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The change in structure of an amorphous Fe—P—C alloy during ageing was examined
using smail-angle X-ray scattering (SAXS) measurement and transmission electron micro-
scopy. The SAXS intensity was related to two different types of scattering regions
depending on ageing time and temperature. The major scattering was from the crystalline
particles, which had two-phase lamella structures. The average thickness of the lamellae
remained constant at about 5 nm during ageing. The interlamella distance was three to
five times the lamellar thickness in the regular packing region. Another minor scattering
was interpreted as being caused by the local ordering of atomic configuration in the
amorphous state. The average size of the scattering region was 1.8 to 2.4 nm and quite
similar to the critical range proposed by Giessen and Wagner, beyond which the short-

range order disappears.

1. Introduction
The question of atomic configurations in amorph-
ous alloys has received much attention in recent
years, with particular interest being directed
towards the local order in the materials. Many not-
able investigations have been carried out on alloy
systems composed of transition metals and metal-
loids, Ni~P [1], Fe—P-C [2, 3], Pd—Si [4], etc.
The Fe—P—C alloy is a typical material which
exhibits the amorphous state when rapidly cooled
from the liquid phase. The sequence of phase
transformation from amorphous to stable has been
investigated by Masumoto and Kimura [5]. The
process was divided into four stages containing
two kinds of metastable phases. Rastogi and
Duwez [6] suggested that the initial crystalline
phase was Fe,P. Field ion microscope observation
[7] shows that a random distribution of discern-
ible atomic assemblies have a crystalline size of
about 1 nm, on average, is observable within a ran-
dom atomic matrix. Mossbauer measurements have
been performed by several authors [9, 10]. Fujita
et al. [10] proposed that the amorphous alloy has
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a degree of short-range order of bec type, and
during ageing between 573 and 673K, the short-
range atomic movement of metalloids, P and C,
takes place. Transmission electron microscopy has
been performed [5] in order to clarify the struc-
ture of as-splatted amorphous alloy as well as that
of subsequently aged specimens. It was, however,
difficult to determine quantitatively the nature of
the inhomogeneity in materials on a fine scale in
the order of several nm or less. It was found in
other alloy systems (Pd—Au—Si [11] and Fe—Ni--
P-B [12]), that small-angle X-ray scattering
{SAXS) measurement is effective on such a fine
scale to gain quantitative information concerning
the size, distribution and character of the scatter-
ing regions.

In the present work, we carried out SAXS
intensity measurements as well as the transmission
electron microscope (TEM) observation for an
Fe—P-C amorphous alloy and analysed the results
in order to obtain structural information in the
amorphous state and during the crystallization
process.
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2. Experimental methods

A drum technique was used to make the amorph-
ous alloys. Molten alloys were ejected from the
orifice of a fused silica tube and quenched rapidly
by the rotating drum. Long ribbons, 15 to 25 um
thick and 2 mm wide, were obtained. The chemical
composition of the prepared ribbon was chemically
analysed to be Fe—104at.%P-6.3at.%C. The
specimen was wrapped in aluminium foil for short-
time ageing and put into evacuated fused silica
ampoules for long-time ageing. The isothermal
annealing was done between 613 and 763 K for up
to 10000 min, where the crystallization tempera-
ture for this alloy was about 703 K.

For TEM observation, the samples were electro-
Iytically thinned in an electrolyte consisting of
10% perchloric acid and 90% ethyl alcohol. The
specimen was polished on both sides simultaneously
until a small hole was formed. The temperature of
the electrolyte was maintained at —5° C or less.
The thinned specimens were examined in a JEOL-
120 transmission electron microscope.

The SAXS intensity for the amorphous alloys
was measured in transmission geometry with a
Kratky camera, of which the entrance slit was 40
um and the scattering and receiving slits were 0.3
and 0.1 mm, respectively. The distance between
the detecting plane and the specimen was 326 mm.
Mo radiation was generated by a Rigaku power
supply RU200PL operated at 50kV and 160 mA.
The incident beam was monochromated by a 0.04
mm Zr filter. A scintillation counter in conjunc-
tion with a single-channel analyser and scaler was
used to detect the scattering intensity in the
angular range between 0.05 and 7 degrees. The
height of the beam was made sufficiently large so
that the beam could be considered to be infinitely
large. Specimens were obtained from a part of the
amorphous ribbon with a thickness of 20 £ 1 ym.

In order to obtain the correct intensity, special
care was taken to determine the background inten-
sity. In the present apparatus, a weak angular-
dependent intensity was observed even for fully
annealed pure Fe. Its intensity was concluded to
arise from air-scattering and other incidental scat-
tering, but not connected with fluorescence and
Compton scattering in the present small-angle
region. Therefore, the scattering intensity from
pure Fe with the same thickness was adopted as
the background intensity after absorption correc-
tion. The measured intensity J(s) was desmeared
using a computer program. The desmeared inten-
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sity, I(s), was then placed on an absolute basis by
comparison with the scattering intensity measured
for a known standard material under similar con-
ditions. The standard material used for this purpose
was a polyethylene.

3. Experimental results

The angular-dependence of SAXS intensity for the
aged specimens at 763 K is shown in Fig. 1. After
a short ageing of 2 min the intensity became very
large and on further ageing increased in the lower
scattering angle region, but decreased slightly in
the higher-angle region, where the angular depen-
dence of the intensity is recognized as strictly
obeying Porod’s law, namely the intensity is pro-
portional to s™. This angular-dependence indi-
cates a sharp interface between particle and matrix.
In such a way, at temperatures above the crystal-
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lization temperature, some of the nuclei grow sud-
denly into crystals, The Guinier radius changed
gradually from 9.8 to 12.5 nm during ageing for 2
to 1000 min at 763 K.

Fig. 2 shows the scattering intensity for speci-
mens aged for various periods at 663 K, which is
lower by about 20K than the crystailization tem-
perature. The intensity in the specimen aged for
200 min decreased monotonically with increasing
scattering angle, but at a high angle a shoulder
appears in the intensity curve. For specimens aged
for longer periods, the shoulder grew during age-
ingup to 1000 min. The scattering intensity seemed
to be divided into two parts. A first part appears in
the relatively lower scattering angle region with a
characteristic of monotonically decreasing intensity
(as presented typically in the cases of as-splatted
and 50min ageing specimens) and this part re-
mained nearly constant during ageing. The second
part, corresponding to the shoulder mentioned
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Figure 2 Change of SAXS intensity during ageing at 663 X.

above, appeared in the high scattering angle region
and increased with ageing time. Above 2000 min
ageing, the angular-dependence of the scattering
intensity was similar to those specimens aged at
763 K shown in Fig. 1. The TEM observation was
performed on the same specimens used for the
SAXS measurement. Fig. 3 shows the typical
structures which appeared during ageing at 663 K.
At 50 min, the structure remained in the amorph-
ous state and was the same as that for the as-
splatted specimen, although the SAXS intensity
changed discernibly. The crystalline phase appeared
in the specimen aged for 200 min. Each crystalline
particle exhibited a lamellar structure and was very

Figure 3 Structure change of an Fe—~P—C amorphous
alloy aged at 663 K, for (a) 50 min; (b) 200 min; and (c)
2000 min. The diffraction pattern of (b) arose from the
central area of the long particle located at the right-hand
side.
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Figure 4 Change of SAXS intensity during ageing at 613 K.

similar to an “axialite” grown from polymer fluid
[13]. The appearance of the axialite corresponded
to the shoulder found in the SAXS intensity pro-
fite. After ageing for 2000 min, phase separation
occurred over the entire specimen and its structure
became rather irregular.

The SAXS measurement was also performed for
the specimens aged at 643 K, where the axialites
were observed in the specimens aged for 5000 and
10000 min. The ageing behaviour of intensity pro-
files against scattering angle was quite similar to
that for the cases at 663 K except that the appear-
ance of the shoulder was delayed during ageing.

Figure 5 Density—density correlation as a function
of radial distance for specimens aged at various
temperatures.
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When the amorphous alloy was aged at 613K,
no crystalline phase was observed even on ageing
for 10000 min. The SAXS intensity increased
gradually during ageing as shown in Fig. 4, suggest-
ing the occurrence of some atomic configuration
change within the amorphous state.

For X-ray diffraction in materials, the density—
density correlation is given by the equation [14]

7®=Lm@mwmﬂ@, (1)

where Ap(F) is the fluctuation of electron density
at position 7 The above function will simply be
called the “correlation function” hereafter. When
a centre of symmetry exists, the correlation func-
tion can be directly obtained from the observed
intensity, I(s) without any assumption as follows:

1
272
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0

It is noted that the present correlation function is

different by a factor of 87° from the Q-function

defined by Hosemann [15]. At r = 0, the function

has a special meaning and is usually called the “in-

tegrated intensity”,

fl

1 - 2
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= (AP V(1 — V) €))

where (Ap?) is the square mean fluctuation of
electron density over the whole system and V; is
the volume fraction. Fig. 5 shows the experimental
results for some aged specimens. In the specimens
aged for 10000 min at 663 K and for 100 min at
763 K, in which the crystallization was completed
and two crystalline phases exist, the correlation
was very strong and reached 20nm or more. On
the other hand, in the specimens aged for 2000
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min at 663K and the as-splatted specimen, which
have an amorphous structure, the correlation was
very weak and became nearly zero at the further
radial distances.

4. Structure of the crystalline phase

The crystalline phase, which appeared firstly from
the amorphous state, had a lamellar structure as
shown typically in Fig. 3b. One of the alternate
phases was confirmed to be Fe; P, from analysis of
a diffraction pattern. The structure of the other
phase was not determined, but weak spots of a-Fe
were often observed in the same diffraction area
for the other specimens aged for longer periods.
The three-dimensional structure of these crystalline
particles deducible from the observed two-dimen-
sional pictures was the cylindric accumulation of
fine lamellae. The regular packing existed only
locally and did not occur over the entire particle.
A sketch of such regularly piled lamellae is shown
in Fig. 6, where D is the thickness of lamellae and
L is the average interlamellar distance. When it was
assumed that the closest packing of lamellae occurs
in the x-direction and the dimensions of the other
(v and z) directions are fairly large, the two par-
ameters, D and L, could be determined from two
different types of analysis of SAXS intensity as
given below.

According to Porod [16], the scattering inten-
sity from the one-dimensional lamellar packing,
where the central separation of neighbouring
lamellae with an equal thickness, D, has a Gaussian
fluctuation, is given by

) - 2k(LD— D) slz )
1 —cos (sD)
[1 —cos (sD)]? + [s(L — D) + sin (sD)]*’

)
where k is a constant. The term 1/s? indicates the
contribution from the other two directions, y and
x, under the limitation of a sufficiently high scat-
tering angle. Fig. 7 shows the calculated relative
change of s*I(s) based on the structural model
shown in Fig. 6 as a function of sD/2n for some
cases with different L/D ratios, In the same figure,
the calculated result based on an observed SAXS
intensity distribution was plotted. The experimen-
tal data corresponded well with the calculated
curve for L/D = 17.0/5.0. The broadened angular-
dependence of the experimental data are suggested

z

o

Figure 6 Proposed structure of the initially crystallized
phase, where lamellae with a thickness D are piled densely
along the x-direction and L is the average lamellar spacing.
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Figure 7 Relative change of s*I(s) as a function of sD/2,
where solid curves are the theoretical results calculated
from Equation 4 with various L/D values and open circles
are the observed data fitted to the theoretical curve by
changing the intensity scale.

to result from a distribution of thicknesses of
lamellae and from the irregularity of lamellar pack-
ing. As shown in Fig, 8, such a characteristic
angular-dependence always appeared for those
specimens in which the axialite was observed by
TEM observation. The analytical results are listed
in Table I.

The observed correlation function for these
specimens is shown in Fig. 9. Their radial depen-
dence of correlation was very similar to each other.
The correlation decreased rapidly at first near the
origin and had a weak broadened maximum in the
region of 10 to 20nm. For a lamella with thick-
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Figure 8 Observed values of s*I(s) versus inverse Bragg
spacing for specimens aged at various temperatures.
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Figure 9 Density—density correlstion in the aged speci-
mens containing fine particles of the crystalline phase.

ness D, the correlation function is represented as

Y@ = (Ap2>D(l —1). (5)
D
From the slope near the origin, the average thick-
ness of lamellae was obtained. The distance to the
maximum gave an average nearest neighbour dis-
tance L among lamellae. As seen from Table I, the
present results matched fairly well the calculations
obtained from Porod’s theory. From TEM obser-
vations, the smallest D and the closest L were
determined to be about 4 and 13 nm, respectively.

5. Structural information on the
amorphous state

From TEM observation, the structure was found

to remain entirely in the amorphous state up to

ageing times of 100min at 663K, 1000 min at
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TABLE I Summary on the structure of the initially crys-
tallized phase, where D and L are the lamellar thickness
and inter-lamellar spacing, respectively

Ageing From Porod’s From corre-
conditions theory lation function
Temp. Time D L D L
(K} (min)  (am) (nm) (nm) (nm)
663 400 5.0 17.0 5.1 14.4
643 5000 4.5 14.0 4.6 16.6
643 10000 4.8 220 6.0 18.6
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Figure 10 Density—density correlation in amorphous
alloys aged at 613 K.

643K and 10000 min or more at 613 K. Halo dif-
fraction was observed to be common to all the
specimens. A “salt and pepper” background struc-
ture was sometimes observed in the dark-field. The
size of this structure, which related to coherently
diffracting domains, was not determined because
of the limitation of resolution, but was qualitat-
ively several nm or less; in addition, it could not be
concluded whether or not its dark-field structure
corresponds to the weak SAXS intensity.

A typical change of correlation function during
ageing of the amorphous phase prior to crystalliz-
ation is shown in Fig. 10. The integrated intensity,
v(0), increased gradually during ageing. The radial
distance corresponding to zero correlation was
determined by extrapolating the slope near the
origin, to yield an average dimension of the scat-
tering region. Its value was 1.8nm for the as-
splatted specimen, and remained nearly constant
at 2.0 to 2.4 nm for the aged specimens. After the
rapid decrease of correlation near the origin, a
rather weak long-distance correlation was estab-
lished and increased during ageing. This means that
the scattering region causing the SAXS intensity
had no spherical symmetry or no distinct bound-
ary. It should, however, be noted that no negative



correlation appeared around the origin as expected
in the case of spinodal decomposition.

A quantitative estimation of density fluctuation
will here be performed from the integrated inten-
sity. When phase separation arose entirely during
ageing at high temperature, three crystalline phases
were confirmed [5]: a-Fe, Fe;C and FeyP. The
electron densities for these phases were 2.20, 2.17
and 2.01 x 10% eunm™3, respectively. The electron
density for the amorphous structure was estimated
to be 2.11 x 10% eunm™ averaged by multiplying
the occupied volume of each phase. When a small
particle of the crystalline phase, FesP or a-Fe
precipitated in the amorphous matrix, the differ-
ence of electron density was 0.10 or 0.09 x 103
eunm >. For the specimen aged at 613K for
10000 min, which remained in the amorphous
state, the integrated intensity was 0.335 x 10> eu
nm™ as shown in Fig. 10. If the crystalline particle
precipitates, the volume fraction is calculated as
0.023 for Fe;P and 0.041 for o-Fe. These values
of volume fraction are too small to explain the
long-distance correlation shown in Fig. 10. On the
other hand, when the fluctuation is spread over
the entire specimen, namely, ¥V; = 0.5, the differ-
ence in electron density is estimated to be 0.036 x
103 eunm™3. The relative fluctuation Ap/p is
about 1.7%. Such a small fluctuation in electron
density might be explained by an inhomogeneous
variation of density in the amorphous structure.

6. Discussion

It was clearly seen from the SAXS data that the
amorphous alloy Fe—P—C contains two different
scattering regions. The major one corresponds to
scattering from the crystalline particles. The minor
one, which appeared mainly during early ageing at
lower temperatures as well as in the as-splatted
specimen, was recognized as a kind of precursory
substructure occurring prior to crystallization. A
more quantitative discussion about the structure
of amorphous alloys on the basis of the present
results will be given later.

According to the temperature—time—transition
diagram of the FegyP3C, alloy reported by Masu-
moto and Kimura [5], the present crystalline
phase, for example, which appeared after ageing at
663K for 400 min, should correspond to MS II.
However, the present phase is in dimension and
structure quite different from both MS I and MS IL.
Perhaps it is possible for the transformation
sequence to follow another path, because the alloy

composition contains less Fe than that examined
by the earlier authors [5]. The morphology of the
present crystalline phase was very similar to the
crystals observed in the alloy Ni—Fe-P-B by
Walter er al. {17]. They reported that in the early
stage of crystallization, the crystals were single
phase and consisted of a collection of twinned
plates and spheroids about 10nm across. On the
other hand, the present crystalline material was
suggested to have a two-phase structure with
different compositions, because the SAXS inten-
sity was explained well by this two-phase fine
structure, as discussed in the previous section.

In the specimens aged at relatively low tempera-
tures as well as the as-splatted specimen, a weak
diffuse scattering was observed prior to precipi-
tation of the crystalline phase. As seen in the
previous section, the central scattering region
causing SAXS intensity had a dimension of 1.8 to
2.4nm on average and was accompanied by a long-
distance correlation reaching up to 20 nm. Since
such regions should be distributed over the entire
specimen, the deduced fluctuation of electron
density with a minimum difference of 1.7% is
small enough to be consistent with a variation of
density in a local scale. Here an alternative mech-
anism could be suggested in order to consider the
weak diffuse scattering. One is the spinodal
decomposition, the appearance of which was
reported in the amorphous Pd—Au—Si alloy by
Chou and Turnbull [11]. But in the present Fe—
P—C alloy it was concluded that the mechanism
did not occur, because firstly no well-defined
concentration waves were found during ageing
and secondly the negative correlation did not
appear.

The most possible mechanism is the local order-
ing of atomic configuration, where a movement of
metalloid atoms may also occur over a short range
in order to obtain a preferred co-ordination and
homopolar bonding. It would be expected that an
inhomogeneity of number density and a resultant
change of electron density would occur locally in
the matrix, As is well known [18], there are two
proposed models for the amorphous structure.
One is the microcrystalline model. From the pres-
ent SAXS data, the quantitative ratio of boundary
regions should be comparable to that of smail
randomly distributed crystallites, the external
form of which has no spherical symmetry. The
other model is the topological one, which is often
called the dense random packing model. The small-
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est unit is the tetrahedron consisting of a close-
packed structure and these units are irregularly
and continuously arranged. When this is the case,
the assembly of those fundamental units should
distribute randomly in space with an average size
of 1.8 to 2.4 nm, Giessen and Wagner [19] defined
a value 7, beyond which the short-range order
disappears. In the Fe--P—C system, r, is 1.5 and
1.1nm [18] for the amorphous and liquid state,
respectively. Double this value is quite similar to
the present average size of scattering region. How-
ever, these regions will have irregular shapes,
elongating in a particular direction in space. As
mentijoned above, even in the limited information
from the SAXS data, the topological model for
the local ordering of atomic configuration was
suggested to reasonably express the amorphous
structure.

7. Conclusions

Above the crystallization temperature, precipi-
tation began rapidly and tended to saturate after
a short time ageing. At 763K, the precipitated
particles, which were proved to have a sharp inter-
face, had an average Guinier radius of 9.8 to 12.5
nm during ageing for up to 1000 min.

Below the crystallization temperature, the crys-
talline particle, which was very similar to a poly-
meric axialite, appeared after an incubation period
depending on the ageing temperature. It was con-
cluded to have a two-phase lamellar structure,
from TEM observation and X-ray analysis. The
lamellar thickness remained constant at about 5 t
1 nm during ageing, and the inter-lamellar distance
was 3 to 5 times the lamellar thickness in the regu-
lar packing region.

The weak SAXS intensity observed in the
amorphous state suggested an inhomogeneity of
amorphous structure, From the analysis of corre-
lation function on an absolute scale, a local order-
ing of atomic configuration was concluded to take
place prior to crystallization during ageing. Its

952

region was quantitatively estimated to have an
average size of 1.8 to 2.4 nm and have no spherical
symmetry.
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