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RAPID SOLIDIFICATION MICROSTRUCTURES IN AUSTENITIC Fe-Ni ALLOYS

T+ * +
C. Hayzelden , J. J. Rayment and B. Cantor
Schbo] of Engineeriné & Applied Sciences
University of Sussex, Brighton, Sussex, UK

 ABSTRACT

The micrbstfuctures of rapidly solidified austenitic Fe-Ni alloys
have been investigated;by a combination of scanhing and transmission
é]ectron microscopy, X-ray diffraction and X-ray microanalysis. Tempera-
‘ture measurements during rapid sd]idification,have been used to interpret
the results. Rapid solidification is shown to be a non-Newtonian cooling
process, with high 1iquid undercooling before the onset.of solidification,
followed by adiabatic recalescencewhile solidification takes place.
Detai]edacomposition measurements provide direct evidence that high liquid
_.undercooling causes massi?e segregétion-free.so]idification, but
recalescence can produce a breakdown in the later stages of so]idification

to a-cellular, segregated solidification structure.

INTRODUCTION
In recent years, there has been considerable scientific and technologi-

cal interest in using rapid solidification processing, with cooling rates

5 1

during solidification of > 10° K s” ', to produce new microstructures and
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improved'propertiés in a variety of metallic alloys (1-4). Although much
emphasis has been p]éced in the Titerature upon the study ofg]assymeta]s,
it is only lately that rapid solidification of érysta]]ine metals has begun
to be investigated in similar detail. In general, it hasvproved quite
difficult to predict or interpret the microstructures of rapidly solidified
crystalline alloys. There are several reasons for this: (a) the difficulty
of measuring cooling rates during rapid solidification (5,6); (b) the
inherent yériabi]ity of many rapid solidification processes (5); (c) the
difficulty of resolving fine-scale rapidly solidified microstructures (7,8)
and (d) the complex alloy systems which often have been studied, such'as *

~ high-speed tool steels (9) and nickel-base superalloys (7).

The-objective of the present work was to investigate microstructures
and segregation patterns in a Simple binary alloy system after rapid
solidification under conditions of knowqh;ooling rate. The alloys which-
were studied were'éUSfeﬁitiE Fe;Ni, andIEWO rapid solidification techniques
were used, two-pistonrquenching (TPQ) and melt-spinning (MS). Cooling
rates during two-piston quenching were measured withva rapid response
thefmocoup1e embedded in one of the pistons, and cooling rates during
melt-spinning were measured by calibrated colour photography. Austenitic
Fe-Ni solidification microstructures were characterised by a combination-
of X-ray diffraction, microhardness testing, scanning electron microscopy
(SEM), conventional and scanning transmission electron microscdpy (TEM
and STEM), and wavelength and energy dispersive X-ray spectroscopic'f

analysis (WDS and EDS).

EXPERIMENTAL TECHNIQUE

Ingots of Fe-25, 30, 35 and 40%Ni were prepared by induction-melting
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99.99% pure Fe and Ni in recrystallised alumina crucibles under a dynamie
argon atmosphere. Two-pistdn quenched Fe-25%Ni specimens were obtaihed
Lnder an argon atmosphere by 1evitation-me1ting’indivjdual samples of
between 0.5-0.8g, followed by quenching between two magnetically-accel-

]. The

erated, polished copper pistons with a closing velocity of 13ms”
details of this TPQ technique have been described e]seWhere‘(5,10). The
resulting TPQ specimens were thin dises, typicdl]y 20-30mm in diameter

and 60-100um thick. MS Fe-30, 35 and 40%Ni specimens were obtained under
a helium atmosphere by induction-melting individuai samples of between 5-
10g in quartz nozzles with an orificevdiameter of Tmm, followed by
ejection with a helium overpressure of. 8psi onto the surface of a polished
copper drum, rotating with a surface speed of»28 ms'], The reéu]ting MS
specimens were thin ribbons, typically 1.5-2.0m long, 2-3mm wide, and
40-80um thick.

The TPQ cooling rates have been measured previously (5;11) during
rapid solidification of TPQ pure Fe specimens, using an oscilloscope to
monitor the output of a rapid-response thermocouple embedded in one of
the copper pistbns. Full details of thfs precedure have been described
elsewhere (5,12); MS coo]ihg kates were measured from co]ouk photographs
during rapid solidification of MS pure Fe and Fe-26%iNi-2%Mn ribbons.
Co]our-temperature calibration was obtained as follows. The Fe‘ribbon
was subsequently resistance-heated in the.same helium atmosphere used
for me]t-spinning,~the ribbon temperature was monitored with e pyrometer,

and the ribbon was rephotographed at different temperatures with the

same film used during melt-spinning. This colour-temperature calibration

" was used to convert the colour variation along the ribbon during



melt-spinning into a temperature distribution, and cooling rates were

then calculated from the ribbon velocity of 28ms'].
" The phases present in TPQ and MS specimens were determined by X-ray

diffraction using Mo K, radiation on either a Siemens diffractometer or

a Huber-Guinier camera. Both TPQ and MS specimens were polished to Tum

diamond and etched in 2% nital for (a) SEM microstructural examination

" and WDS bulk composition analysis on a JEOL JSM35C micfoséope fitted with

a vertical X-ray spectrometer, and (b) Vickers microhardness testing on

a Leitz optical.microsc0pe using low loads to prevent stress relaxation

near specimen edges. Other TPQ and MS specimens were jet-electropolished

in 20% perchloric acid/80% methanof for TEM and STEM microstructural

examination and EDS segregation analysis on a JEOL 120C microscope fitted

with a Link Systems 860 x;ray detector and analyser.

For WDS bulk composition measurements, compositions were calculated

from:

[e]
CFe - kINFe/NFe (1)

c

I AT (2)

where CFe and C,. are specimen weight fractions of Fe and Ni, NFe and NNi

Ni
are number of X-ray counts in Fe and Ni K peaks in a specimen X-ray
spectrum after computer-fitting to subtract background counts and to allow
o o

Fe and NN

'Ni standards obtained under identical conditions. Values of k1 and k2

for peak overlap, and N ; are equivalent counts from pure Fe and
were calculated iteratively using standard methods for atomic number,
absorption and fluorescence corrections.

Energy Dispersive Spectroscopic analysis was used for high-resolution

measurements of fine-scale composition variations within a given TEM

=



- was in the range 4 x 10

falling to 7 x 10° = 2 x 10

specimen. 'These measurements werequfte difficult. The X-ray detector

was in the specimen plane of the TEM, so with zero specimen tilt or a

fhin specimen, the X-ray count rate was too low for good counting
statistics. On the other hand, with a high tilt angle or thick specimen,
the region of X-ray generation became too large for good resolution. For
low experimental scatter and acceptable resolution, specimen thicknesses
were between 100-300nm, fi]t angles were between 20-30°, and the resolution

was “v50nm. Compositions were calculated from:

Co. + Cpps =1 (3)

Fe N1

Cre/Oni = Kalpe/Myy (4)

where equation (3) assumes an impurity-free specimen, and the value of k3
was' computed iteratively allowing for detector efficiency, atomic number
and absorption corrections. Unlike the WDS analysis, the EDS analysis

correction procedure was not suitable for absolute composition measure-

ments, because of the difficulty of estimating specimen thickness for

the absorption correction. However, this source-of error in calculating
k3 was insignificant for measuring relative variations in composition

over small regions of a given TEM specimen.

RESULTS
Table 1 shows the results of the cooling rate measurements. Under

the conditions used to prepare austenitic TPQ Fe-25%Ni, the cooling rate

6 _ 107 ks at 1500°C (near the melting point),

1

b

K s~' at 1000°C. Under the conditions used

to preﬁére MS Fe-30, 35 and 40% Ni, the ribbons Tost contact with the
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copper drum at a temperature of ~1100°C. While in contact with the drum,

between 1600 - 1100°C, the mean cooling rate was 5 x 10° K s-],
approximately one order of magnitude lower than the TPQ technique. After
leaving the drum, between 1100 - 900°C, the cooling rate dropped sharply

], approximately two orders of magnitude Tower than the TPQ

to 10 K's
technique. _
Chemical compositions of rapidly-solidified TPO and MS specimens
were measured by WDS analysis on the SEM, and the results are given in
Tabie 2. X-ray diffraction showed that all TPQ Fe-25%Ni and MS Fe-30,
35 and 40% Ni specimens were fully austenitic at room temperature, and
this was'further confirmed by electron diffraction in the TEM. Micro-
hardness results are also included in Table 2. In agreement with
previous work (8), TPQIaustenitic_Fe—ZS%Ni had a microhardness of “270Kg

mm"z, and MS Fe-30, 35 and 40% Ni had lower microhardnesses of 150-175

kg mm~2, _

Figures 1 and 2 sﬁow typical TEM micrographs from TPQ Fe-25%Ni speci-
mens. In some regions, aé shown in Figure 1, the microstructure consisted
of fine-scale equiaxed austenite grains. In other regions, as shown in'
Figure 2, the austenitic grains héd convoluted grain boundaries, aﬁd
appeared to contain low-angle dislocation sub-boundaries. Although
equiaxed austenite grains were seen in several areas of different specimens,
the majority of electron tran;parent areas which were examined contained
irregular austenite grains as in Figure 2.

Figures 3 and 4 show typical TEM micrographs from MS Fe-Ni ribbons.

In order to investigate the early stages of solidification near the

surface of the copper drum, some of the TEM specimens were prepared by



]

jet-electropolishing after the top surface of the ribbon had been removed
by grinding. The resulting microstructure cbnsisted of fine-scale
equiaxed austenite grains as shown in Figure 3, very similar to the
equiaxed austenite grains in Figure 1 found in TPQ specimens. In order
to investigate the later stages of solidification, some of the TEM
specimens were prepared by jet-e]ectropolishing after the bottom surface
of the ribbon had been removed bngrinding. The resulting microstructure
again consisted of fine-scale equiéxed austenite grains, but the austenite
grains contained an internal cel]diér’structure as shown in Figure 4.
Selected area diffraction, confirmed that adjacent cells formed part of
a single austenite grain. When TEM specimens were prepared without any
prior removal of the ribbon by grinding, the microstructure was variable,
sometime consisting of cellular austenite grains as in Figure 4, and
sometimes consisting of non-cellular austenite grains as in Figure 3.

In general, the austenitic Fe-Ni specimens were difficult to etch
for the SEM. However, Figure 5 shows a typical SEM micrbgraph from a
throdgh thickness cross-section of-an MS Fe-Ni ribbon. The austenite grajns

and internal cells were both columnar and, as expected from the TEM

‘micrographs, internal cells were onjy present near the top surface of

the ribbon. The onset of the ce]lg]ar'structure varied in the position
between 1/4 - 1/2 way through the thfckness of the Fibbon. Internal cells
were not seen in TPQ Fe-25%Ni specimens.

The diameters of columnar austenite grains and internal cells were
measured by a line intercept method, using TEM and SEM micrographs such
as Figures 1-5. Table 3 shows the range of results obtained from a large

number of measurements from different rapidly solidified specimens. In



TPQ specimens and near the bottom surface of MS ribbons, the austenite:
grains were “Z2;m in diameter. Near the top surface of the MS ribbons,
the austenite grain size increased slightly, with internal cells ~lym
in diameter. Dislocation density measurements are also shown in Table
3. In TPQ specimens, the dislocation density was %10]5 lines m'z,
whereas in MS ribbons: the dis]ocatibn density was lower, %10]2 lines
m°, in agreement with the different microhardness values in Table 2.
When the austenite grains-contained internal cells, there was a tendency
for the dislocations to decorate the cell boundaries. This is shown in
Figure 6, where the same region as in Figure 4 has been imaged at a
slightly different tilt angle. |

Orientations of adjacent austenite grains were investigated by
analysing Kikuchi-line patterns obtained by selected area diffraction in
the TEM. Figures 8 and 9 show typical sets of results for TPO and MS
specimens. The stereographic projections in Figures 7(b) and 8(b) show
the relative orientations of unit stereographic triangles from each of
the austenite grains marked in Figures 7(a) and 8(a) respectively. This
investigation was repeated in many specimens, and in general the austenite
gréins had fairly random orientations, and were usually separated by high-
angle grain boundaries. As can be seen in Figure 8 however, there was
sometimes evidence for a slight <100> texture through the thickness of(
both the TPQ discs and MS ribbons. In addition, low-angle grain boundaries
were occasionally detected, as-shown for instance by the similar orienta-
tions of grains 3, 7 and 8 in Figure 7 and grains 2 and 4 in Figure 8.

Table 4 shows composition measurements obtained by EDS and analysis

from a series of cellular austenitic regions near the top of different
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MS Fe-Ni specimens. Many point compositions were measured in each region,
and Table 4 quotes in each case the mean cell boundary and mean cell
centre compositions, together with their respective standard deviations.
The data in Table 4 appear to disagree with the WDS analyses in Table
2, but as mentioned above, no attempt was made to calibrate the EDS
analysis method for absolute composition measurements. The significant
feature of Table 4 is that in all specimens the Ni concentration at
cell boundarfes was greater than at cell centres, although the composition
difference was small, <1%, almost Tost within the experimental scatter.
While, therefore not entirely conclusive, the results do indicate that
the cellular microstructure in MS austenite grains is associated with Ni
segregatibn into the cé]] boundaries. Similar experiments on TPQ
specimens and on non-cellular regions of MS ribbons showed no evidence
of consistent variations in Ni concentration, and individual point
measurements of composition were always ﬁcattered randomly in a given
specimen, within a standard deviation of 0.5-].0%.
DISCUSSION

Consider a thin para11e1—sided specimen; cooling with one face in
contact with a cold substrate. The type of cooling experienced by the
specimen is determiﬁed by the relative magnitude of k, the specimen
thermal conductivity, k'; the substrate thermal cdnductivity, and the
prodﬁct hd,where h is the heat transfer coefficient at the specimen/
substrate interface, and d is the speéimeh thickness. When hd is much
smaller than k éhd»k', the specimen undergoes Newtonian cooling, with no
thermal gradients in specimen or substrate, and with tHe temperature

drop between specimen and substrate concentrated at the specimen/
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substrate interface. The rate of heat removal per unit area of specimen/

substrate interface is given by:

q=hT-T) = dof (5)

where T and TS are the instantaneous specimen and substrate temperatures,
p and C are the specimen density and spécific heat, and f is the
instantaneous specimen cooling rate. For a thick substrate, Ts_is
constant, so the specimen cooling rate is proportional»to its temperature
and both fall exponentially with time. For non-Newtonian cooling, thermal
gradients in specimen and substrate cannot be ignored, and thermal
diffusion equations must be solved in both specimen and substrate in ordér
to calculate the specimen cooling rate. In general, analytical so]utions
cannot be found. However, the mean specjmen cod]ing rate decreases more
rapidly with falling specimen temperature than would be expected from
the proportionality in Newtonian cooling indicated by equation (5). The
extreme case of non-Newtonian cooling is ideal cooling, when k and k' are
‘much smaller than hd. In ideal cooling, there is no effective resistance
to heat flow and no temperature drop at the specimen/substrate interface.
Other cases of non-Newtonian cooling afe referred to as intermediate
cooling. With 2-substrate cooling as in the TPQ technique, the comments
above still apply, but d should be taken as half the specimen thickness.

Wood and Honeycombe (12) have-suggegted that rapid solidification of
Fe- alloys always takes place under Newtonian conditions of cooling. How-
ever, the results in Table 1 are clearly non-Newtonian, since TPQ
specimen cooling rates are not proportional to specimen temperature.
Numerical solutions to specimen and substrate thermal diffusion equations

have been obtained by Ruhl (13) for an Fe specimen on a copper substrate



-11-

and are also applicable to an Al specimen on a copper substrate (14).
Ruhl's calculations have been used to plot mean specimen cooling rates
versus specimen thickness, for comparison with measured cooling rates in
rapidly ‘solidified Al (14) and Fe (15) alloys. This plot is shown in

~ Figure 9, together with the results in Table 1 and previous data for Al
and Fe alloys (14, 15). In general agreement with the previous results,
TPO and MS Fe-Ni specimens undergo intermediate coo]ing, with a heat

5 100 wm? ¢!,

transfer coefficient of 10 K

Conventionally solidified Fe-Ni alloys are only austenitic at room
temperature when the Ni content is >30%; with lower Ni content, the as-
solidified austenite transforms to martensite or ferrite'during cooling
to room temperature (8,16). In TPQ Fe-Ni alloys, é combination of high
cooling rate and small as-solidified aﬂstenite grain size has been shown
to depress the transformation temperature, so that austenite is retained
to room temperature for Ni contents SZS%Ni (8,17,18). ‘A less marked
effect is found in MS Fe-Ni alloys because of the lower cooling rates
at low temperatures, and MS Fe-Ni alloys have been shown to be austenitic
at room temperatures with 329%Ni (19). The present work shows fully
austenitic microstructures in TPQ Fe—25%Ni.and MS Fe-30, 35 and 40%Ni,
and is therefore consistent with previous results.

Two-piston quenched Fe-25%Ni and MS Fe-30, 35 and 40%Ni consist of
columnar austenite grains extending through the thickness of the TPQ discs
and MS ribbons. This indicates that nucleation takes place on the surface
of the copper substrate, followed by columnar growth to consume the

remaining liquid. The columnar austenite grains have lateral dimensions

of a few microns, in agreement with previous investigations of rapidly



-12-

solidified Fe alloys (5,12,20), and exhibit a §1ight through-thickness
<100> solidification texture, as might be expected for either plane-front
or dendritic solidification near the nucleating surface (21).

There is no evidence of microsegregation in TPQ Fe-25%Ni specimens.
In MS Fe-Ni ribbons, a segregation-free zone extends from the bottom
surface to a position ™~1/4 - 1/2 way through the ribbon thickness; in the
remainder of each ribbon, the columnar austenite grains contain internal
columnar cells associated with slight Ni segregation into the cell
boundaries. In several other rapidly solidified alloys, a featureless
microstructure adjacent to the substrate has been interpreted as a
segregation-free solidification zone (18,22,23). However, the present
results are the first direct evidence that the initial stages of rapid
solidification in a single-phase alloy can take'place without micro-
segregation, and that this may either continue throughout the solidification
process as in TPQ Fe-25%Ni, or may give way to a cellular segregated
microstructure as in MS Fe-Ni ribbons. Previously published micrographs
of melt-extracted Fe-40%Ni (24) and TPQ Fe-25%Ni (25) also show a
segregation-free zone extending /4 - 1/2 way through the specimen thick-
ness, but the authors do not comment on this aspect of the microstructure.
In the previous study of TPQ Fe-25%Ni (25), both the measured cooling
rate, (6,26) and the extent of the segregation-free zone are smaller than
the present results for TPQ Fe-25%Ni, but similar to the present results
for MS Fe-Ni ribbons. This suggests that the extent of the segregation-
free zone increases with increasing cooling rate, but is not sensitive
to differences between TPQ ana MS rapid solidification techniques. This
is also borne out by the frequent Observatidn of a segregation-free zone

in thin areas of gun-quenched alloys (23), which are thought to solidify
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at very high cooling rates (14).

5 6

Strachan (26) has measured cooling rates of 10° - 10 1

Ks ' in TPQ
Fe-25%Ni, and detected liquid undercoolings of 50-190K before the onset
of solidification. The freezing range in Fe-Ni alloys is 20K between
~ 10% and 40%Ni, and at the high undercoolings reported_by Strachan,
solidification is likely to take place by a massive transformation
mechanism, with the solid which is forming having the same bulk alloy
composition as the liquid. Massive solidification is thermodynamically
feasible when the free energy of the solid is lower than the liquid,
i.e. below the To temperature, (approximately halfway between the liquidus
and solidus temperatures). The solid-1iquid interface temperature must
.faillsome way below T0 before massfve so1fdification is favoured
vkinetica]]y, and‘the transition point is somewhere between To and the
solidus témperaturé (27-30).

Latent heat of solidification is either removed by the cooling
substrate or causes recalescence of the solidifying material. For a
planar solidification front a.distance X from the substrate, conservation

of heat under Newtonian conditions gives (15);

LoX = h(T = T.) + doCT (6)
where L is the latent heat of solidification per unit mass, k is the
instanténeous solid-liquid intérface Ve]ocity,.and'f is now the
instantaneous average rate 6f increase of specimen temperatﬁre. With
Tinear so]idification'kinetics, k = M(TL - T) where M is the solid-liquid.

interface mobility and T, is the 1iquidus_temperature, and the

L
differential equation (6) can be integrated to give (15):
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X/d = B(AT, N - AT )Y (7)

where A = a/(1 + a), a = h/loM, B =b/(1 +a), b=C/L, AT=T

- AT) - ABATSQn{(AT - AATS)/(AT

LT

Lo TS, /\TN = TL - TN and TN is the temperature at the onset of
solidification i.e. the nucleation temperature. For pure Fe at high

3 3 ¢c=7913xg ' kY and L = 2.7x10°

w2k Vandm=01-1.0ms"
(32) gives-a‘m5x10'4 and b A3x1073 k™. The last term in eq (7) can then

AT =T
S

Kg m~
5

temperature, p = 7.38x10

1 -1

JKg~' (31). Taking h = 10~ - 10 K

be neglected so that:

X/d = b(AT, - AT) . (8)

N
This corresponds to adiabatic recalescence, with no heat removed from the

specimen during solidification.

Consider the present results on MS Fe-30, 35 and 40%Ni with a cooling

1

rate at the melting point of 5x105 K s ', together with previousresults

5 6

on TPQ Fe-25%Ni (25) with a cooling rate of 10° - 10% K-s™! (6.,26) and

previous results on melt extracted Fe-40%Ni. In each case, the onset of
segregation i.e. AT = 10-20K is when X/d = 1/4 - 1/2. Eq (8) indicates

that ATN = 93-187K, in gqod,agreement with Strachan's measured under-

5 6 1

coolings of 50-190K at a cooling rate of 10° - 10° K S '. The present

results show no microsegregation in TPQ Fe-25%Ni and eq (8) indicates

that ATN 343K, presumably as a consequence of the higher measured

cooling rate at the melting point of 4x106 - 107‘K s']. The estimated

nucleation undercoolings may be slightly larger when allowance is made

for 1iquid > austenite solidification in Fe-Ni compared with liquid

1 -1

ferrite solidification in pure Fe. Thus, C = 595 J K" K ' and L

5 1

3x10” J Kg~' at high temperature in austenitic pure Ni, and eq (8) then

indicates ATN = 135-270K for the MS conditions of X/d = 1/4 - 1/2 when
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AT = 10-20K. .A11owing for non-Newtonian conditions does not invalidate
}the use of eq (8), since cooling can only be slower with a given value of
h. However, non-Newtonian cooling will concentrate latent heat and therefore
recalescence in the region of the solid-liquid interface, building up a
temperature inversion ahead of the solid-liquid interface, and leading
to thermal rather than constitutional dendritic breakdown of the planar
solid-1iquid interface. This may explain the convoluted grain shapes
found frequently in TPQ Fe-25%Ni.

CONCLUSIONS

Cooling rate measurements indicate non-Newtonian cooling conditions

during rapid solidification, with a heat transfer coefficient of ]05 -

6 2 -1

10° W m™© K'. When austenitic Fe-Ni alloys are rapidly solidified, the

1iquid undercooling before the onset of solidification is more than 300K

at a cooling rate of 5x106 - 107 K s'], and 50-200K at a cooling rate of

5x]05 K s']. Solidification then takes place under conditions of

6 7 K s—]

adiabatic recalescence. At 5x10° - 10 , the resulting microstructure
consists'df segregation—free massively-solidified columnar grains, which
are a few microns in width and exhibit a slight <100> solidification
texture. Convoluted grain boundaries suggest that thermal dendritic break-
down may take place because of reca]éscence in the later stages of solidi- 4

5 K S-]

fication. At 5x10 , the resulting microstructure consists of an

initial region of segregation-freé.massiVely-solidified co]dmnar grains{
which are again a few microns in width, with a slight <100> texture, but
cellular breakdown in the later stages of solidification is caused by Ni

microsegregation during recalescence.
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.Solig?gggation Tﬁ?ﬁﬁlggg Cooling Rate (K s™)
Technique (pm) 1500°C 1000°C 700°C 500°C
Q 50 107 2x10° 9x10° | 3x10°
TPQ 00 4x10% | - 7x10° 10° |- ax10®
MS 40 5x10° 10% L -

Table 1: Measured cooling rates during rapid solidification
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| _Rapid Nominal Measured Vickers
| Solidification Composition | Composition Microhardness
Technigue (wt%Ni) (wtZNi) (Kg mm~2)
TPQ - 25 25.0 270
MS 30 29.4 170
MS 135 _ 34.3 150
MS 40 39.3 175
Table 2: Wave dispersive spectroscopic analysis of

compositions and microhardness values in

rapidly solidified Fe-Ni alloys.
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Rapid Austenite‘ . Dislocation
Solidification Grain Size | ‘el $1€ Density
Technique (um) L (lines m 2)
TPQ 1.0-3.0 ] 10'°
MS (bottom surface) 1.5-2.5 - 1012
MS (top surface) 2.0-6.0 0.5-1.5 1012

Table 3: Austenite grain size, cell size, and dislocation
~density in rapidly solidified Fe-Ni alloys.




EDS Analysis of Cell Centres and Boundaries
Nominal .
Alloy Take Number of Cell Number of Cell
Composition off Data Centres Data Boundaries
(wtaNi) Angle Points (wt%Ni) Points (wt2Ni)
30 38 10 28.7+1.5 8 28.9+1.9
30 25 17 27.040.6 18 28.140.9
35 20 15 32.9+0.9 21 33.3+1.3
35 25 6 32.2+1.2 10 32.7+1.3
35 25 7 32.240.9 10 32.5+0.8
40 25 12 38.6+2.3 15 40.6+1.8
Table 4: Energy Dispersive Spectroscopic analysis of compositiohs
at cell centres and cell boundaries in cellular austenitic

specimens from different melt-spun Fe-Ni ribbon specimens.
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FIGURE CAPTIONS

Transverée microstructure of columnar austenite grains in two -
piston quenched Fe-25%Ni.

Transversé microstructure of columnar austenite grains with con-
voluted grain boundaries in two pistonfquenched Fe-25%Ni.
Transverse microstructure of columnar austenite grains near the
bottom surfaée of melt-spun Fe-35%Ni.

Transverse microstructure of columnar austenite grains near the
top sufface of melt-spun Fe-35%Ni, showing a cellular segregation
structure within the austenite grains.

Through-thickness of melt-spun Fe-30%Ni. The solidification
direction is upwards, the black heavily-etched lines are
columnar austenite grain boundaries, and the light lines in the
upper half of the micrograph show columnar cells within the
austenite grains.

The same region as in Figure 4 after tilting s]ightly to image
dislocations in the right-hand grain decorating the cell

boundaries.

(a) Two-piston quenched Fe-25%Ni;

(b) Relative orientations of unit stereographic triangles
obtained by Kikuchi line analysis from each of the 8 austenite -
grains in (a);

(a) Melt-spun Fe-35%Ni;

(b) Relative orientations of unit stereographic triangles obtained
by Kikuchi 1ine analysis from each of the 5 austenite grains

in (a).



Fig. 9.

- -24-

Calculated variation of mean cooling rates (f) versus specimen
thickness (d) for different values of heat transfer coefficient
(h), together with experimental data for Al and Fe alloys. Open

triangles and squares are the present data for two-piston

vquenched and me]t-épun Fe-Ni alloys respectively; open circles

are previous data for rapidly solidified Fe-Ni from references

6, 25 and 26; filled circles are previous data for rapidly

solidified Al alloys from.feference 14.
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Figure 6
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