pmax = 1.9 mrd                                Pmax = 2.6 mrd   
                Position 1                                    Position 2                                           Position 3 
 

Figure 2: Texture development around the weld 
(position 1 - AA5031H111; position 2 – weld; position 3 - AA6013T6). 

 

The results we present in figure 2 are from the sheets with the welding rate of 1.8 m/min. 
Shown is the (111) pole figure for three sample positions: Position 1 was measured 4 mm 
next to the welding seam in the range of AA5031H111; Position 2 shows the pole figure in 
the centre of the welding seam; Position 3 was measured 4 mm next to the welding seam in 
the range of AA6013T6. Firstly one can recognize that there no texture change inside the 
basic materials. That means, the texture far away from the weld (see figure 1) and the tex-
ture close to the weld (see figure 2 postition1 and position 2) are identical. Inside the weld 
one obtains a pure cube texture component. This is typical for recrystallization. Additional 
EBSD measurements show a texture variation (texture sharpness) and the grain size varia-
tion over the cross section of the welded seam, so that the resulting neutron texture is much 
weaker than expected. 
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Polarised diffractometer POLDI 
 
   
Short Instrument Description: 
With the polarised diffractometer 3-D depolarisation analysis is used to investigate magnetic 
properties and correlations in magnetic materials. With minor modifications a time of flight 
option in non-polarised mode is additionally available for the purpose of dosemeter calibra-
tion. 
 
Local Contact: 
Dr. Dieter Lott 
Phone/Fax : +49 (0)4152 87 – 1372 / +49 (0)4152 87 – 1338 
e-mail: dieter.lott@gkss.de 
 

Schematic View of POLDI:  
 

Pol VS

Ana
R 1

R2
SSB

Z

X Y

F

D

 
     P = D P0   

Set-up for full 3-dimensional neutron depolarisation analysis in the transmitted beam. 
 
Instrument Details: 
Location at FRG-1: beamline 7, thermal neutrons 

cross section 10 x 4 cm2,  
Polariser / monochromator (Pol) Cu2MnA (111), PG(002), Si (311) doubly focussing; 

helical slot selector (VS) 
Take-off-angle: 10° < 2 ΘM < 65° 
Wavelength:  λ = 0.1 to 0.36 nm, 

2nd order suppression by velocity selector (VS)  
Flux at sample position: Φmax = 0.8 ·105 cm-2 s-1 (polarised) 
Analyser (Ana): Co/Ti-supermirror 
Overall polarisation: 0.94 
3D depolarisation analysis in 
transmitted beam: 

accuracy < 1 % for any component of D  

Sample environment  
fitting in the magnetically shielded 
sample box (SSB) for 
3D depolarisation analysis: 

– refrigerator T >12 K, Orange cryostat T > 1.5 K  
– DC magnetic field < 160 A/cm 
– pulsed field < 8.0 kA/cm 

Detector (D): 3He-counter 
Instrument control / data acquisi-
tion: 

remote internet PC control 
IEEE bus, serial bus and special interfaces 
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Using a terminology of the reciprocal lattice space, the multiple reflection effects occur when 
a second reciprocal lattice point (or more, generally n points) is brought onto the Ewald 
sphere. It results in reducing the intensity of a strong primary reflection or increasing the in-
tensity of a weak primary reflection. The extreme case represents the effect of simulation of 
forbidden primary reflection (see Fig. 1). When these reflections are defined by the scattering 
vectors g1, g2 and g3 and they are in relation as    g1= g2 + g3, then, the doubly reflected 
beam has the same direction as the one reflected only by primary set of lattice planes. It fol-
lows from the crystal symmetry that when a secondary reflection fulfils the Bragg condition 

simultaneously with the primary one, there exists 
automatically the tertiary reflection defined by g3 = g1 
– g2.  It has already been experi-mentally proved on 
the multiple reflection effect corresponding to the 
peak N. 4 (see Fig. 2) that when the second and 
third system of reflection planes are mutually in the 
dispersive setting, then depending on the crystal 
curvature the doubly reflected beam has a narrow 
band-width ∆λ/λ in the range from 10-4 to 10-3 and 
collimation of the orders of minutes of arc [1]. It was 
also pointed out that such a multiple reflection effect 
realized in  one elastically deformed crystal can 
possibly be used for a high-resolution mono-
chromatization. Recently, we have tested three dif-
ferent cuts of cylindrically bent Si-crystal slabs set 
for symmetric transmission geometry in order to 
identify strong multiple reflection effects with the 

outlook of their possible exploitation for high-resolution monochromatization [2] where again 
the peak N. 4 related to the forbidden primary reflection was used for high-resolution powder 
diffraction.  Part of one of the scans is introduced in Fig. 2.   
 
In the experimental search of multiple reflection effects two methods are usually used:  
 
a.  Method of azimutal rotation of the crystal lattice around the scattering vector of the pri-

mary reflection for a fixed wavelength.  
b.  Method of  θ−2θD scan in the white beam for a fixed azimutal angle.  

k g g0 2 3+ +
k g0 1+

k0
1

3

2

r r1 2= r3

 
Figure 1: Schematic diagram of a
two-step multiple Bragg reflection
simulating a weak or forbidden re-
flection. The numbers 1, 2 and 3
represent the primary, secondary
and tertiary reflection planes, re-
spectively.     
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Contrary to the earlier studies, in the 
recent studies we preferred the latter 
method of the θ−2θD scan when setting 
the cylindrically bent perfect Si-crystal 
slabs in the polychromatic neutron 
beam in the diffraction geometry for 
symmetric transmission. This method 
permitted us to determine several strong 
multiple reflection effects at different 
wavelengths (see Fig. 2). Using a cal-
culation on the basis of the formulae 
introduced in the paper [2], we could 
determine the secondary and tertiary 
lattice planes contributing to the ob-
served effects as well as the corres-
ponding neutron wavelengths (see Tab. 

1). In comparison with the studies related to the peak N. 4, in this case we focused our atten-
tion on the strong peaks N. 1 and N. 3 related to other neutron wavelengths and the allowed 
primary reflection. In this way it should be pointed out that contrary to the results obtained on 
mosaic crystals where the contribution of the multiple reflection effects is rather small [3,4], in 
the case of the elastically deformed perfect crystals just the choice of a suitable elastic de-
formation may result in a multiple reflection effect even two orders of magnitude stronger 
than that corresponding to the allowed primary reflection. This requirement is very important 
namely in cases when a multiple reflection monochromator would be envisaged for a practi-
cal employment. It is known that the integrated reflectivity of a deformed crystal is a function 
of the scalar product (g·u) (u is the displacement of atoms due to deformation) [5] which may 
be zero for the primary reflection, i.e. (g1·u)=0 and the corresponding integrated reflectivity is 
independent of the deformation [6]. This is also valid in our case of cylindrical bending and 
symmetric transmission geometry. On the other hand  (g2·u) = – (g3·u) need not be zero and 
the deformation can bring about a large increase of the multiple reflection effect keeping the 
integrated reflectivity related to the primary reflection constant. Furthermore, contrary to the 
dynamical diffraction on perfect crystals, for interpretation of the multiple reflection effects the 
quasiclassical approach can be applied [7]. According to this approach (see Fig. 1), the mul-
tiple diffraction process simulating the primary reflection in the point r1 can be assumed as a 
series of successive secondary and tertiary beam reflections taking place in two different 
points r2 and r3 (which generally have different deformations), respectively. Then, on the ba-
sis of this kinematical assumption, the so-called n-beam case (which is well known in the 
dynamical diffraction by perfect crystals) can be considered as a simultaneous action of sev-
eral independent pairs of secondary and tertiary reflections. Fig. 3 displays several diffraction 
profiles of a standard α-Fe solid polycrystalline sample taken with two multiple reflection 
monochromator performances which correspond to the effects N. 1 and N. 3. They clearly 
prove their applicability for high-resolution diffraction studies and the contribution of the al-
lowed primary reflection can be considered as a background. FWHM of the diffraction pro-
files are however, mostly determined by the spatial resolution of the used PSD (1.5 mm) and 
the widths of the input and output slits situated before and after the sample, respectively (5 
and 2 mm).  
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Figure 2: Parts of θ−2θD scan with the crystal slab 
(the largest face parallel to (110)) set for (hhh)1 re-
flections in the symmetric transmission geometry. 
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Figure 3:  Examples of the α-Fe diffraction profiles taken 
with the multiple reflection monochromator and solid 
polycrystalline sample for λ = 0.1253 nm (upper part) and 
λ = 0.1591 nm (lower part).  

The presented results clearly de-
monstrate the feasibility of using 
multiple reflection effects excited in 
the bent perfect Si  slab for high-
resolution mono-chromatization of 
neutrons. In this case of multiple 
reflection monochromator, for mini-
mizing FWHM and maximizing the 
peak intensity a special care should 
be paid to a proper alignment of the 
mono-chromator slab with respect 
to the incident beam axis and the 
scattering plane. This require-ment 
is especially critical when several 
pairs of secondary-tertiary reflec-
tions contribute to the multiple 
reflection effect, simultaneously. 
Then, any misalignment results in a 
decrease of the peak intensity and 
an increase of FWHM. It also brings 
about asymmetric peak profiles 
(see e.g. the peak N. 4 in Fig. 2) 
and enlarged as well as asym-
metric ∆θ and ∆λ distributions of the 
monochromatized beam. In the 
case of strong secondary-tertiary 
reflections even multiple peaks may 
appear. On the other hand, when 
some weak secondary-tertiary re-
flections do not contribute to the 
central peak they enlarge the tails 
of it. This was also partly our case, 
because our monochromator as-
sembly permitted only one direc-
tion tilting of the primary set of 
planes with respect to the scattering plane. Important feature of such a multiple reflection 
dispersive monochromator is that the individual reflections can operate at large Bragg angles 
(even approaching the backscattering geometry) while the monochromator take-off angle can 
be rather low.  
 
 
 
 

References  
[1] P. Mikula et al. Nucl. Instrum. Methods, 197 (1982) 563. 
[2]  P. Mikula, M. Vrána and V. Wagner,  Zeitschrift für Kristallographie, in print.   
[3]  R.M. Moon and C.G. Shull, Acta Cryst. 17 (1964) 805.  
[4]  G. Kuich and H. Rauch, Acta Physica Austriaca, 20 (1965) 7. 
[5]  S. Takagi, S., Acta Cryst. 15 (1962) 1311. 
[6]  Yu.A. Alexandrov et al., Physica, B 151 (1988) 108. 
[7]  J. Kulda and P. Mikula, Phys. Stat. Sol. (a), 92 (1985) 95. 



 

 - 186 -

Table 1: Calculated values of the Bragg angle of the primary reflection  and the wavelength related to 
the multiple reflections observed at the diffraction by cylindrically bent perfect crystal slab with the 
largest face parallel to (110) and set for (hhh)1 reflections in the symmetric transmission diffraction 
geometry. 
 

Peak N. Primary 
reflection 

Secondary 
reflection 

Tertiary 
reflection 

Bragg angle 
[deg] 

 λ 
[nm] 

1 111 513 602 11.536 0.1253 
1 111 062 153 11.536 0.1253 
1 111 533 624 11.536 0.1253 
1 111 264 353 11.536 0.1253 
1 111 313 404 11.536 0.1253 
1 111 044 133 11.536 0.1253 
1 111 373 462 11.536 0.1253 
1 111 642 733 11.536 0.1253 
1 111 133 022 11.536 0.1253 
1 111 202 313 11.536 0.1253 
2 111 133 224 13.763 0.1491 
2 111 151 040 13.763 0.1491 
2 111 400 511 13.763 0.1491 
2 111 224 313 13.763 0.1491 
3 111 153 242 14.705 0.1591 
3 111 422 513 14.705 0.1591 
4 222 311 513 29.956 0.1565 
4 222 313 511 29.956 0.1565 
4 222 151 133 29.956 0.1565 
4 222 153 131 29.956 0.1565 
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Introduction 
For perpendicular recording media a high magnetic field is necessary to write the bits and a 
soft underlayer to provide the closure field. An interesting candidate for such a magnetic un-
derlayer is Fe50Pt1-xRhx since it becomes ferromagnetic when heated and hence helps to 
stabilize the recording media via exchange interactions. The advantage of Fe50Pt1-xRhx com-
pared with conventional underlayer like permalloy is that even thinner layers may be suffi-
cient to provide the same closure field. In bulk system Fe50Pt1-xRhx it was shown that a fer-
romagnetic to antiferromagnetic transition occurs above room temperature. First meas-
urements on thin films indicate that there are three distinct kinds of antiferromagnetic order-
ing, in the (0 0 1/2), (1/2 1/2 1/2) and (1/2 1/2 3/2) direction depending on temperature and 
magnetic field. Here at GKSS first test measurements of neutron diffraction on a Fe50Pt40Rh10 
film were carried out to demonstrate the feasibility to detect the magnetic order peaks for 
both the in-plane and the out of plane orientation. 
 
Results 
The 200 nm thick Fe50Pt40Rh10-film is deposited on a MgO(100) substrate with a 
Cr(3 nm)/Pt(12 nm) buffer layer, providing a good seed layer to promote L10 ordering. Finally 
the sample was capped with Pt(2 nm). Figure 1 shows the first test measurement on the thin 
film system done at zero magnetic field and room temperature. The strong MgO(002) sub-
strate peak as well as the (002) Fe50Pt40Rh10 Bragg-Peak at about 3.45Å-1 can be detected. 
Moreover, also the antiferromagnetic (0 0 1/2) peak is clearly observed at about 0.85Å-1. 
For the next measurement the Q-vector was oriented in the in-plane direction of the thin film. 
The result is shown in figure 2. Here, the substrate Peak MgO(220) at about 4.23 Å-1 and the 
(200) Peak of the in-plane component of the film at 4.58 Å-1 are be clearly observed. On the 
other hand, the antiferromagnetic (1/2 0 0) peak at about 1.17 Å-1 appears only very weak at 
room temperature indicating that the magnetic Q vector lies dominantly in the (001) direction 
at room temperature. The results of these test measurements demonstrate that the magnetic 
orientation even for thin magnetic films can be determined using the POLDI neutron diffrac-
tometer at GKSS.  
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Outlook 
Following these successful tests, the next measurements on the system Fe50Pt1-xRhx are 
planned for various temperatures, magnetic fields and sample compositions. Therefore a 
cryomagnet with temperature range of 1.5 K–300 K and magnetic field up to 6 T will be set 
up. The antiferromagnetic peak will be measured for orthogonal directions in the reciprocal 
space to extract the dependence of the magnetic orientations on temperature and magnetic 
field. Moreover, it is expected that a transition from antiferromagnetism to ferromagnetism 
occurs at higher magnetic fields giving a better comprehension of the field induced antiferro- 
to ferromagnetic transition in general. 
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Figure 2: in-plane diffraction scan on Fe50Pt40Rh10 

at T = 295 K. 
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Figure 1: out-of-plane diffraction scan on 
Fe50Pt40Rh10 at T = 295 K. 
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Geesthacht neutron radiography facility GENRA-3 
 
 
Short Instrument Description 
The Geesthacht neutron radiography facility serves as an instrument for non-destructive test-
ing and damage analysis of materials and technical structures by static and dynamic imag-
ing. The ability of light elements, e.g. hydrogen or boron, to absorb neutrons allows unique 
analysis possibilities. 
 
Local Contact: 
Jürgen Vollbrandt 
Phone/Fax : +49 (0)4152 87 – 1268 / +49 (0)4152 87 – 1338 
e-mail: juergen.vollbrandt@gkss.de 
 
Schematic View  
of GENRA-3: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Instrument Details: 
Location at FRG-1: beamline 13, thermal neutrons 
Collimation ratio: 100 to 300 
Flux at sample position: Φtherm = 1.4·106 cm-2 s-1 

Φepi    = 8·103 cm-2 s-1 

with 4 cm Bi-filter at position: 2 m from beam exit 
available filters: 9 cm Bi-filter combined with 10 cm Be  
                          0.2 cm Cd 

max. size of specimen: 100 x 200 cm2 
Image: 15 x 15 cm2  to  45 x 45 cm2 
Detecting:    direct imaging 
 
 
            indirect imaging 

Gadolinium foil: max 14 x 17 inch 
Gd-scintillation screen connected to an image intensi-
fier video camera  
transfer material: Indium, Dysprosium 

Sample handling Remote control of specimen, e.g. for scan purposes 
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Insights of a methanol fuel cell – a feasibility study  
Proposer: 
Co-Proposers: 

Regine Willumeit1, 1GKSS Research Centre 

Suzanna Nunes1,  
Eckhard Spohr2, 2Research Centre Jülich 

Experimental Team: 
User Group Leader: 

Heinz-Werner Schmitz1, Wilhelm Müller1 
Regine Willumeit1 

Dates of Experiment: 03.05.2005, 26.10.2005, 2.–4.11.2005 

 
Objetives 
Fuel cells are a promising alternative as a clean and effective method of energy conversion. 
One of the most important issues in low temperature fuel cell technology is the water man-
agement. A relevant aspect is the water distribution in the membrane electrode assembly. 
The membrane must contain a certain amount of water to remain highly proton conductive. 
On the other hand excessive water concentration in the cathode leads to catalyst flooding 
and hinders its contact with oxygen and thus optimal conditions for the reaction. In this study 
the water distribution in an existing fuel cell was determined by radiography. 
 
Experiment 
During the course of the experiment two test devices (standard stainless steel cell (1) and 
titanium cell (2)) designed by the FZ Jülich were used (set up chamber 1 in Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Test-cell 1 designed by FZJ. The dimensions are 90 x 90 x 33 mms. 
 
In a first step the principal question whether one of the existing cells is suitable for the detec-
tion of hydrogen was answered. In static experiments information about the contrast and the 
spatial/time resolution were obtained. This is necessary for future experiments with the oper-
ating fuel cell. The filling of the cells on the anode side with deionised water was performed 
by hand until water flowed from the outlet of the cell. For contrast reasons part of the experi-
ments were performed also with a filled anode side. The cells were then measured individu-
ally or simultaneously at position 400 (approximately 6 m from the shutter) and exposed for 
20 minutes.  
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In a second set up the titanium cell was localized at position 200, 4 m from the shutter and a 
video camera monitored the experiment while water was pumped slowly through the cell. 
The pump rate was varied from 1.0 mL/min to 3.2 mL/min. 
 
Achievements and Main Results 
For both cell types the water distribution was detectable and it was revealed that the filling 
procedure did not lead initially to a homogeneous water level in the cells. This is due to wet-
ting effects of the MEA. The longer the membrane is exposed to water the better the wetting 
properties become. Finally, as it was seen during the video experiment, a complete filling of 
cell 2 was obtained. 
For cell type 1 (figure 2) it became obvious that exposure times of at least 20 minutes are 
necessary to detect the thin water layer in the cell because the background of the cell itself is 
much to high. If the cathode side is also filled with water, the anode water film can not be 
detected anymore. Therefore this cell is not suitable for further measurements. 
 

Figure 2: Cell 1 with (left) and 
without (right) water; exposure 
time 20 minutes. The distrib-
uted water is encircled in the 
right picture. It can be seen 
that by pressure-less filling of 
the cell the water is not evenly 
distributed. A complete flood-
ing of the cell by this method 
was not achvied during several 
the tests.  
 

 
 
 
 
 
 
 
 
 
Figure 3: Fuel cell type 2 made from titanium filled with water on 
both sides. The labelled first few millimetres of the flow grid are 
filled with water on the cathode side. The anode flow field is 
homogeneously filled with water. 
 

The second cell (made of titanium and almost 1 cm thinner) showed a much better transmis-
sion of the neutrons (figure 3). Therefore time resolved measurements with a video system 
could be performed. When the cell was measured while water was pumped through it be-
came obvious that the cell is filled homogeneously on both sides. The filling procedure was 
also visible if one side was completely filled with water. Still the contrast between the water 
and the MEA was not sufficient to detect the thin polymer membrane. However, the setup 
appears to be suitable for the detection of water plugs being formed on the cathode side due 
to partial flooding.  
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Objectives 
GENRA-3 is specialized in non-destructive testing for industrial applications. A setup for Neu-
tron Computerized Tomography (NCT) was designed to extend this facility for three-
dimensional investigations. The features of the new experimental station and first results are 
presented. 
 
Experiment 
The setup for neutron tomography can be installed in the irradiation chamber of GENRA-3 at 
different distances to the source (s. figure 1). Therefore an optimal value of L/D with respect 
to the size of the sample can be selected. This is required to obtain a good spatial resolution 
in the tomogram. The neutron beam parameters for different sample-collimator distances P 
are: 

P [m] 0.5 1.5 2.5 4.0 
Size [cm2] 16x16 24x24 32x32 47x47 

Flux [n cm-2 s-1] 7.4·106 3.2·106 1.7·106 6.8·105 
L/D 100 150 200 300 

 

Figure 1: The experimental control used for NCT is shown on the left. It is installed at position "ex-
perimental control 2" given in the schematic view of GENRA-3 on the right. The setup for NCT setup 
can be installed at different distances to the source resulting in L/D from 100 up to 300. 
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Figure 2: First installation of the setup used for NCT at position P = 0.5 m. On the right side the instal-
lation with an installed sample in front of the fluorescent screen is shown. 

 
 
In figure 2 the new setup for tomography installed at GENRA-3 is shown. It consists of a      
2-dimensional neutron detector and a high precision sample manipulator. The principle setup 
is given in the sketch in figure 3. The used components are: 

CCD camera:  Kodak KAF-1400, 1320 x 1035 pixels, 6.8 µm x 6.8 µm, 12 bit digitiza-
tion. 

Optical lens:  Nikkor 35mm f/1.4, Nikon, Tokyo, Japan. 

Optical mirror:  Plane mirror, optical surface Al covered by SiO, LINOS Photonics,        
Göttingen, Germany. 

Fluorescent screen:  6LiF/ZnS:Ag , 40x40 cm2, 250µm thick, ND, green emitting, substrate   
1 mm aluminum, Applied Scintillation Technologies, Harlow, UK. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Sketch of the experimetal setup for NCT (left). Investigation of a water tap (right). The sam-
ple is installed on the manipulation stage in front of the fluorescent screen.  
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Figure 4: Volume rendering of the total reconstructed volume of the water tap (a). The high absorbing 
sealing rings out of rubber material are shown as white regions in the vertical cut in (d). Using the 
software VGStudioMax these regions are segmented and coloured in red in the 3D volume. At the 
position of the vertical cut, half of the metal material is visualized semitransparent (b) and transparent 
(c). The 3D arrangement of the sealing rings is shown in combination with the vertical cut (e) and the 
segmented screws (f). 
 
 
 
Achievements and Main Results 
For the first tomographical experiment at GENRA-3 we choose as a sample a water tap con-
sisting of different types of metal and high absorbing rubber components. We set up the 
sample axis at 0.5 m distance from the collimator and sample-detector distance to 0.13 m (s. 
figure 3). The tomographical scan was performed by taking 30 flat field images (images with-
out sample) and 720 projections at different sample rotation equally stepped between 0 and 
2π. The exposure time of each image was 10 seconds. The total scan lasts 4.5 hours. 
To reconstruct the sample the axis of rotation was carefully aligned by software to be per-
pendicular to the lines of the projections. These aligned projections then were reconstructed 
by using the method of backprojection of filtered projections. Each line in the projection then 
yields a reconstructed slice. By stacking all slices we obtain the resulting 3D dataset consist-
ing of 498x498x611 voxel with the size of 130x130x160 mm³.. 
The visualization of the 3D dataset is presented in figure 4. By using the software VGStu-
dioMax 3D-volume renderings, and virtual cuts are created. Furthermore the software is able 
to extract and colorize the high absorbing sealing rings of the water tap. 
 
To test the spatial and density resolution of the setup a stepper motor (Phytron VSS 
42.200.1.2) was investigated. The exposure time was set to 15 seconds and 720 projection 
were taken. In figure 5 a 3D-representation of the data set, a reconstructed slice and a virtual 
vertical slice is presented. The spatial resolution of the system is about 1 mm. 
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Figure 6: Photo of a 
turbine blade made of 
stainless steel (Inconel). 
The total height of the 
sample is 107 mm. 

Figure 5: Investigation of a stepper motor (Type: Phytron VSS 
42.200.1.2). Left: reconstructed slices and a calculated vertical 
slice; Right: 3D rendering. 
 
 
A further tomographical scan was performed on a turbine 
blade out of stainless stell (Inconel). The aim of the study is 
the investigation of the internal cooling system. We recorded 720 projections with an expo-
sure time of 15 seconds. The total scan lasts 5 hours. In figure 6 an optical viewgraph of the 
sample is given. The reconstructed data set consists of 437x437x433 voxel representing a 
volume of 114x114x113 mm³. Renderings of the total and sliced volume are presented in 
figure 7 a–c. By using the software VGStudio the voids in the blade representing the cooling 
canal system are segmented and visualized in blue in figure 7 d.  
 

 
Figure 7: Volume renderings of the reconstructed data set of the turbine blade presented in figure 6.  
A volume rendering of the total data set is given in (a). Then the volume is slice 20 mm (b) and 40 mm 
(c) from the top. The internal canal system is clearly visible. These voids then are segmented and 
coloured in blue. A combination of the cooling system (blue) and the remaining stainless steel (grey) is 
visualized in (d). 
 

Reference 
F. Beckmann, J. Vollbrandt, T. Donath, H.W. Schmitz, A. Schreyer, "Neutron and synchro-
tron radiation tomography: New tools for materials science at the GKSS-Research Center", 
Nuclear Instruments and Methods in Physics Research A 542 (2005) 279–282. 
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Note 
 
The following research projects have been supported in 2005 by the European Commission 
under the 6th Framework Programme through the Key Action:  Strengthening the European 
Research Area, Research Infrastructures.  Contract n°: RII3-CT-2003-505925': 
 
 
M. Knaapila, L. Almasy, H. Burrows 
A SANS study of water soluble polyfluorene-surfactant systems 
 
P. Claesson 

Conformational change of the polyelectrolyte in presence of surfactant studied using SANS 
 
R. Perzynski,  E. Dubois, V. Haramus 
Study of the magnetic scattering in magnetic fluids and solids: dilute samples 
 
R. Perzynski,  E. Dubois, V. Haramus 
Study of the magnetic scattering in magnetic fluids and solids: concentrated samples 
 
P. Claesson 

Solution Conformation of comb copolymers containing different degree of graft PEO and its 
interaction with the anionic detergent (SDS) 
 
M. Almgren  
Variable contrast study of coexisting fluorocarbon-rich and hydrocarbon-rich micelles 
 
L. Vekas 
SANSPOL study of organic non-polar ferrofluids stabilized by mixed surfactants 
 
I. Skorvánek, J. Marcin 
SANS study of the early stages of crystallization  in the Fe-Zr-B-Cu nanocrystalline alloys 
 
A. Manescu, A. Giuliani, F. Fiori 
SANS investigation of Cu alloys for applications to technology for the restoration of ancient 
organs 
 
R. Triolo, F. Lo Cels0, I. Ruffo 
Fingerprinting Marbles of Archeological Interest 
 
M. Fally, I. Drevenšek-Olenik 
Light-induced phase separation in polymer dispersed liquid crystals (PDLC) 
 
P. Mayrhofer, H. Clemens, P. Staron 
Characterisation of coherent precipitates in a hard coating 
 
D. Chernyshov, S.V. Grigoriev, K.W. Törnroos, B. Vangdal 
Temperature induced spin conversion in a molecular complex as seen by SANS 
 
V. Ryukhtin, P. Stepanek,  
USANS investigations of organized nanostructuresof diblock copolymers in immiscible sol-
vents 
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Residual Strain Measurements within forged engineering components and model parts 
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Evolution of internal stresses during isothermal creep of an Al-Si piston alloy 
 
P. Mikula 
Multiple reflection monochromator 
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Figure 1: View of neutron guide elements
(NGE), master chopper and slave chopper in 
the chopper chamber. 
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Experimental Team: 
User Group Leader: 
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Introduction 
In 2005 the horizontal reflectometer REFSANS at FRM-II in Munich/Germany has success-
fully been put into operation. It is dedicated to the comprehensive analysis of the air/water 
interface by means of specular and off-specular reflectivity as well as GISANS measure-
ments [1, 2]. 
 
REFSANS and its main components 
The main demands made on REFSANS are to provide  excellent conditions for i) specular 
reflectivity, ii) grazing incidence (GI-)-SANS and iii) to allow of performing comprehensive 
investigations on the air/water interface for biological applications [1, 2]. To meet these de-
mands novel and expensive components have been developed for this horizontal ToF-
reflectometer. 

The instrument starts with the master chopper 
(MC) in the chopper chamber in which the slave 
chopper (SC) can be positioned in neutron 
guide gaps at distances between ~ 5 cm and ~ 
2.1 m from the MC. Both choppers have double 
discs to adjust the transmission window be-
tween 0° and 120° (Fig. 1). They are operated 
with windows of equal height and the SC opens 
at the time t0 when the MC closes with the re-
sult that at t0 the neutron guide between both 
choppers is filled with neutrons with wave-
lengths λ < λ0 [3]. This expensive design 
(Fig. 1) is needed to meet the demands of 
specular reflectivity and of GI-SANS comprising 
high and low λ-resolution. 
 
Neutron guide elements of REFSANS as well 
as their mechanical support in the chopper and 
in the beam guide chamber are designed for 
realizing very different beam geometries. Stan-
dard reflectivity measurements are performed 
with a horizontally slit height-smeared beam 
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and incidence angles of the primary beam of ± 3, 12 and 48 mrad (main beam settings in 
REFSANS). The beam may be guided towards the sample surface from the air or through 
the substrate [1, 2]. 
 
GISANS geometry demands 
to collimate the beam hori-
zontally and vertically. In this 
geometry the intensity can 
strongly be increased by 
means of focusing 13 partial 
beams in the detector plane 
at a distance of ~ 9 m from 
the sample (Fig. 2). This fo-
cusing is performed by 
means of pre-collimating the 
beams in radially collimat-
ing neutron guide channels 
in the chopper chamber 
(NGE-3 and -4) and by 
comb-like diaphragms which 
can be moved into the beam 
in between of neutron optical 
bodies (Figures 2 and 3) pre-
venting mixing of neutrons in 
different partial beams. 

The sample environment is designed for ex-
periments at the air / water interface as well as 
at the air / solid and liquid / solid interface. In all 
cases one can make use of a microscope in 
upright or inverted position either for prepara-
tion purposes or as a complementary measur-
ing option (e.g. fluorescence techniques). The 
further equipment consists of a damping table, 
a temperature controlled film balance and a set 
of translational tables (x, y, z) together with a 
three-axis goniometer (Χ, Φ, Ω). 
 
A 2D-position sensitive area detector with an 
active area of 500 mm × 500 mm and a position 
resolution of ~ 2 mm × 3 mm has successfully 
been put into operation. With its high quantum 
efficiency for neutrons and its very low one for 
gammas the detector meets all requirements for 
measuring low reflectivity and weak GISANS 
contributions [4]. Together with a new data ac-
quisition based on the P7888 card from FAST 
ComTec GmbH the delay-line based 2D-detec-
tor allows of maximum count rates of ~ 106 n/s. 
 

Figure 2:  Schematic view of the horizontal focusing of up to 
13 beams in the detector plane. The beam is pre-collimated in the 
radial collimator (lower channels in the 0.6 m and 1m long NGE-3 
and -4). 
 

 
Figure 3: View of neutron optical bodies (NOB) 
ready for being mounted into the beam guide 
chamber (NGE, UC and LC: neutron guide 
element and its upper (UC) or lower channel
(LC); GFC: guide field coil; ID: interim dia-
phragms). 
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The 2D-detector can be positioned in the scattering tube at distances between ~ 2 m and 
~12 m from the sample. The scattering tube can be lifted such that the specularly reflected 
beam passes its centre for incidence angles between ~ 0 and -100 mrad. 
 
Status 
REFSANS has successfully been put into operation, all components (chopper system, neu-
tron optics, sample environment, 2D-detector, shielding, scattering tube with lifting system 
and data acquisition system) meet or even surpass their requirements. Test beams have 
already been guided to the sample demonstrating that the shielding is sufficiently thick. First 
measurements will be performed at REFSANS in spring 2006 after repairing of some broken 
elements of neutron guide NL-2b. 
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Appendix II 
 
 

Reports of experiments carried out  
at HASYLAB / DESY by GKSS personel  
– GKSS outstation HARWI-II at DESY – 

as responsible experimenters in support of external users. 
 

These reports have been taken from  
HASYLAB Annual Report 2005. 

 
(reprints by courtesy of DESY, Hamburg) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 - 206 -

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 - 207 -

ASAXS and SAXS/USAXS Investigations of Metal 
Hydrides for Reversible Hydrogen Storage 

P.K. Pranzas1, M. Dornheim1, K.-F. Aguey-Zinsou1, S. Roth2, 
R. Gehrke2, G. Goerigk3, T. Klassen1 and A. Schreyer1 
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3 Institut für Festkörperforschung, Forschungszentrum Jülich, Postfach 1913, 52425 Jülich, Germany 
 

Hydrogen is one of the most interesting renewable energy sources regarding storage, trans-
port and conversion of energy in the future. Nanocrystalline metal hydrides, like magnesium 
hydride or lithium alanate, offer a safe alternative to the storage of hydrogen in compressed 
or liquid form. MgH2 has a high storage capacity of up to 7.6 wt.%. Absorption and desorption 
kinetics of hydrogen in MgH2 and LiAlH4 are subject of several studies1-4. Sorption properties 
are distinctly enhanced by the addition of metal-oxide catalysts. However, structural changes 
during these processes have hardly been investigated up to now and the mechanisms of the 
catalytic reactions are not fully understood.  

The aim of this project is to study the distribution of different metal-oxide catalysts in the 
metal hydride matrix after high energy ball milling using anomalous small-angle X-ray scat-
tering (ASAXS) at beamline JUSIFA, measuring at different energies close to the absorption 
edges of the catalyst metals. Investigations of samples with different catalysts will provide 
information about the influence of these additives to the evolution of the nanostructure during 
high energy ball milling and hydrogen sorption cycles. To obtain information about structural 
changes of the MgH2 and LiAlH4 matrix itself over a larger q-range, additional small and ultra-
small-angle X-ray scattering (SAXS/USAXS) experiments were performed at BW4. 

 
Figure 1: Total scattering curves of LiAlH4 with 1 mol-% TiO2, milled for 50 h, measured at 4953 eV, 
as well as at 4984 eV. 
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ASAXS measurements at JUSIFA were carried out at room temperature using cuvettes with 
thicknesses between 0.1 and 1 mm and distances between the sample and the two-
dimensional detector of 935 and 3635 mm. As catalysts Fe3O4 and TiO2 were used. The 
measurements have been performed at different energy ranges according to the K-
absorption edges of the investigated catalysts metals (Ti: 4966 eV and Fe: 7112 eV). Up to 5 
energies were used to obtain the energy-dependent scattering. The SAXS curves were cor-
rected for detector sensitivity, empty beam, dark current and transmission. The macroscopic 
scattering cross section dΣ/dΩ was obtained by calibration with a reference glassy carbon 
sample. Figure 1 shows the total scattering curves of LiAlH4 milled for 50 h after addition of 1 
mol-% TiO2, measured at 4953 eV and 4984 eV. The energies were chosen according to a 
measured chemical shift of 17 eV. The curves reveal an energy dependant scattering which 
is not fully understood yet. 

Additionally, MgH2 and LiAlH4 samples were measured at BW4 to cover the large q-range 
from SAXS to USAXS. The measurements were carried out at room temperature using a 
fixed wavelength of 0.138 nm and distances between sample and detector of 2 and 12.6 m. 
In figure 2 selected scattering curves are shown calculated from the 2-D scattering pattern 
using the Fit2D program5. 

Figure 2:  SAXS curves for high-energy ball milled MgH2 and LiAlH4 with different additives and using 
varying milling times. 

Figure 2 shows combined SAXS/USAXS curves for high-energy ball milled MgH2 and LiAlH4 
samples with different additives, using varying milling times. The differences in the curves 
exhibit structural changes in the nanocrystalline metal hydrides. 
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