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The peritectic transition, where §-ferrite and liquid transform into y-austenite, is an
important aspect of product quality and process control in many ferrous and non-ferrous
alloys. Due to the high temperatures at which the transition takes place, relatively little
experimental work has been carried out to quantify the underlying phenomena. This paper
presents recent work in visualizing the peritectic reaction stage of the transition. The
visualization was carried out on the surface of hyperperitectic Fe-4.7 wt% Ni samples using
a Confocal Scanning Laser Microscope (CSLM) equipped with a gold-image furnace. The
focus of the research is to quantify the rate and shape evolution of the y-austenite phase as
it envelopes the §-ferrite grains. Tip radii of 8 and 5 um were witnessed and it was found
that, as these tips approached one-another their shape was altered and their growth rates
decreased due to soft impingement of their respective diffusion fields. Comparing the
separation distance at the point of soft impingement with the tip radius suggested a
proportionality constant between tip radius of curvature and diffusion field size of between
1.1 and 1.3. © 2005 Springer Science + Business Media, Inc.

1. Introduction

The peritectic transition is a topic of importance in mod-
ern casting due to the defects which have been attributed
to it. The volume change associated with the transition
from §-ferrite and liquid to austenite, Equation 1, causes
the casting to pull away from the mould, leading to a
decrease in heat flux which, in turn, leads to thin spots.
These thin areas on the surface of the casting then have
a higher chance of cracking, deforming, or causing a
breakout [1-3]. Other relations between the peritectic
reaction and surface defects are that longitudinal face
cracks on the surface of cast steels have been associated
with the fraction of ferrite and austenite [4] and that both
longitudinal as well as transverse facial cracking are re-
lated to austenite grain formation [5]. It should be noted
that a peritectic transition is witnessed in a broad range
of materials, including ferrous, copper, and aluminum
alloys as well as magnetic and electronic materials.

S+L—vy (1)

A description of the mechanism of the peritectic transi-
tion has been given by numerous authors [6—12]. Kerr
et al. [7] split the transition into three distinct regimes:
reaction, transformation, and solidification. The peri-
tectic reaction requires that all three phases be in con-
tact with one another during the growth of y and it is
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this stage which will be the focus of the present work,
specifically, the shape of the y phase enveloping the
S-front will be investigated.

Early theories of the peritectic reaction [6] were
based on the equilibrium phase diagram, as shown in
Fig. 1. More detailed theories [7—11] state that at some
temperature below the ferrite liquidus and above the
peritectic temperature, properitectic §-ferrite will form.
Then, at a certain undercooling below the peritectic
temperature, austenite will begin to form along the fer-
rite/liquid boundary and divide these two phases. Some
experimental evidence to this effect is given by St. John
and Hogan [13] who observed that, although Reaction
(1) would suggest an isothermal reaction, a thermal ar-
rest is either very short or not witnessed during contin-
uous cooling experiments. This might suggest that Re-
action (1) does not go to completion and that, instead,
the austenite envelope forms around the §-ferrite. The
y phase can envelope the § phase very quickly because
the liquid in equilibrium with austenite is supersatu-
rated with respect to the solute due to the undercooling
being applied.

In order to quantitatively describe the rate of the ad-
vancing austenite phase across the ferrite/liquid bound-
ary, a number of models have been reported [14-18].
The simplest of these begins with Fick’s 1st Law and
combines it with a mass balance in order to give an
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Figure 1 Peritectic region of the iron-nickel phase diagram.

equation for the velocity of the austenite/liquid bound-
ary as a function of the diffusion coefficient, the con-
centration of the two phases, and the concentration gra-
dient in the parent phase ahead of the moving interface.
Zener [15], while studying the kinetics of austenite de-
composition, elaborated on this model by assuming that
the diffusion profile of the parent phase is steady-state
and that there is no diffusion in the growing phase and
developed Equation 2.

ACy

Vp= ———
PTG -c)

(D/L) 2

where Vp is the velocity of the boundary, ACy is the
concentration difference between the two phases, C is
the number of solute atoms per unit volume, D is the
the interdiffusion coefficient, L is the thickness of the
boundary layer, and the subscripts refer to the phases.

Performing a mass balance on the solute gives a rela-
tionship between the diffusion distance and the position
of the solid/liquid interface relative to is starting loca-
tion. If this interface is convex towards the parent phase,
however, then the diffusion distance would be propor-
tional to the radius of curvature of the growing phase
and there must be some minimum radius that would
give a maximum growth rate for the growing austenite.
This radius can be determined because, due to Gibbs-
Thomson effect, the driving force for diffusion will be a
function of tip radius and there will be some critical ra-
dius, ., at which there is no concentration difference to
drive diffusion. This argument leads to a modified rela-
tionship between the velocity of the moving boundary
and the diffusion distance, Equation 3.

ACy
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where a is the proportionality constant between
that relates the boundary layer thickness, L, and tip
radius, r.

Hillert [16] modified this model by beginning with
the partial differential equation of Fick’s 2nd Law, and
solving it using the method of separation of variables.
He assumes no diffusion in the new phase and uses the
change in composition along the front with the effect
of curvature included as a boundary condition. Using
this approach, Hillert finds an equation analogous to

Vi
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Equation 3 and derives that the proportionality constant,
a, must have a value of 2 to be in agreement with Zener’s
model.

Numerous researchers have used the models’ of
Zener [15] and Hillert [16] in order to predict or explain
results for austenite decomposition, peritectic reaction,
and other proposed or assumed diffusion-controlled
processes [16,19-24]. Experimental verification of the
predictions of peritectic phenomena has been limited
due to the high temperature at which they occur. Also,
subsequent phase transformations at lower tempera-
tures make it difficult to draw conclusions from mi-
crostructures of quenched samples.

The possibility of using a Confocal Scanning Laser
Microscope (CSLM) to carry out solidification exper-
iments has been shown recently by a number of re-
searchers [23-26]. Previous work has utilized this tool
to measure the rate of austenite formation in peritectic
systems and has found that the growing phase moves
at a constant rate across the ferrite/liquid boundary and
that this rate increases with the driving force provided
to the reaction [24]. The objective of the present work
is to use the CSLM to observe, in-situ, the interaction
of the diffusion fields of growing austenite phases as
they approach one another along the solid/liquid in-
terface. From these observations a comparison of the
relationship between radius and diffusion distance will
be developed and compared against the theoretical pre-
diction of Hillert [16].

2. Materials, equipment, and procedure

2.1. Materials

The iron-nickel system, as shown in Fig. 1, displays
peritectic attributes between 3.7 to 5.1 wt% nickel with
aperitectic invariant at 4.4 wt%. An alloy containing 4.7
wt% nickel was prepared in an induction furnace using
iron pieces (99.97+ %) and nickel shot (99.95+%). This
composition was chosen to represent the hyperperitec-
tic case. Samples for the CSLM experiments were taken
using a quartz tube while the master alloys were molten
and then cut into the appropriate size.

2.2. High temperature confocal scanning
laser microscope

The Confocal Scanning Laser Microscope 1LM21H
equipped with a gold image hot-stage, is a tool for ob-
serving high temperature phenomena in-situ under con-
trolled thermal fields and gas atmospheres. It has been
described in detail in the literature previously [27,28]
and uses a He-Ne laser beam (1.5 mW, 632.8 nm) to
two-dimensionally scan the surface of a solid or molten
material. The deflected beam is then passed through
a pinhole on its way to a light sensor whose signals
are then displayed on a television screen and can be
recorded by VCR or sent to a computer for future anal-
ysis. Images can be captured at a rate of thirty frames
per second. High contrast systems can be viewed and
high resolution achieved due to the set-up of the objec-
tive lenses and associated apparatus.

The sample itself is placed in a high purity alu-
mina (Al,Os3) cylindrical crucible that has dimensions
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Figure 2 (a) Schematic of alumina crucible and platinum holder (b) Interior of gold-plated image furnace including crucible and holder.

Figure 3 Austenite fields approaching one another at 1°C undercooling for Fe-4.7 wt% Ni system.
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of 5.5 mm O.D. x 3 mm L.D. x 3 mm height. This cru-
cible is then rested on a platinum pan wired with one
Pt-6%Rh/Pt-30%Rh thermocouple as shown in Fig. 2a.
In the image furnace, shown as Fig. 2b, a halogen lamp
at the bottom provides heat to the sample. The laser
beam enters through a port that is covered airtight by a
quartz plate and o-ring. A wide range of atmospheres
can be maintained in the furnace through a gas inlet and
vacuum pump.

2.3. Procedure

The procedure used to carry out peritectic solidifica-
tion experiments and the operational conditions of the
furnace have been outlined in detail by the authors
elsewhere [24]. The atmosphere in the furnace was
controlled through a cycle of vacuum pumping fol-
lowed by purging the furnace with high purity Ar gas
(99.996%) to lower the oxygen partial pressure. The
temperature distribution in the furnace was found to be
even within 1.5 mm of the focal point and then to de-
crease roughly linearly on either side at a gradient of
4 K/mm.

The experiment itself consisted of growing planar
delta-ferrite, holding the ferrite/liquid boundary at or
just above the peritectic temperature and subsequently
dropping the temperature rapidly by a predetermined
amount. The melt was maintained at the undercooled
temperature for the duration of the observations. Ex-
periments on pure Fe samples showed, as would be ex-
pected, that no growth along the solid/liquid interface
occurred, only planar movement toward the melt.

At large undercoolings some solid grew directly out
of the liquid ahead of the solid/melt interface, thus hin-
dering any attempt to accurately measure the reaction
rate. This growth may occur because the bulk meltis ex-
periencing a greater driving force than the solid/liquid
interface.

3. Results and discussion

The peritectic reaction was recorded at undercooling
temperatures between 1 and 4°C. It should be stressed
that the melt itself is isothermal near the solid/melt in-
terface (where the peritectic reaction occurs) due to
the size of the growing austenite field compared to the

Figure 4 Austenite fields approaching one another at 4°C undercooling for Fe-4.7 wt% Ni system.
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temperature gradient discussed earlier. The undercool-
ing (ATynder) refers to the temperature below the peri-
tectic temperature. This is the driving force for the re-
action stage.

Figs 3 and 4 show the progression of austenite along
the ferrite/liquid boundary at undercoolings of 1 and
4°C, respectively, for the Fe-4.7 wt% Ni system. All
phases present are labeled in Figs. 3a and 4a. The main
difference between the cases shown are the tip radius
of the growing austenite fields which are 8 ym for the
1°C case and 5 pum for an undercooling of 4°C. Results
similar to that of the 4°C case were observed at 2 and
3°C below the peritectic temperature also.

While the growing tips remained far from one an-
other, it was observed that the growing austenite phase
moved at a constant rate which was proportional to
the undercooling. This rate is given by Equation 4 and
matches the prediction of increased rate with increased
undercooling given by the model of Bosze-Trivedi [18]
over the experimental range of undercoolings [24].

V = (B0.3ATnger — 16.1) £3.2 um/s “4)

where V is the growth rate in um/s and ATypger 1S the
driving force provided to the reaction, given by the dif-
ference between the experimental temperature and the
peritectic temperature.

The shape of the three-phase §/y/liquid junction and
the tip radius and shape did not vary significantly during
the period where the distance between tips was large
and the velocity constant.

As the two growing phases become close there is
a deformation evident and the tips become flatter, as
shown in Figs 3b and 4d. Also, the velocity of the mov-
ing 8/y/L junction decreases dramatically, as shown in
Fig. 5, which seems to suggest that this is the point at
which the diffusion fields have begun to overlap. Fig. 5
also shows the distance of the two tips from one an-
other and from this information one can ascertain the
relationship between radius of curvature and diffusion
length. Another interesting observation is that, most
clearly for the 1°C case but also for 2 and 3°C of under-
cooling, there is a sudden movement in the position of
the interface at approximately 2 s and a corresponding
drop in the distance between the two tips. This can be
explained by an abrupt deformation in the shape of the
growing austenite, as seen in Fig. 3c. Deformation of
the same magnitude was not witnessed for the 2, 3, or
4°C cases, but this may be due to the smaller radii of
curvature and the faster growth rates in these instances.

There are, thus, three regimes witnessed for the
growth of austenite along the ferrite/liquid interface.
Regime I is the constant velocity and radius of curva-
ture that is seen while the austenite phases are far away
from each other, Regime II is the decrease in velocity
as the diffusion fields overlap, and Regime III occurs
due to sudden deformation as the growing austenite tips
respond to the interference of the two diffusion fields.

The decrease in velocity of the growing austenite
corresponds to a distance of 18 pum for the 1°C case
and 13 um for the 4°C case as shown in Fig. 5a and
5b, respectively. Since there are two austenite tips and,
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Figure 5 Position of §/y/L junction and distance of austenite tips from
one another for (a) 1°C undercooling and (b) 4°C undercooling for Fe-4.7
wt% Ni system.

hence, two diffusion fields, the diffusion length for each
tip is one-half of the measured distance. Therefore, the
size of the diffusion field for a tip radius of 8§ um is
9 um and is 6.5 um for a tip radius of 5 wm. This
would give the proportionality constant (L/r) values of
1.1 and 1.3 respectively.
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As discussed in the Introduction, Hillert [16] pre-
dicted a value of 2 for this constant by developing
an expression analogous to Equation 3. Therefore, al-
though the general trend is in line with the predictions of
Hillert, there is a slight difference between the observed
and predicted values which may come from a number
of different sources. First, Hillert [16] and Zener [15]
developed their models based on an assumption of max-
imum growth. It is possible that the austenite observed
was not growing at maximum rate, however, this is un-
likely due to the constant rate and reasonable agreement
between observation and model shown previously [24].
Also, since the CSLM is inherently a surface technique,
there is the potential for fluid flow and for the system
to not be at complete equilibrium due to the temper-
ature gradients measured. This could have an impact
on diffusion distance by creating a more completely
stirred system at the moving austenite/liquid boundary.
Whatever the explanation, the observation of diffusion
distance and its relationship to radius of curvature is
important for the further development of models to pre-
dict the rate of peritectic reaction and to compare this
prediction against experimental results in the CSLM.

4. Conclusions

The progression of austenite along the §-ferrite/liquid
boundary has been observed and its rate and shape evo-
lution analyzed using a Confocal Scanning Laser Mi-
croscope. For the Fe-4.7 wt% Ni system austenite tip
radii of 8 and 5 um were witnessed and it was found
that there are three distinct regimes of growth of the
y -austenite front. The first is that the growing phase ad-
vanced at a rate that was proportional to undercooling
and that its tip shape remained constant when adjacent
approaching fronts were sufficiently far apart. The sec-
ond regime was that, as the austenite tips approached
one-another, their shapes were altered and their growth
rates decreased due to soft impingement by diffusion
fields. Comparing the separation distance at the point
of tip shape change with the tip radius suggested a pro-
portionality constant between tip radius of curvature
and diffusion field size of between 1.1 and 1.3. The fi-
nal regime of growth was a sudden deformation of the
growing tip due to the interference of the two diffusion
fields with one another.
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