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Microstructures of dynamically undercooled (melt spun) Fe-base alloys characterized by a
post-dendritic needle-like growth morphology were shown to be essentially identical to
those of bulk undercooled samples with �T > 190–200 K. Nonequilibrium crystallization is
accompanied by the formation of internal stresses and defects which can lead to relaxation
processes (polygonization, recrystallization) during the cooling procedure changing the
asquenched microstructure. The mechanism and degree of these transformation processes
are determined by the level of frozen-in microstresses, the cooling rate in the solid state,
and the lattice structure of the alloys. C© 2002 Kluwer Academic Publishers

1. Introduction
A variety of microstructures, equiaxed and columnar
grain, cellular, dendritic and post-dendritic, has been
observed across rapidly quenched ribbons independent
of the solidification method used. They are the result
of either the actual local solidification process, post-
solidification transformations, or both. The local so-
lidification can be well described by thermal process
models which include local differences (lift-off) and
time dependence (shrinkage during wheel contact) of
the heat transfer coefficient and thereby prescribe the
field of local interface velocities and effective diffusion
length in the solid state across the ribbon [1]. Solid-
ification during rapid quenching of ribbons has been
treated both as a growth into a undercooled melt (neg-
ative temperature gradient ahead of the interface) and
of steady-state growth into a melt with a positive tem-
perature gradient [2, 3]. To elucidate this question im-
portant for microstructural control during ribbon for-
mation, comparisons were made of the microstructure
and solidification behaviour of melt spun ribbons and
bulk undercooled alloys. Until now, the reported results
are contradictory. For example, it was concluded in [4]
from an extensive study of the microstructure of chill
block melt spun Ni-Mo-alloys underwell defined exper-
imental conditions pertaining to wheel speed and alloy
composition, that at least for the observed cellular struc-
ture, solidification is due to the growth in a positive tem-
perature gradient. On the other hand, it was interpreted
[5] the similarity of the microstructures in melt spun and
bulk undercooled Cu-Ni-alloys as an experimental ver-
ification of the growth of the solid/liquid interface in an
undercooled melt. Using a piston and anvil splat cool-
ing technique, it was reported [6] temperature measure-

ments during the cooling procedure which show high
initial undercooling of the melt prior to solidification.
Furthermore, the abrupt transition from a well-known
needle-like structure in bulk undercooled samples to
an equiaxed fine-grain structure [7–13] following pro-
nounced initial bulk undercooling is discussed in the
literature as either a steep increase in the nucleation rate
in the melt or, alternately, a post-solidification transfor-
mation.

In the present paper the results of a comparative study
of the microstructure of bulk undercooled and melt spun
ribbons are reported in analogy to the abovecited. Fe-Si-
and Ni-Si-alloys were selected because of the different
crystal structure of the solid solutions and the technical
importance of Fe-Si-ribbons.

2. Experimental procedure
The master alloys were prepared from hydrogen-
purified iron (99.99%), electrolytic nickel (99.99%) and
semiconductor grade silicon by radio-frequency induc-
tion melting in alumina crucibles under an inert atmo-
sphere. The same arrangement was used to undercool
samples of about 40 g under a Mo-glass slag. Further
details are given in [14]. The temperature of the melt
was followed by thermocouples with a relative accu-
racy of ±10 K. The average composition of the master
alloys and of the rapidly quenched ribbons was con-
troled by X-ray fluorescence analysis. The planar flow
casting (PFC) process using quartz nozzles with rect-
angular slits (0.6 × 12 ÷ 0.8 × 12 mm2 at a distance
of 100–400 µm over the wheel was used for ribbon
preparation in air (copper and steel wheel) or under
an atmosphere of CO2 (steel wheel) for a reduction
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of lift-off. Furthermore, ribbons were produced by a
double roller technique (DRT) [15] equipped with steel
wheels and operating in air. The nominal silicon con-
tent of the iron based ribbons was 6.5 wt%Si. Circum-
ferential speed of the wheel(s) were varied between
3 and 30 m/s (PFC) and 1 and 12 m/s (DRT), resp..
The macro- and microstructures of different cuts of the
ingots or the ribbons were studied by optical metallog-
raphy after a mechanical grinding and polishing proce-
dure and etching in 5 mol alcoholic HNO3. The level
of microstresses of the solidified specimen was char-
acterized by X-ray profile analysis using the {200}α-
and {400}α-reflexes and Ni-Kα-radiation for Ni-alloys
and {110}α- and {220}α-reflexes and Fe-Kα-radiation
for Fe-alloys, respectively.

3. Results and discussion
3.1. Bulk undercooled melts
At low and medium undercooling �T , solidification
of Fe-Si and Ni-Si-alloys is characterized by an usu-
ally dendritic structure with decreasing characteristic
dimensions with increasing �T . Crystallization of the
whole undercooled volume is initiated by a single nu-
cleus if supercooling is higher than about 50–60 K.
This is concluded from the radial distribution of the
dendrites emanating from a single nucleation centre
(Fig. la). For �T ∗

c > 190 K a transition from the den-
dritic to a simpler cylindrical, needle-like growth mor-
phology without secondary branching is observed for
Fe-5 wt%Si and Ni-3.7wt%Si-alloys (Fig. lb). Above
a second alloy-dependent critical supercooling �Tc an
abrupt transition from needle-like to a fine equiaxed
poligonal grain structure occurs in resolidified pure
nickel and Ni-Si-samples. Twins similar to annealing
twins in fcc metals are observed (Fig. lc). A correspond-
ing transition at �T > �Tc was reported in [5, 7–13,
20] for pure Ni, Ag, Pd and Cu and their single-phase
binary alloys (fcc structure). But in contrast to [7–9] the
observed abrupt transition to a spherical microstructure
at �T > �Tc for Ni and its alloys is not explained by
a pressure-enhanced nucleation but by secondary pro-
cesses, especially by primary recrystallization during
the cooling procedure after recalescence. At the same
time we assume that significant contribution in trans-
formation of primary structure can be introduced by
processes of dendrite structure coarsening by mecha-
nism of dendrite trunks fragmentation, remelting and
secondary branches coalescence as well. These pro-
cesses have been considered in [21–24] both theoreti-
cally and experimentally. However we did not observe
such processes in Fe-5wt%Si-samples supercooled up
to the maximum attainable �T ≈ 300 K. (cooling rate
10 K/s). Again, the lateral dimensions of the needle-like
structure decreased with increasing bath undercooling
(Fig. 2). These general features of structure evolution
as a function of bath undercooling agree well with the
literature [5].

The recrystallization mechanism of structure refine-
ment in Ni and its alloys is confirmed by the concentra-
tion dependence of �Tc given in Fig. 3. �Tc increases
from 145 K for pure Ni to 225 K for Ni-3.7wt%Si
because of the wellknown influence of solutes to

Figure 1 Microstructure of bulk undercooled samples, 1a, b:
Fe-5wt.%Si; �T = 270 K, lc: Ni-3.7wt.% Si, �T = 240 K.

Figure 2 Average linear dimension of the needle-like structure (d) as a
function of bath undercooling (�T ) in Fe-5wt%Si-samples.
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Figure 3 The dependence of the critical bath undercooling (�Tc) on the
Si-content in Ni-Si-alloys [16].

reduce recrystallization kinetics. Therefore, region of
supercoolings characterized by preservation of primary
structure is extended in Ni-alloys. This is the reason
why in Ni-(2.0–3.7)wt%Si at �T > 190 K the needle-
like structure was formed whereas in pure Ni and
Ni < 2.0wt%Si-alloys branched dendrites are observed
up to �Tc, only. Since recrystalization in bcc alloys in
contrast to fcc alloys ones is hindered, needle-like struc-
ture, which forms in Fe-5%Si at 190 K, remains up to
maximum �T = 300 K and no structure refinement oc-
curs. The same behaviour was found for single-phase
Fe-Sn, Fe-Mo and Fe-W-alloys [25].

Described above transition from dendritic struc-
ture to needle-like (spherulitic) one was observed for
the first time during investigation of morphology and
kinetics of cyclohexanol crystals growing from super-
cooled melt [26, 27]. Crystal rounding occured for this
is treated in the theory [28] as transition to steady-state
growth at �Thyp = �Hf/Cp (�Hf—enthalpy of crys-
tallization, Cp—specific heat capacity), or at achieve-
ment of maximum growth rate Vmax on the dependence
V (�T ) [29]. Investigations carried out by us in [30] on
succinonitrile model alloys with 10, 15, 30, and 48 wt%
of salol have shown that independently from salol con-
centration at the same �T ∗

c = 15 K transition occurs
also to macroscopically rounded spherulitic growth
form though both �Thyp = 45 K and Vmax don’t be
achieved for this. These results in totality with obtained
ones on metallic alloys [14, 16–22, 25] give evidence
that degeneration of dendritic growth form and for-
mation of needle-like (spherulitic) structure at �T ∗

c
is general rule of solidification of typical metals and
other low-entropy substances under highly nonequilib-
rium conditions. It should be noted also that kinetics of
succinonitrile crystal growth in the whole investigated
temperature region (up to �T = 20 K) is described by
dependence V = K (�T )n where n decreases appropri-
ately from 2,4 (succinonitrile) to 1,5 (48 wt% of salol)
reflecting hindering effect of the second component on
crystal growth. This contradicts to data [31–33] accord-
ing to which character of dependence V (�T ) for met-
als and alloys investigated in these works changes from
exponential with n = 3 to linear at �T = 170–190 K.
This is possibly connected with fact that fast-acting reg-
istration apparatus used in these works gives only aver-
age information about shift of the whole crystallization
front but not tip of dendrite or needle.

3.2. Rapidly quenched ribbons
Fig. 4a and b show optical micrographs of longitu-
dinal sections of ribbons spun by PFC and DRT on
steel wheels, respectively. Fig. 4c gives a schematic
representation of the thickness dependence of the mi-
crostructure for PFC-ribbons. In full agreement with
other investigators [34–36] two types of grain structure
were found:

– a very thin (1–3 µm) layer parallel to the wheel
surface with an equiaxed structure,

– columnar grains emanating from the equiaxed chill
region and growing normal for some distance from
the wheel before bending toward the direction of
ribbon formation (PFC) or without any preferential
orientation (DRT).

Inside the columnar grains a well pronounced needle-
like structure is observed reaching up to the free sur-
face of the ribbons (Fig. 5) which is very similar to
that of Fe-Si-samples solidified after bulk undercool-
ing with �T < �T ∗

c . The needlelike structure exhib-
ited the same curved behaviour in the columnar grains
in PFC. In DRT-ribbons the needles did not show this
bending at all. The equiaxed chill layer is free from den-
drites. Compared with Fig. 2, the characteristic linear
dimensions of the needle-like structure of the ribbons
measured perpendicular to the needle axis is signifi-
cantly lower. Its dependence on the ribbon thickness
(PFC) and the half thickness of ribbons (DRT), resp.,
is given in Fig. 6 for Fe-6.5 wt%Si. Using the d(�T )-
dependence in Fig. 2 and the measured range for the
ribbons (0.7–1.5 µm) a bath undercooling of the melt
in rapid quenching around �T ≈ 400 K is estimated.

The average grain size D̄1 (see Fig. 4c for definition)
as a function of the ribbon thickness (PFC) or the half
thickness (DRT), resp., is shown in Fig. 7. Some results
taken from the literature are included for comparison.
As can be seen, D̄1 seems to increase approximately
linearly up to h = 30 µm for PFC-ribbons. Then, in-
side the columnar grains with needle-like substructure
smaller polygonal grains became visible which proba-
bly exibit a higher density near the wheel surface of the
ribbon. The average diameter D̄2 (see Fig. 4b) of these
“secondary” grains increases with increasing thickness
of the ribbon. At the same time the needle-like structure
disappears due to homogeneization of the microsegre-
gation connected with the dendritic growth morphol-
ogy. It follows that for h > 30 µm the observed mi-
crostructure is the result of the solidification process
as well as of post-solidification transformation. The
above-described formation of a secondary grain struc-
ture in as-quenched ribbons of Fe-6.5wt%Si is very
similar to the structure refinement observed in super-
cooled pure and Si-alloyed Ni at �T > �Tc.

At this point the driving forces for the autonomous
solid state transformation process must be discussed.
Obviously, rapid solidification will result in a higher
density of dislocations, excess vacancies [37], and inter-
nal stresses caused by inhomogeneous solute distribu-
tion and complex temperature fields during the cooling
compared with equilibrium solidification. With a fur-
ther increase of bath supercooling �T these internal
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Figure 4 Micrographs of longitudinal sections of Fe-6.5wt.% Si-ribbons prepared by PFC (a) and DRT (b), resp., and schematically for PFC (c).

stresses can reach a critical value and cause recrystal-
lization during the cooling procedure.

Indeed, in a previous paper [18] it was shown that in
Ni-3.7wt%Si the second-order internal stresses charac-
terized by �a/a increase with increasing supercooling
(Fig. 8) up to �T ≈ 225 K, followed by an abrupt de-
crease to stress levels typical for well-annealed mate-
rial. At the same time the transition from needle-like
to spherical structure took place. A further increase of
the bath supercooling did not alter the stress level in the
resolidified samples. In contract to this behaviour, but

in agreement with the above-mentioned microstructural
peculiarities (absence of the spherical structure), �a/a
for supercooled Fe-5wt%Si monotonically increased
with increasing bath supercooling (Fig. 8). The differ-
ent initial slope of �a/a = f (�T ) for Fe-Si can be
attributed to a stress reduction due to dynamical recov-
ery (polygonization) preceding recrystallization, which
is often observed in bcc alloys. Subgrain boundaries ar-
ranged approximately perpendicular to the needles can
be regarded as an experimental verification of a rear-
rangement of dislocations.
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Figure 5 Micrograph of the free surface of a Fe-6.5wt.% Si-PFC-ribbon
(h = 35 µm).

Figure 6 Average linear dimension of the needle-like structure (d) as a
function of the thickness of the ribbons.

Figure 7 Average grain size perpendicular to the normal of the ribbon
(D) as a function of the thickness (partly taken from [34]).

In Fig. 9 �a/a is shown as a function of the ribbon
thickness for PFC using two different wheel materials.
The maximum lattice distortion is correlated with the
thinnest ribbon which can be described by the largest
bath undercooling (see Fig. 4). �a/a decreases steeply
with increasing thickness of the ribbons. The maximum
�a/a for ribbons is significantly higher compared with
bulk supercooled samples, in agreement with the pre-
dicted higher supercooling. Comparing Figs 7 and 9
one can conclude that the level of internal stresses at-
tainable by rapid quenching and the thickness depen-
dent cooling characteristics allow for a recrystallization
of the primary grain structure (grain refinement) if the

Figure 8 Dependence of internal stresses characterized by �a/a as a
function of bulk undercolling for Fe-5wt.%Si and Ni-3.7wt.%Si-alloys.

Figure 9 �a/a as a function of the ribbon thickness (h) for Fe-
6.5wt.%Si-ribbons.

thickness of the ribbons is in the range h = 30–40 µm.
In spite of the high level of internal stresses for thin-
ner ribbons, the ribbon residence time at temperatures
sufficient for noticeable recrystallization is too small.
Connected with this the ribbon usually exibits a well
pronounced curvature parallel and perpendicular to the
axis of the ribbon. The superposition of primary and
secondary structures, the degree of which surely de-
pends on the actual conditions of ribbon formation, will
result in a very complex inhomogeneous grain struc-
ture. If this grain structure is to be described by an
average grain size D̄ one must keep in mind that it is
given by D̄ = (	Di

1 + 	Di
2)/(n1 + n2), where n1 and

n2 are the numbers of primary and secondary grains and
Di

1 and Di
2 their dimensions, resp. At a small thickness

of the ribbon (h < 30 µm), n2 = 0 is valid because of
the absence of recrystallization, and the average grain
size is then determined by the primary grain size only.
In the transition range (30–50 µm), average grain size
D̄ will decrease because of Di

1 > Di
2, leading to a min-

imum in the function D̄(h). Then, with a further in-
crease of h, n1 turns to zero and Di

2 increases, D̄ is than
determined by the grain size of the recrystallized struc-
ture. For h, h/2 > 70 µm, the primary structure is fully
transformed. With the above-mentioned arguments the
dependence of the average grain size on the thickness
of the ribbons given in Fig. 7 can be explained.

The attainable �T and the cooling characteristics
to room temperature determining the resulting mi-
crostructure of ribbons depend on many technological
and technical parameters like superheating of the melt,

4667



wetting behaviour, heat transfer coefficient, length of
ribbon/wheel contact. Preparing, for example, a PFC-
Fe-6.5wt%Si-ribbon under an atmosphere of CO2, the
lift-off could be almost totally avoided. This leads to a
microstructure characterized by a smaller average grain
size and needle diameter which transforms at greater
thicknesses as compared with a ribbon with a high den-
sity of lift-off.

4. Summary
Microstructural features of rapidly quenched
Fe-6.5wt%Si-ribbons prepared both by a planar flow
casting and double roller technique were compared
with those of resolidified bulk undercooled Ni-Si- and
Fe-Si-alloys. The following conclusions can be drawn
from this investigation:

– Solidification of melt-spun ribbons is due to growth
of the solid in an undercooled melt (similarity of
microstructures).

– The bath undercooling prior to solidification of
the ribbons is greater than the maximum under-
cooling attainable in bulk undercooling experi-
ments (smaller linear dimensions of the compa-
rable needle-like structures).

– Solidification at rapid quenching is connected with
the formation of internal stresses, which can lead to
secondary reactions in the solid like recrystalliza-
tion during recalescence and cooling down to room
temperature (existence of a critical bulk undercool-
ing for the transition to spherical microstructures).

– The extent of secondary reactions depends on the
post-solidification cooling procedure and leads to a
thickness dependence of the microstructure of the
ribbons.

– Formation of needle-like (spherulitic) structure is
law of solidification under highly non-equilibrium
conditions independently from method of their re-
alization and don’t connected with transition to
steady-state growth.
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