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Recently published experimental data on the variation of the highest temperature at
which Widmanstdtten ferrite can be seen to form at a detectable rate, as a function
of steel chemistry, are analysed theoretically. It is found that the data can be
predicted to a fair accuracy if it is assumed that the nucleation of Widmanstdtten
JSerrite occurs by a mechanism similar to that of martensitic nucleation, but with the
diffusion of carbon during nucleation, and if it is additionally assumed that the
growth of Widmanstdtten ferrite can only be sustained when the chemical driving
force exceeds a specific stored energy term.
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Introduction

Widmanstitten ferrite can sometimes be detrimental®? to
the mechanical properties of steels, because the ferrite
plates often grow in parallel formations which permit
cleavage cracks to propagate without much deviation.3*
The problem is particularly acute in steel weld deposits,
where it is impractical to modify the microstructure which
evolves during solidification and during subsequent cooling
to ambient temperature, by the type of thermomechanical
processing usually used to refine the microstructure in
wrought alloys. Consequently, alloy design is the main
route available for the minimisation of the quantity of
Widmanstitten ferrite, and this in turn requires a good
knowledge of the factors controlling its nucleation and
growth.

The purpose of this communication is to show that
some recently published data® on the Widmanstitten start
temperature, as a function of alloy chemistry, can be
predicted using a model already available for the nucleation
and growth of Widmanstitten ferrite. The data were
originally® interpreted by considering the transition from
allotriomorphic to plate-like ferrite to be determined by
changes in the relative proportions of ‘partially coherent’
and ‘disordered’ regions of interface surrounding the ferrite
particles. Whatever the details of the model,® that theory
is indeterminate, since the proportion was found not to be
constant and could not be predicted as a function of alloy
chemistry.

Results and discussion

The growth of Widmanstétten ferrite is reasonably well
understood.5~® The lengthening rate of an individual plate
can be predicted to a fair degree of accuracy, as a function
of alloy chemistry and transformation temperature, if it is
assumed that growth occurs under paraequilibrium con-
ditions at a rate controlled by the diffusion of carbon in
the austenite ahead of the plate tip. The tip radius must
be taken to be that which gives the maximum lengthening
rate, when capillarity effects are taken into account. In
calculating the carbon concentration at the plate tip,
allowance must also be made for the stored energy term
(~50 J mol ~!) arising from the displacive mode of growth.

By contrast, the nucleation of Widmanstétten ferrite is
not understood in detail. The Widmanstitten start tempera-
ture W, can be identified as the highest isothermal

transformation temperature at which Widmanstétten ferrite
is found to form in detectable quantities. An interesting
feature of the W, temperature is that it is more sensitive to
alloy chemistry than the Ae; temperature, which is the
highest temperature at which « ferrite and austenite can
coexist in equilibrium.®+° The W, temperature is often found
to decrease more rapidly with suitable solute additions
than the Ae; temperature, indicating that the effect of
alloying elements on Widmanstédtten ferrite is in many
cases more than just thermodynamic.

It has been demonstrated® that the behaviour described
above can be rationalised if it is assumed that the nucleation
of Widmanstétten ferrite is similar to that of martensite,
i.e. the activation energy G* for nucleation varies directly
with the magnitude of the chemical driving force AG,
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1 aSchematic illustration of terms G,,,, for nucleation
and AG”" *2 for growth and b schematic illustration
of conditions determining Widmanstatten start
" temperature = )
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2 Driving forces for specific steels given in Table 1

rather than the inverse square relationship implied by
classical nucleation theory where G* oc (AG)~2. In marten-
site nucleation theory,!°® this dependence is interpreted to
imply the pre-existence of embryos, which simply need to
grow rapidly to give what is in effect operational nucleation,
controlled by the mobility of the embryo/matrix inter-
face.!112 It is the activation energy for interface motion
which is detected experimentally as that for nucleation. An
analysis of kinetic data for a large number of steels®® was
found to indicate that, owing to the lower driving force
available at the higher temperatures where Widmanstatten
ferrite forms, it is necessary for its nucleation to occur by
a paraequilibrium mechanism involving the partitioning of
carbon, whereas that of martensite is diffusionless.
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The implication of this is that it becomes more difficult
(i.e. requires a larger driving force) to obtain a detectable
degree of nucleation as transformation is suppressed to
lower temperatures by solute additions, so that the W,
temperature decreases more rapidly than the Ae; tempera-
ture with change in alloy chemistry. In fact, the free energy
Gy necessary to obtain a detectable degree of transformation
is found to be an approximately linear function of
temperature®

Gn=A + B(T —27318) o
and this is a universal function which can be applied to

any low alloy steel. The constant A = —2540 J mol™~ ! and
B =3-637 Jmol~! K~! (Ref. 6). The driving force G, that
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full line is line of unit slope and zero intercept; deviations from this
line therefore represent cases where Ae; and W, temperatures are
not identical

3 Ae; temperatures versus measured W, temperatures
for steels studied in Ref. 5

is available for nucleation in any given steel, must exceed
Gy, giving the condition

Gmax < GN . (2)

where G,,,, represents the maximum free energy change
possible during nucleation, assuming that the nucleus
adopts the chemical composition consistent with the
maximum change in free energy® (Fig. 1).

The second condition that must also be satisfied is that
growth should be thermodynamically possible, so that the
free energy change for growth (Fig. 1) should exceed the
stored energy of Widmanstéitten ferrite

AG" 7% < _50 T mol~! B )]

It is the simultaneous satisfaction of these two conditions
which gives the highest temperature at which a detectable
degree of reaction occurs. These concepts -are illustrated
schematically in Fig. 1.

The calculations for most of the steels (Table 1) studied
by Aaronson et al.® are presented in Fig. 2. A few of the
steels they studied contained substantial amounts of copper,
cobalt, or aluminium, elements for which thermodynamic
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4 Comparison of calculated and experimentally
determined® Widmanstitten start temperatures

Consequently, those steels are not included in the analysis.
Figure 3 is a plot of the Ae; temperatures versus the
measured W, temperatures. The full line on Fig. 3 is a line
of unit slope and zero intercept; deviations from this line
therefore represent cases where the Ae; and W, temperatures
are not identical. This figure shows that for almost all the
steels given in Table 1, the W, temperature is directly
proportional to the Ae; temperature, a consequence of the
fact that in most cases it is determined by equation (3).
However, for steel 11, which is heavily alloyed with
manganese, the W, temperature is suppressed to a greater
extent, when compared with the Ae; temperature, as is
predicted by the present analysis, because for that steel
the undercooling necessary to satisfy the nucleation con-
dition (equation (2)) is larger than for the growth condition
(equation (3)). The fact that most of the experimental data
can be predicted using equation (3) implies that for the
low alloy steels concerned, the W, temperature is determined
by the need to accumulate sufficient free energy to permit
growth, rather than by an inability to achieve a detectable
nucleation rate. It is evident (Fig. 4) that there is very good
agreement between experiment and theory.

To summarise, it has been found possible to explain the
large variations in the Widmanstitten ferrite start tempera-
tures determined metallographically® for a series of ternary

data compatible with the Lacher—Fowler—-Guggenheim steels, using a previously published theory®® on the
quasichemical solution model used here, are not available.!? nucleation and growth of Widmanstétten ferrite.
Table1 Chemical composition of steels used in Ref. 5 and values of W, ;). W,(cac). and Ae;
Composition, wt-% Temperature, °C
Steel
no. o] Si Mn Cr Mo Ni Al Co Cu W, (exp) W, (cate) Ae,
1 0110 825 820 857
2 0096 051 855 840 897
3 0120 1-47 . 905 860 957
4 0098 1-02 835 872
5 0140 . 320 855 872
6 0089 052 875 932
7 0270 1-40 905 957
8 0096 1-02 815 842
9 0120 320 298 755 807
10 0110 1-01 . 765 780 822
1 0120 308 577 680 765
12 0093 . 1-06 780 780 832
13 0110 328 705 700 775
14 0-092 094 835 820 847
15 0092 2:64 805 800 827
16 0110 090 845 840 876
17 0110 1-95 855 860 902

Values of W4, are from present work and those of W,y are from Ref. 5.
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FUNDAMENTAL PRINCIPLES OF
SOL-GEL TECHNOLOGY
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The Sol-Gel process is basically a chemical route to the preparation of high purity
ceramic and glass materials. It is possible to prepare:

e ceramic and glass powders as precursors in the production of monoliths

e thin coatings exhibiting a wide variety of optical, electrical and chemical

Being a new field, there is currently very little by way of fundamental literature
to enable the beginner to "get started" in a practical way with sol-gel technology.
Fundamental Principles of Sol-Gel Technology addresses this problem and

is aimed at the undergraduate, technician or scientist who, although interested
in this field, has received little by way of formal training.

This text also examines techniques and recipes which the author knows to be success-

ful and also highlights the areas of technology where sol-gel can provide benefits in
processing glass and ceramic materials.

ISBN 0901462 591 210x148mm Paper 1990 £20.00 US$40.00

Orders with remittance to: The Institute of Metals, Sales and Marketing Dept.,
1 Carlton House Terrace, London SW1Y SDB.
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