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Small-angle neutron scattering in Invar
Fe—Ni—C alloys in magnetic field
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The small-angle neutron scattering (SANS) in Invar Fe-Ni and Fe-Ni-C alloys was
studied using polarized neutrons. The measurements were carried out without and with
applied magnetic field of 2.5 T at the sample perpendicular to the neutron beam. The
nonlinear SANS curves were obtained within the range of scattering vector ¢ = 0.006—
0.025 A1 and analyzed using power law function. The considerable magnetic contribution
to neutron scattering has been demonstrated. The size of aggregates has been estimated
using the Indirect Fourier Transformation method.

HUccaenosano masoyriaoBoe paccesnue HeiTponoB (MYPH) B unBapubix Fe—Ni u Fe-Ni-C
CIIJIaBaX C HCIOJIb30BaHMEM MOJISIPU30BAHHBLIX HEUTPOHOB. V3aMepeHUs HpoBeIeHBI 6e3 Mar-
HHUTHOTO IIOJITI M C HAJOMKEHHBIM K 00pasily MarHUTHBIM mojeMm 2,5 T, mepneHIuMKyJISpHBIM
HAINIpaBJIeHUIO IIyuyKa HelTpoHOB. Ilonyueno Henmuelinyio kKpuyio MYPH B unTepBasie Bek-
TopoB paccesanusa q = 0.006-0.025 A‘l, MPOaHAJIN3UPOBAHO C MCIOJL30BAHUMEM CTEIIeHHOM
dyarmuu. IIpogeMOHCTPUPOBAH CYIIECTBEHHBIM MaTHUTHBINM BKJaJ B paccesHue HEHTPOHOB.
C ucnosb3oBaHNEM KOCBEHHOTO (hypbe-Ipeo0pasoBaHUA OlleHEeHBI PasdMephl HeOJAHOPOIHOCTEH.
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The physical models explaining the Invar
anomaly in the f.c.c. Fe — 36 % Ni alloy
assume an essential magnetic contribution
[1, 2]. As shown in [3, 4], the small-angle
neutron scattering (SANS) in Invar alloys
containing 30 to 35 % Ni has magnetic na-
ture and the magnetic inhomogeneities give
considerable contribution to SANS along
with the magnon and critical neutron scat-
tering at (T, — T)/T, = 0.21 (T, is the Curie
point). Carbon in Fe-Ni solid solution
causes variations in the magnetic structure
in a wide range and this effect depends on
Ni concentration [5, 6]. SANS experiments
in the Fe — 30.5 % Ni — 1.5 % C (wt.%)
and Fe — 30.3 % Ni alloys have shown that
solution of carbon increases the neutron
scattering intensity and changes consider-
ably the slope of the SANS curve [7]. Two
values of the power-law exponent charac-
terising different size and structure of in-
homogeneities were obtained in [7]. A simi-
lar double-slope SANS curve was obtained
for the Fe70Ni30 (0.1 at. % C) alloy [8]
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that was explained by existing of two corre-
lation radii estimated from the temperature
dependences of SANS amplitudes.

In this work, the SANS experiment was per-
formed on the Invar type Fe-Ni and Fe-Ni-C
alloys using polarized neutron beam and ap-
plied magnetic field in order to separate the
nuclear and magnetic components to SANS
and to support idea concerning the presence
of magnetic and chemical inhomogeneities
in Invar alloys.

The Fe — 30.3 % Ni and Fe — 30.5 %
Ni — 1.5 % C (wt.%) alloys were melted in
a vacuum induction furnace in protective
argon atmosphere. The ingots were aged at
1000°C for 3 h. The carbon concentration
was determined by chemical analysis and
the nickel content was obtained using the
X-ray fluorescence analysis. The samples
were shaped as 2 to 2.5 mm thick plates
treated at 1100°C in vacuum and sub-
sequently quenched in water. X-ray phase
analysis was used to control the phase com-
position of the alloys.
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SANS experiments were performed using
the SANSI1 setup at the FRG1 research reactor
at GKSS Research Centre, Geesthacht, Ger-
many [9]. The neutron wavelength was 8.5 A
and the wavelength resolution was 10 % (full-
width-at-half-maximum value). The range of
scattering vectors (0.005 <gq < 0.025 A‘l)
was obtained using four sample-to-detector
distances (0.7 to 9.7 m). A polarized neu-
tron beam was used in SANS experiments.
The experiments were carried out at room
temperature and in applied magnetic field
of 2.5 T, on the samples being perpendicu-
lar to the neutron beam. The initial polari-
zation of the neutrons (parallel to direction
of the magnetic field) was close to 1, while
the efficiency of the spin flipper to realize
the inverse polarization state (antiparallel
to direction of the magnetic filed) was 0.9.

The two-dimensional isotropic scattering
spectra were corrected for the detector effi-
ciency by dividing by the incoherent scat-
tering spectra of pure water measured using
a 1 mm path length quartz cell. The smear-
ing induced by different instrumental set-
tings was included in the data analysis. For
each instrumental setting, the ideal model
cross-section was disturbed by the appropri-
ate resolution function when the model
scattering intensity was compared to the
measured one by means of least-squares
methods. The parameters in the models
were optimized by conventional least-
squares analysis and the errors of the pa-
rameters were calculated by conventional
methods [10].

The mathematical formalism connected
with data treatment of SANS patterns for
magnetic materials is described in [11].
Below, formulas for differential scattering
cross-sections are presented assuming that
the interparticle correlation is small and
can be neglected.

In the case of polarized neutrons, an in-
terference between nuclear (Fy(q)) and mag-
netic scattering (F,;(q)) takes place. When
magnetic moments in the sample are ori-
ented along the applied magnetic field di-
rection, the scattering intensities depend on
radial angle ¢ between directions of the ap-
plied magnetic field and scattering vector g;
and on the polarization states of the inci-
dent neutron beam parallel (-) and antiparal-
lel (+) to the direction of magnetic filed as:

I_(q’(p’H) = (1a)
= F}(@) + (Fyyl@) + 2P - eFp(@F p(@)sino,
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I+(q9(p’H) = (]-b)
= F3(q) + (F3(q) — 2PF y(q)F y1(q))sin?g,

where P is the polarization of the neutron
beam, and €, the efficiency of the spin-flip-
per. Averaging over @ gives:

I(¢g,H) = (2a)
= F3(q) + (1/2)F3(q)+P - €F \(q)Fp1(q),

I(q,H) = (2b)
= F3(q) + (1/2)F3,(q) — PF\(@)F p1(@),

2D patterns and ¢@-averaged 1D curves con-
tain contributions from nuclear (FNZ(q)) and
magnetic (FMg(q)) scattering and also addi-
tional cross term Fp(q)F;;(q). The summa-
tion of the scattering for both polarization
states of the initial beam gives

I(q,H=2.5) = F%(q) + 1/2)F3,(¢). (3)

In the absence of magnetic field, both
the nuclear and magnetic scattering are iso-
tropic over the radial angle ¢ and the scat-
tering intensity comprises these two contri-
butions in the following proportion:

1(q,H=0) = F3(q) + (2/3)F},(). (4)

From Eq. 1-4, it is possible to separate
immediately nuclear and magnetic contribu-
tions out of the total scattering. From an-
other point of view, the possible changes of
magnetic structure under applied magnetic
field should be checked before start the
separation analysis. In Fig. 1, the ¢-aver-
aged scattering intensities in the Fe — 30.3 %
Ni (wt. %) alloy for H =0 and H = 2.5 T are
presented. The intensity is observed to drop
dramatically (by a factor of 5 to 20) when
magnetic field is applied. This points that
the applied magnetic field (2.5 T) signifi-
cantly destroys (or at least changes) the
magnetic structure in studied alloy.

The obtained decrease of scattering intensi-
ties by about one order makes it possible to
consider the scattering at H = 0 to be very close
to the scattering on Fj,(q) (magnetic structure
of alloys) and the scattering at H = 2.5 T, to be
very close to that on Fp(q) (nuclear structure of
alloys). We can support our suggestion by negli-
gible difference between curves representing dif-
ferent spin directions I (q,H) and I"(q,H) shown
in Fig. 2. However, it should be noted that the
magnetic scattering is still present at H = 2.5 T
because we observed an anisotropy of 2D scat-
tering pattern under applied field.
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Fig. 1. Polarized neutrons SAS (averaged by
¢-angle and summarized by spin direction) in
the Fe — 30.3 % Ni (wt. %) alloy (for H = 0
and H = 2.5 T) after annealing of sample at
1100°C in vacuum for 30 min.

To characterize the formed structures,
the power law was applied for approxima-
tion of the SANS curves: I(q) = A¢g~* + B,
where o is the power index; A, the contrast
factor, and B, the residual incoherent back-
ground. The estimations gave values of the
power index at low and large scattering vec-
tors ¢ listed in Table. The o values point
the kinds of structures which give the scat-
tering in the different interval of scattering
vector ¢g. For the Fe — 30.3 % Ni alloy at
H =0, where we have assumed the most
scattering on magnetic structure takes
place, the o value is within limits of 1.6 to
2.3. This means the mass fractal structure
M ~ r%, here the M (mass) corresponds to
magnetic moments of magnetic structures
and r is a linear size [12].

Under magnetic field, the scattering
mostly on nuclear inhomogeneities is ob-
served. At large length scale (r > 2001&), the
scattering from surface fractal is observed
with some substructure of smaller aggre-
gates. To estimate the size of the smaller
aggregates of nuclear structures in the Fe
— 30.3 % Ni alloy, the data at ¢ > 0.05 A1
were analysed using the Indirect Fourier
Transformation (IFT) method [13] in the
form as developed by Pedersen [14]. The
Fourier transformation of the experimental
curve provides a pair distance distribution
function p(r). The aggregate parameter,
such as the radius of gyration, Rg, is calcu-
lated from p(r) and is equal to 161 A (the
equivalent sphere radius is 22 A).

The anisotropy of 2D scattering pattern
for the Fe — 30.5 % Ni — 1.5 % C alloy is
presented in Fig. 3 showing that the some
magnetic scattering is still present even at
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Fig. 2. SANS in the Fe — 30.3 % Ni (wt. %)
alloy at H = 2.5 T by different polarization
directions of neutron beam (averaged by ¢
angle).

H = 2.5 T, especially at large ¢q. However,
the applying of magnetic field decreases
significantly the average scattering inten-
sities (Fig. 4) that is why we have applied
the same approach to interpret the scatter-
ing data, i.e., at H = 0, one observes scat-
tering mostly from magnetic structures,
while at H = 2.5 T, only from nuclear
structures. The parameters of curves are
presented in Table 1.

The scattering on magnetic structures at
large scale length (r > 300 A) follows the
Porod’s law (o is about 4), which corre-
sponds to object with smooth and sharp sur-
face [15]. At smaller length scales (100—
300 A), we observe the scattering on frac-
tal-like aggregates (mass-fractal, because o
= 2.610.1) and with decreasing of size
(down to 20 A), one observes the scattering
on fractal-like surface of these aggregates
(oo = 3.3+0.1) [12]. The obtained results sup-
port data on fractal-like properties of aggregates
derived in the Fe — 30.5 % Ni — 1.5 % C alloy
using non-polarised neutrons [7].

The nuclear inhomogeneities show a scat-
tering (at H = 2.5 T, Fig. 4, curves 2 and
3) as a fractal surface (o= 3.440.2) for
large length scale r >100 A with some mass
fractal substructure in the length scale of
10-100 A (0. = 2.040.1). For large g, the 2D
scattering patterns obtained for the Fe —
30.5 % Ni — 1.5 % C (wt. %) alloy at H
=0 and H = 2.5 T show that the magnetic
field causes an anisotropy of 2D scattering,
thus indicating some magnetic contribution
from small length-scale inhomogeneities
(Fig. 3) which cannot be destroyed at all
even in H = 2.5 T.

Thus, we have shown the contribution
from magnetic inhomogeneities of different
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Fig. 3. Examples of 2D scattering patterns in
log scale for the Fe — 30.5 % Ni — 1.5 % C
(wt. %) alloys in the case of polarized neu-
trons obtained at sample-to-detector distance
of 1.8 m (large ¢) and 9.7 m (small gq): (a)
H =0 and (b) H = 2.5 T. The curves I mean
high intensity and the 2 and 3, lower ones.

sizes and structure to SANS in the Fe-Ni
and Fe-Ni—C alloys. We assume that the
magnetic inhomogeneities result from fluc-
tuations of the short-range order of inter-
stitial and substituting atoms and mixed-
exchange interaction between atomic pairs
TE e <0, J& >0, 7@ > 0 [16]). Carb-
on intensifies this trend. The obtained re-
sults are consistent with the Mossbauer
data indicating the distribution of the hy-
perfine magnetic fields in the Fe—-Ni—C al-
loys in wide range (5—-30 T, [5—7]). The
magnetic SANS at ¢ > 0.1 was stated in the
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Fig. 4. Polarized neutrons SAS (averaged by
¢-angle and summarized by spin direction) in
the Fe — 30.5 % Ni — 1.5 % C (wt. %)
alloy (for H = 0 and H = 2.5 T) after anneal-
ing of sample at 1100°C in vacuum for
30 min.

Fe — 30 % Ni and Fe — 32 % Ni alloys
non-enriched and enriched with 54Fe, °8Ni,
and 92Ni isotopes in order to enhance con-
trast and the estimated dimension of spin
fluctuations was approximately 10-12 A [3]
that is consistent with our evaluations
(20 A) for close value of scattering vector
(Table).

To conclude, the magnetic structure of
the f.c.c. Invar-type Fe — 30.3 % Ni and
Fe — 30.5 % Ni — 1.5 % C alloys has been
analyzed using the small-angle scattering of
polarized neutrons. This structure is very
sensitive to the applied magnetic field of
2.5 T that results in the reduction of aver-
age scattering intensities, changing the
slope of the SANS curves, and anisotropy of
2D scattering pattern. SANS in studied al-
loys annealed at 1100°C results from both
chemical fluctuations and magnetic inhomo-

Table. The composition of the alloys and the power law exponent o

Alloy, [wt. %] H, T q range [A1] o
Fe-30.3 % Ni 0 0.006-0.01 2.3+0.1
0.01-0.03 1.640.1
0.05-0.3 1.940.1
2.5 0.006-0.02 3.2+0.1
0.1-0.3 0.5+0.1
Fe-30.5 % Ni-1.5 % C 0 0.006-0.01 4.140.2
0.01-0.02 2.6+0.1
0.02-0.06 3.3+0.1
2.5 0.006-0.03 3.4+0.2
0.03-0.3 2.0+0.1
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geneities. The magnetic inhomogeneities of
16 to 200 A size (Fe — 30.3 % Ni) and 20
to 300 A size (Fe — 30.5 % Ni — 1.5 % C)
are described in terms of fractal-like struc-
tures. The predominant small length-scale
magnetic inhomogeneities in the alloys
react on the applied magnetic field. Further
experiments with Invar Fe—-Ni—-C alloys at
low temperatures are necessary.
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ManokyToBe pPO3CiAHHS HEHUTPOHIB
B imBapuux Fe—-Ni—C cmaasax y marmiTHomy mouri

B.M.Hadymoe, B.M.I'apamyc, P.Binnwomeim, /|[.B.Cemenos

Hocaimxeno manoxyroBe poacisuua HedTpouis (MKPH) B imBapumx Fe—Ni ta Fe—Ni—-C
CIIJIaBaX 3 3aCTOCYBAaHHAM IIOJAPU30BAHMUX HEeHUTPOHiB. BumiploBaHHsS ImpoBeneHo 0e3 MaruiT-
HOTO HOJIA Ta 3 IMPUKJAAEeHUM IO 3pas3kKka Mar"HiTHum mojeMm 2,5 T mepneHAUKYIAPHUM
oo mydyka HeWTpoHiB. OrTpmmano Henimiiiny kpuBy MKPH B imTepBasi BeKTOpiB pos-
cigaaa ¢ = 0.006-0.025 Al g MPOaHai30BaHO 3 BUKOPUCTAHHAM CTeHeHeBOl (QPYyHKIII.
IIpomeMoHCTPOBAHO CYTTEBUII MArHiTHUII BHECOK Y PO3CiAHHA HEeHTPOHIB. 3 BUKOPHUCTAHHAM
HenpAMoro ¢yp’e-IMepeTBOPEeHHA, OIiHEHO Po3Mip HeomHOpimHOCTE.
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