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Abstract: Thermal expansion behaviors of FeNi alloys were investigated by means of X-ray diffraction technique
within a Fe, _ Ni,/Cu superlattice structure. It was found that with a Ni concentration of x= 0.35, FeNi alloy layers
showed the well-known Invar behavior, but for alloy layers with either lower or higher Ni concentrations, thermal
expansion coefficients were larger. Based on results of magnetic measurements it is concluded that FeNi alloy layers
with Ni concentrations lower than the Invar composition are in a superparamagnetic state which leads not only to
low spontaneous magnetizations but also to large thermal expansions of the alloy layers.
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Fe-Ni alloys exhibit not only novel low thermal
expansion properties at around room temperature, but
also unusual magnetic behaviors. For example, near the
composition of a typical Invar alloy (with a Ni concen-
tration (atom fraction, so as followed) of about
35%), the mean magnetic moment of an atom within
the alloy deviates from the well-known Slater-Pauling
curve [1]. Theoretical explanations for such abnormal
behaviors include the early 2y -state assumption [2]
and the recently developed Moment-Volume-Instabil-
ity (MV]) theory [3]. According to these models there
exist two magnetically ordered states, either local or
itinerant, all with the face-centered cubic (f.c.c.) crys-
tal structure. The ferromagnetic state corresponds to a
large atomic volume, and the nonferromagnetic state
has an atomic volume somewhat smaller. While the
two states are energetically different, the latter can be
thermally excited and thus will compensate the ordi-
nary lattice expansions associated with phonon exci-
tations. Based on either of these models, one would
expect that a rapid decline in spontaneous magnetiza-
tion of a FeNi alloy with increasing temperature
would be accompanied by a low thermal expansion
rate, and such an abnormal thermal expansion should
be observable in all f.c.c. Fe-Ni alloys in which the
energy gaps between the ferro- and the non-ferromag-
netic states are small.

Experimentally, f.c.c. FeNi alloys of Invar composi-
tion do show low thermal expansion rate in addition to
rapid declines in spontaneous magnetization with
increasing temperature. But for FeNi alloys with even
lower Ni concentrations, it is difficult to correlate
their magnetic characteristics to thermal expansion
properties. The reason for this difficulty is that these
alloys, if they were to be prepared in bulk forms,
would transform to a body-centered-cubic (b.c.c.)
crystal structure when temperature drops below room
temperature. Specifically, though theoretical calcula-
tions have predicted that FeNi alloys with Ni concentra-
tions around 25% should possess low thermal expan-
sion abnormality [4~6], the f.c.c. to b.c.c. phase trans-
formation has prevented from experimental determina-
tion of thermal expansion behaviors of such low Ni
alloys at low temperatures. At high temperatures, an
anti-Invar behavior (an abnormally higher than normal
thermal expansion) has been observed in low Ni f.c.c.
alloys. But unfortunately,in such conditions, the alloys
would be in a paramagnetic state [7].

Recently, f.c.c. structured FeNi/Cu superlattices
with FeNi alloy layers of Ni concentration as low as
26% have been prepared, and the epitaxial relation-
ship between the FeNi and Cu sublayers extended the
stability of f.c.c. crystal structure of the alloys even
down to liquid helium temperatures [8]. With such
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novel struc-tures it is possible to further the investiga-
tion on thermal expansion behaviors of f.c.c. FeNi
alloys into low Ni concentrations. This paper reports
on experimental results of thermal expansion proper-
ties of FeNi alloy layers within the FeNi/Cu superlat-
tices and the correlation between thermal expansion
behaviors of such alloy layers and their magnetic char-
acteristics will be discussed.

1 Experimental

F.c.c. [(Fe,_ Ni,), Cu,__] X 10 superlattices (x =
0.26~0.54) were sputter deposited on MgO(100) sub-
strates as described before [8]. The sputtering proce-
dure was begun and then completed with the deposi-
tion of Cu layers, to ensure the epitaxial growth of the
superlattices on the substrates and to protect the super-
lattices from oxidation. The epitaxial relationship of
the superlattices has been revealed by X-ray diffrac-
tion as

(100)Fe, _ Ni,/Cu]|(100) MgO,
[200]Fe, ~ Ni/Cul|[200]MgO M

For comparison, a single layer Cu film was also
epitaxially deposited with a comparable total film thick-
ness (about 60 nm).

Out-of-plane X-ray diffraction measurements were
undertaken to measure the thermal expansion behav-
iors of the superlattices along the direction normal to
the superlattice plane. Cu-K, radiation was selected
for the diffraction measurements. The measurements
spanned 10~300 K by using a cryostat. The diffraction
curves were numerically fitted to deduce out-of-plane
lattice parameters, as will be described below.

Magnetic measurements were undertaken using a
vibrating sample magnetometer and a Faraday balance.
The detailed description of these measurements has
been given before [8].

2 Results and Discussion

In figure 1 are shown the (002) diffraction curves
of three Fe, _ Ni /Cu superlattices measured at differ-
ent temperatures. It is seen that in addition to the
primary Bragg peaks at about 50.5°, there are small
superlattice satellites of varying intensities. The intensi-
ties of the satellites on the small angle side are higher
than those on the large angle side, indicating that in
the superlattices the Cu sublayers with a little larger
atomic scattering ability have an out-of-plane lattice
parameter larger than that of the FeNi sublayers. The
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Figure 1 X-ray diffraction curves of three Fe, Ni/Cu super-
lattices at different temperatures (points) and correspond-

ing fitted curves. The curves for successive temperatures
have been displaced vertically for the reason of clarity

linewidth of the diffraction peaks is independent of
temperature, confirming that the coherence length of
these superlattices in the out-of-plane direction
remains the same during the temperature cycling, and
the phase transformation from f.c.c. to b.c.c. crystal
structure is inhibited by the epitaxy.

As temperature increases, the Bragg peaks of these
superlattices move towards small angles due to ther-
mal expansions in the out-of-plane direction. For the
superlattice with a Ni concentration of x = 0.35, this
movement is rather small, consistent with the Invar
behavior found in corresponding bulk FeNi alloys.

By assuming a single Gaussian lineshape profile,
the (002) diffraction peaks in figure 1 were fitted to
deduce the averaged lattice parameter, a, of the super-
lattices in the out-of-plane direction. Lattice parame-
ters of both FeNi and Cu sublayers, a.,, and a_,
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could be determined by numerically fitting the diffrac-
tion curves with a one-dimensional model assuming
that the superlattices were composed of FeNi and Cu
slabs with different coherence lengths. Using a
formula similar to the one used in refernces [9] and
[10], X-ray intensity at a diffraction angle & may be
written as

I'=1L0Op, > F @

L <n <N,

where I is the intensity of incident X-ray beam, 1(6)
the Lorentz polarization factor, F, the structure factor
of n coherently arranged atom layers, p, the probabil-
ity of finding such a coherence length, and N, and N,
the upper and lower limits for the summation, taking
into account all the possible combinations of succes-
sive FeNi and Cu atom layers. The temperature depen-
dence of atomic scattering factors was ignored, which
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should only result in small errors in fitting results in a
small diffraction angle range. On the other hand, no
roughness at interfaces between FeNi and Cu sublay-
ers was taken into account because actual fitting proce-
dures proved that such roughness had only trivial
effects on final fitting results.

In equation (2), p, is assumed to obey a normal
distribution function, with n and o two fitting parame-
ters, where 7 is the mean coherence length, and o the
standard deviation of the distnbution, all in units of
atom layers. For the calculation of F,, atomic scatter-
ing factors for Fe, Ni and Cu were obtained from refer-
ence [11], and scattering factor of atoms in Fe, _ Ni,
alloys is assumed to be the compositional average of
those of Fe and Ni elements.

In table 1 are listed the structural characteristics of
the Fe, _ Ni,/Cu superlattices at 300 K, obtained by

Table 1 Fitting results of the Fe,_Ni,/Cu surperlattices and the eptaxial Cu single layer at 300 K

Out-of-plane lattice parameter/nm  Superlattice structural parameter (atom layer)

Sample Ni content x — —
a ARN Acu n g NFeN Ny
0.54 036215 0.35791 0.36563 38 43 14 17
Fe,..Ni/Cu superlattice 0.35 036279 035974  0.36532 52 51 14 17
0.26 036253 035872 0.365 68 50 47 14 17
Cu single layer — — — 0.361 42 75 49 — —
fitting the diffraction curves in figure 1. The numbers
of atom layers within a single Fe, _ Ni, or Cu sublay- 0.363
ers, n.,, and n,, were determined to be 14 and 17,
respectively. The superlattices have a coherence length 0.362 |
of about 7~9 nm, along with a rather broad coherence g
length distribution. E
0.361 .

The temperature dependence of both the averaged
lattice parameter a of the superlattices and the lattice
parameters a,; and a,, of the FeNi and Cu sublayers gggg —
in the out-of-plane direction is shown in figure 2. ' ()
From figure 2(a) it is seen that as the Ni content in the 0364 p—getr—"" Fe,..Ni. sublayei]
superlattices decreases, the temperature dependence of E 036 | Arend T xs g.gg |
average.d lattice p.arameter a change§ in a complex 3 —— . o
way. Since there is always the same interlayer mate- ;0360 b [ S
rial Cu separating the FeNi alloy layers, the difference & e ot
in the thermal expansion behavior of FeNi alloy layers 03581 :/:t;r/”"' i
should be the reason for such differences in @. For a 0.356 —*+ L L L 1 L 4

0 100 200 300

Ni concentration of 54%, an averaged thermal expan-
sion coefficient of about 19.4 x 10~ ¢/K was obtained
in 100~300 K. As the Ni concentration is decreased to
35%, a much lower thermal expansion coefficient is
obtained which amounts to a value of 5.5 X 10~ %K in
the same temperature range. This is consistent with the

T/K

Figure 2 Temperature dependence of (a) averaged out-
of-plane lattice parameter a of the three Fe, _ Ni /Cu super-
lattices and (b) the lattice parameters a_,. and a. for

Fe, _ Ni/Cu and Cu sublayers in the superlattices
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Invar behavior of FeNi bulk alloys in which a nearly
zero expansion behavior is attributed to the moment-
volume-instability. As the Ni concentration in the
FeNi alloy layers is further decreased to 26%, the aver-
aged thermal expansion coefficient increases again to
18.4 X 10~ %K, a value comparable to that of the super-
lattice with a Ni concentration of 54%.

From figure 2(b) it could be seen more clearly that
the differences in temperature dependence of averaged
lattice parameter a is indeed due to the difference in
the thermal behavior of FeNi sublayers. At 300 K, Cu
sublayers have lattice parameters ranging from 0.3653
to 0.3657 nm, while FeNi sublayers show large differ-
ences in lattice parameters ranging from 0.357 9 to
0.359 7 nm, dependent on the Ni concentrations of the
sublayers. While Cu sublayers in the three superlat-
tices expand almost the same with increasing tempera-
ture, reaching a value for the expansion coefficient of
(23~24) x 10~ °/K in 100~300 K, the thermal expan-
sion of the FeNi sublayers is very different from one
superlattice to another, and the averaged thermal expan-
sion coefficients reach 14.8 x 107¢, — 179 x 10°°
and 14.5 X 10~ °/K for x= 0.54, 0.35 and 0.26, respec-
tively. A negative thermal expansion is obtained for
the FeNi sublayers with the Invar composition (x =
0.35) in the temperature range of 100~300 K, and for
the lowest Ni composition (x = 0.26), a large positive
thermal expansion comparable to that of FeNi sublay-
ers with Ni concentration of x = 0.54 is confirmed.

In interpreting above thermal expansion behaviors
of superlattices, not only the constitutional matenals,
but also their clamping to the substrates should be
taken into account. To verify this point of view, figure
3(a) shows (002) diffraction curves of the Cu single
layer film epitaxially deposited on an MgO(100)
substrate. The structural characteristics of this Cu film
at 300 K are also included in table 1, and the out-of-
plane thermal expansion behavior of the film is shown
in figure 3(b). Shown also in the figure is the tempera-
ture dependence of lattice parameter of bulk Cu metal,
as well as that of in-plane lattice parameter of the Cu
film on MgO substrate, calculated from the assump-
tion that in the in-plane direction, the expansion rate
of the Cu film should be the same as that of the
substrate material MgO. From this figure it is seen
that the averaged out-of-plane expansion coefficient
of the Cu film (24.1 X 10~ %K in 100~300 K) is much
larger than that of Cu bulk (14.1 X 10~ °/K). This can
be understood when one considers that the in-plane
expansion of the Cu film is restricted by the substrate
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which possesses a much lower thermal expansion coef-
ficient (6.5 X 10~ °/K) in this temperature range.

Similarly, the clamping of FeNi alloy layers on the
low expansion substrates could explain not only the
larger thermal expansion of FeNi layers with Ni
concentration of 54% (the bulk value for a correspond-
ing alloy is about 10 X 10~ °/K), but aiso the negative
thermal expansion coefficient of the FeNi alloy layers
with Ni concentration of 35% (shown in figure 2(b)).
The negative expansion of Invar alloy layers in the
out-of-plane direction is a result of the thermal expan-
sion of substrate which is larger than that of the Invar
alloy in this temperature range.

Based on the results above, one can conclude that
typical Invar alloys with Ni concentrations around
35% have a low thermal expansion in 10~300 K, but
the f.c.c. FeNi alloys of lower Ni concentrations, if
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Figure 3 (a) X-ray diffraction peaks of a Cu eptaxial single
layer at different temperatures. The curves have been
displaced vertically for the reason of clarity. (b) Tempera-
ture dependence of out-of-plane (measured) and in-plane
(calculated) lattice parameter of the Cu single layer, as well

as that of bulk Cu metal

they can be stabilized until low temperatures, would
show a relatively higher thermal expansion rate.

The explanation for the results above lies in the
magnetic structure of the FeNi alloys. There exist
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magnetic inhomogeneities in the low Ni alloy layers,
that is, some small regions within the alloy are ferro-
magnetic, and the rest part of the alloy is nonferro-
mag--netic due to fluctuations in composition [12].
When temperature rises, the alloy would show small
abnormal contractions due to the fact that the non-fer-
ro-magnetic regions should possess the anti-Invar
behavior, in addition to the contraction related to the
ferromagnetic regions within the alloys.

Magnetic measurements reveal that the FeNi alloy
layers in the superlattices all show ferromagnetic
behavior at room temperature. Figure 4 shows the
temperature dependence of spontaneous magnetiza-
tion of the three superlattices with different Ni concen-
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Figure 4 Temperature dependence of spontaneous magneti-

zation for three Fe, _ Ni/Cu superlattices

trations. It can be seen that among the three FeNi
compositions shown in this figure, the 35% Ni Invar
composition has the highest magnetization at low
temperatures. On the other hand, the 26% Ni sample,
which is of a composition well below the typical Invar
composition, shows the lowest magnetization. This is
consistent with the well-known deviation of magnetiza-
tion from the Slater-Pauling curve found in FeNi bulk
alloys [1].

As temperature increases, the magnetization of the
Ni-richest sample (x = 54%) decreases gradually,
while the Fe-richer samples show steeper declines in
magnetization. The relative change in magnetization
is the largest in the sample with FeNi alloy layers
containing only 26% Ni, indicating that in this sample
the ferromagnetic high-spin state of the FeNi alloy is
energetically more adjacent to the paramagnetic
low-spin state than in the Ni-richer samples [3].

Figure 5 shows room temperature magnetization
curves of the superlattice of the lowest Ni content. It
can be seen that the magnetization increases rather
slowly with increasing magnetic field, seldom reach-
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Figure 5 Magnetization curves of (Fe,, Ni ,./Cu)  surper-

0.74
lattice at room temperature (points) in the in-plane [100] (a)
and [110] (b) crystal directions, along with the fitted curves
obtained by using the surperparamagnetic model (the

contral lines)

ing saturation in the highest magnetic field. Further-
more, there is no difference between the magnetiza-
tion curves along the [100] and [110] crystal axes
within the superlattice plane, reminding that the FeNi
alloy in this sample is in a superparamagnetic state.
Shown also in figure 5 are the fitted curves for magneti-
zation based on the superparamagnetic model [13]:

M = | cothia) — 1| 3)

where @ = mH/ kT, and m is the magnetic moment of
a superparamagnetic cluster in the alloy, H the
magnetic field, 7 the temperature, k the Boltzmann's
constant, and A, the saturation magnetization of the
ferromagnetic regions. From such fittings a magnetic
moment m of 3.8 X 10* Bohr magnetons is obtained,
indicating that every ferromagnetic cluster in the FeNi
layers would have 3.8 X 10* atoms, corresponding to
a small disk with an average diameter of about 7 nm
(assuming that such a disk has a thickness of about 2.5
nm, the same as that of the FeNi sublayers), if it is
assumed that every atom in the FeNi layers possess a
magnetic moment of about 1 Bohr magneton [8].

The assumption of magnetic inhomogeneities has
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been confirmed by recent experimental and theoretical
investigations [12,14]. From such magnetic inhomo-
geneities, one would obtain not only a low sponta-
neous magnetization for low Ni alloys, but also a ther-
mal expansion higher than the Invar alloy, since the
thermal expansion should be an averaged behavior
among volume fractions of both ferro- and nonferro-
magnetic states within the FeNi alloy layers.

3 Conclusions

With X-ray diffraction technique, the thermal expan-
sion behaviors of FeNi alloy layers around the Invar
composition have been investigated by using Fe, _ Ni,
/Cu superlattice structures to stabilize the f.c.c. FeNi
phase. In addition to the low thermal expansions of
FeNi Invar alloy layers which can be expected from
that of corresponding bulk materials, a large thermal
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expansion is observed for the alloy layers with lower
Ni concentrations. It is believed that this rise in ther-
mal expansion rate with the Ni content in the alloy
decreasing is a result of magnetic inhomogeneities
that exist in the FeNi layers of low Ni concentrations.

Effect of the Solidification Conditions on the Microstructures of
AlSi.Mg Alloy during Semi-solid Remelting
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Abstract: The effect of the solidification conditions on the microstructures was studied during partial remelting of
AlSi,Mg alloy with the help of an electrical pipe-type furnace. The results show that the eutectic is remelted above
all and  phases are gradually evolved into spheroidal shape,if the AlSi,Mg alloys stirred strongly by rotating elec-
tromagnetic field during the first solidification are heated again to 589 or 597C and have been held for a short
time (for example, 5~ 10 min), and moreover, the higher the holding temperature, the faster the eutectic remelting
process and a phase's evolution are. In contrast,even though the AlSi, Mg alloy's samples non-stirred with fine
dendritic microstructures are heated to the same temperatures as those stirred by rotating electromagnetic field and
have been held for 60 min, it is not possible to change all the dendritic & phases to speroidal @ phase .

Key words: AlSi Mg; remelting; electromagnetic stirring; dendrite
[From Journal of University of Science and Technology Beijing (in Chinese), 1998, 20(3): 253]



