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the higher reversion temperature, but the smaller
stabilization effect allows progressive strength-
ening to proceed throughout the series of
transformation cycles studied.

In general, the strengthening of austenitic
stainless steels by the reverse martensite trans-
formation appears to be limited by three main
factors. Firstly, little deformation of the retained
austenite is produced by the direct and reverse
martensite transformations and hence, unlike
iron—nickel alloys, significant strengthening
occurs only in those regions which actually
transform. Secondly, only small amounts of
martensite are produced in these steels by cooling
below the M temperature, although in some
steels prolonged isothermal holding below Ms
can produce substantial amounts of martensite
[6]. Finally, the cumulative strengthening action
of repeated transformation cycles is restricted
by the development of austenite stabilization.
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Variation of MC carbide geometry with
local solidification time in cast Inconel
713 C alloy

In as-cast polycrystalline nickel-base super-
alloys, MC-type carbides contribute to high
temperature grain-boundary strengthening. In
these carbides, M is tantalum, niobium, zir-
conium, titanium or molybdenum [1-2]. Among
them TaC and NbC are very stable, whereas
multicomponent carbides are metastable with a
tendency towards dissociation or dissolution
during long service at high temperature. In the
as-cast alloy, no orientation relationship has
been established between MC carbide and
matrix [3-5].

In unidirectionally solidified monocrystalline
or polycrystalline superalloys, the MC carbide
morphology has been described as dendritic
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and unconnected near the chill, with tendencies
to form an interconnected, interdendritic net-
work away from the chill [5, 6]. An increase in
particle size was observed with distance from the
chill [5, 6].

The purpose of the present investigation was
to establish quantitatively the dependence of
MC carbide geometry on local solidification
time [7] in unidirectionally solidified Inconel
713 C alloy.

The alloy was vacuum-melted and solidified
in moulds (4.50 cm x 4.50 cm x 15 cm) made of
“fiberchrome”, an insulating material, with
open bottom placed against a water-cooled
copper chill [8]. All surfaces of the mould cavity,
runner and risers were coated with “zircon”
wash. Cooling curves were recorded using
Pt/Pt-109, Rh thermocouples inserted hori-
zontally along the height of the ingot at 1, 2, 3
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and 4 cm from the chill. To extend the spectrum
of cooling rates, rods of the alloy (10 cm long
with diameters of 0.5, 0.65 and 0.80 cm) were
cast in a copper mould.

Specimens from various ingots were polished
and etched with Marble’s reagent to reveal the
solidification structure, or electropolished using
a 109, perchloric acid solution in methanol at
— 30°C and 12 V. Microstructural examination
was conducted by: (1) optical microscopy to
evaluate carbide shape and size by quantitative
metallographic techniques; (2) scanning electron
microscopy to study details of the carbide
geometry. The specimens used were deeply
etched with Marble’s reagent for 1 to 2 h to
dissolve away the matrix and y’ precipitate.

The volume percent MC carbide was deter-
mined by a two dimensional systematic point
counting procedure based on a coarse-mesh
lattice criterion [9] and also by computerized
image analysis (Quantimet 720).

Evaluation of carbide shape and size proved to
be very difficult because of the intricate geometry
of the particles and the lack of appropriate
procedure for making statistically valid measure-
ments. Carbide particle shape was determined
using Hausner’s procedure for metal powders
[10]. The rectangle of smallest area encompassing
the particle outline in a plane cross-section was
drawn around the particle and the ratio, E, or
its short-to-long side (“‘elongation factor”) was
calculated. The ratio, B, of the area of the particle
cross-section to the area of the rectangle
(“bulkiness factor”) was also calculated. For
each specimen, two bulkiness factors and two
elongation factors were calculated, one normal
and one weighted. Normal bulkiness and
elongation factors attach equal weight to each
particle regardless of size, whereas weighted
bulkiness and elongation factors attach to each
particle a weight which is proportional to its
size. Thus:

N
1 C;
normal B = ]_VEA- B, s

normal £ =

N
. Cl CZ
weighted B = LA T

N
B, C,
weighted E = Z 47
i=1 ‘

where A4, is long side of rectangle, B, is short side
of rectangle, C; is particle cross-sectional area, N
is number of particle outlines and T is area of all
particle outlines considered.

Application of Dehoff’s modification [11] of
Saltykov’s analysis for evaluating other para-
meters by quantitative metallography was
excluded, because the assumption that particles
could be assimilated with prolate or oblate
ellipsoids of revolution of constant axial ratio
was found in the present case to be unrealistic.
The following procedures were, therefore,
adopted. ;

The carbide-matrix interface area per unit
volume of matrix, Sy, was calculated from [12]:

4.
Sv=-L 1)

where L is the total length of particle outlines per
unit area of transverse section, averaged over
several sections.

The number of particle outlines per unit area
of transverse section, N, was determined on
random sections for each specimen. Finally, the
average particle outline size (diameter), d, was
determined by linear analysis [12].

The variation of carbide cross-sectional
geometry, with cooling rate is illustrated in Fig.
1. Fig. 1a is a photomicrograph of a specimen
taken at 0.3 in. from the chill and corresponds to
a local solidification time # = 140 sec. Fig. 1bis
that of a specimen taken at 2.40 in. from the chill
and corresponds to fr = 1500 sec. Fig. Ic is that
of a specimen taken from a chill-cast rod, 0.65
cm in diameter and corresponds to # = 2 sec.
On such plane sections, carbides appeared to be
isolated, often exhibiting a script-like mor-
phology. Examination of deeply etched speci-
mens by scanning electron microscopy (Fig. 2)
revealed that carbides were interconnected both
in unidirectionally solidified specimens and in
specimens obtained from chill-cast rods. Branch-
ing in dendritic carbides became coarser with
increasing local solidification time.

The alloy contained an average vol% MC
carbide of about 1.0, which remained practically
constant with increasing local solidification time.
These results differ from previous findings [4]
indicating that in columnar MAR-M200 the

1267



JOURNAL OF MATERIALS SCIENCE 10 (1975) - LETTERS

1268

Figure 1 Photomicrographs illustrating the variation of
MC carbide geometry with local solidification time in
Inconel 713C, x 400. (a), (b) Specimens taken from a
unidirectionally solidified ingot at 0.3 in. and 2.40 in.
from the chill, respectively; (c) specimen taken from a
chill-cast rod.

volume fraction carbide increased from 0.01
near the chill to 0.03 away from it.

Normal and weighted bulkiness and elonga-
tion factors did not change appreciably with local
solidification time. They were approximately
equal to 0.6 and 0.4, respectively, for local
solidification times varying between 100 and 1900
sec. For each specimen, however, the weighted
bulkiness or elongation factors were lower than
the corresponding normal factors. In general,
large particles appeared to be more elongated
and less bulky than the small ones.

The increase in average particle outline size,
d, with local solidification time; #, is illustrated
in Fig. 3. The decrease of the number of particle
outlines per unit area of cross-section, &, and
that of the total carbide-matrix interfacial area
per unit volume of matrix, Sy, with increasing
local solidification time are illustrated in Figs. 4
and 5, respectively. It has been shown elsewhere



JOURNAL OF MATERIALS SCIENCE 10 (1975) - LETTERS

Figure 2 Scanning electron micrographs illustrating the
variation of MC carbide geometry with local solidification
time in unidirectionally solidified Inconel 713C alloy,
X 1500. (a) Specimen taken at 0.3 in. from the chill; (b)
specimen taken at 2.40 in. from the chill.

[8] that carbides nucleate and grow in the liquid
ahead of the solid-liquid interface. Assuming
that the rate of nucleation is relatively in-
dependent of local solidification time, the curves
in Figs. 4 and 5 would then indicate that
coarsening of carbide particles surrounded by
liquid controls final particle size. In this case
coarsening would consist of two components:
diffusional coarsening (“‘ripening””) and col-
lisional coalescence. The contribution of ripening
may be predicted using the Lifshitz-Wagner
equation [13], neglecting growth due to solidi-
fication, and assuming that growth is diffusion
controlled and that the time during which
ripening operates is proportional to the local
solidification time. For cases when temperature
varies the Lifshitz-Wagner equation can be
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Figure 3 Average particle outline size versus local solidi-
fication time. MC carbide in Inconel 713C.
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Figure 4 Number of particle outlines per unit area versus
local solidification time. MC carbide in Inconel 713C.
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Figure 5 Total carbide-matrix interfacial area per unit
volume versus local solidification time. MC carbide in
Inconel 713C.
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written as:
d d(d)? t k D d 2
JJD () - jo —T ! ()
with
64 cCyVM?
k= 9 R @)

where C, is equilibrium solubility of carbon in
the melt, d is the average particle outline size at
time £, V' is the molar volume of carbide based
on the formula (Nbg.esTip.51M0y.06)C established
elsewhere [8], o is the carbide-liquid interface
energy, assumed isotropic, T the absolute
temperature at time ¢, R is the gas constant, v is
the stoichiometric factor (weight fraction of the
solute in carbide particles) and D is diffusivity of
solute in the liquid, equal to Dge~9RT  where
Q is the activation energy for diffusion in the
liquid.

Changing the variable from ¢ to 7" and in-
tegrating the left hand side of Equation 2 yields:

Tt Dye~@RT [ dt
T <d‘f) dr. @)

Assuming a parabolic cooling rate:

a’3—~do3=kj

dr T\?

5= (7;) 3
and integrating the right hand side yields:
. - kD
B—dp=—--"

€0

RT,\*T QO e—Q/RT, — Q2 e—Q/RT;
o) RT, RT;
+ e~ @/RTy — ¢—Q/RTy ©)

5

where ¢, is intial cooling rate, T, is initial
temperature and 7 is final temperature, at which
solidification is completed.

The following values were adopted for the
various parametersintheseexpressions:o = 1.2 x
10-5 cal cm—2 [14], C, = 0.015 mol cm~2 [15],
v = 0.132, Dy, = 0.1 cm? sec™, Q/R = 15000
K, T, = 1561 K, Ty = 1501 K and Vy = 12.3
cm?® mol—. Combination of the previous equa-
tions then yields:

1.665 x 10-1°

€p

& dy = %

Let d, be the average particle outline size
measured after completion of solidification at a
location at which initial cooling rate is (e,); and
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d, that measured at a location at which initial
cooling rate is (e,),. It follows that:

- - 1 1
d3 — d® = 1.665 10200 | — — —1. (8
2~ x [<eo)2 (e.,)l] ®

At a location 0.3 in. from the chill, 4, = 16 pm
and (ep); = 0.45 K sec™'. At another location
about 2 in. from the chill, d, = 45 um and (),
= 0.07 K sec!. In this second case (dy)c,
calculated from Equation 8 is about 18.5 pm.
The difference between 45 and 18.5 um would
indicate the predominant contribution of col-
lisional coalescence to particle coarsening.
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