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Solidification morphology and semi-solid
deformation in superalloy Rene 108
Part IV Directionally solidified microstructures
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A high temperature nickel-base superalloy (Rene 108) was directionally solidified by imposing
various growth rates and thermal gradients using a modified Bridgeman apparatus. The scaling of
the solidification structure was recorded as a function of the imposed growth variables. A special
Gleeble testing procedure, developed previously where the solidified samples were quickly raised

to a predetermined temperature in the semi-solid zone and fractured, was used for the
measurement of fracture conditions in the semi-solid region. The effect of the solidification
process variables, namely, the temperature gradient and velocity, on the fracture stress in the
transverse direction was to increase the fracture stress at a given temperature. The upper
hot-tearing temperature was noted to be a-function of the solidification variables. The amount of
strain accommodation and the hot tearing resistance was found to be influenced by the
solidification microstructure. Fracture maps, which include the temperature, transverse fracture
stress and temperature gradient during solidification (7-o.—G), for the directionally solidified
microstructures are presented. Castability maps are created from the microstructure and the
fracture data and display the porosity and semi-solid strength as a function of the casting

variables.

1. Introduction

Directional solidification technology has been applied
successfully to the production of columnar and single-
crystal turbine blades from superalloys. It is known
that the solidification conditions influence the final
properties of superalioy [1-5] through the microstruc-
ture and the defects and cracks generated during
solidification. Demanding processing conditions are
being imposed on superalloys to create complex parts
such as integral rotors. The influence of the processing
parameters on castability is therefore required to be
critically understood. The influence of the primary
and secondary scales of microstructures on the mech-
anical properties in the mushy zone during solidifi-
cation of nickel aluminides has recently been studied
[2, 3]. Unfortunately, there are no such studies avail-
able for the semi-solid deformation characteristics of
nickel-base alloys. Such studies are expected to yield
valuable guidelines for the processing of superalloys
and for determining the conditions for hot-tearing and
residual defects in critically processed castings. Al-
though hot-tearing in directionally solidified struc-
tures is not as severe a problem as hot-tearing in
equiaxed structures, examples exist where hot-tearing
has been known to limit the processing of alloys dur-
ing directional solidification, especially when section
size issues become important. In addition, a positive
temperature gradient is always present during direc-

0022-2461 @© 1994 Chapman & Hall

tional solidification which may impose thermal stres-
ses during solidification. Such stresses may be the
cause of residual microcracks in the cast part. A know-
ledge of the properties of the semi-solid mass are thus
important for determining the proper processing para-
meters during casting and for the design of an ad-
equate mould. The purpose of the present investiga-
tion was to study the high temperature mechanical
properties of a directionally solidified nickel-base
superalloy, Rene 108, to obtain information on the
mechanism of deformation characteristics in the semi-
solid region. The nominal composition for Rene 108 is
given in Table I. In this paper the influence of the
solidification morphology on the mechanical proper-
ties of the mushy zone is reported. In addition, the
solidification microstructure scales for Rene 108 are
compared with the available data for other super-
alloys, and with the published theoretical models for
the prediction of such microstructures.

2. Experimental procedure

The directional solidification experiments were con-
ducted utilizing a modified Bridgeman technique (see
Fig. 1). Each specimen was inductively melted and uni-
directionally solidified in a high purity alumina tube
(6.0 mm inner diameter x 2.0 mm thickness x 20.5 cm
height) under an argon atmosphere. Induction melting
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TABLE I Compositions in weight per cent of alloys have been studied [3, 4]. The alloy considered for the present study is Rene 108

Postition (mm)

Alloy Ni  Co Cr Al Ti C Ta Mo W Nb Zr B Hf
MAR-M 246 Bal. 100 9.0 55 15 015 15 2.5 100 - 005 0015 -
IN 738LC Bal. 85 16 35 35 011 16 1.75 25 07 008 0008 -
IN 713C Bal. - 12.5 61 08 012 - 42 - 20 0.1 0012 -
IC 50 Bal. - - 113 - - - - - - 0.6 002 -
IC 396M Bal. - 772 198 - - - 3.02 - - 085 0005 -
Rene 108 Bal. 948 831 545 072 008 299 047 944 - 001 - 1.48
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Figure I Schematic design of the experimental system (left) and the
detailed view of the solidification cell. (1) Temperature gradient
assembly, (2) ceramic tube with Rene 108 sample, (3) fixture, (4)
compumotor, (5) quenching container, (6) water cooler, (7) lower
and upper copper plate, (8) induction coil, (9) outer Al,O; tube,
(10) inner Al,Oj tube, (11) graphite tube, (12) Argon inlet.

was accomplished using a 30 kW power supply with
a frequency of 450 kHz. The alumina tubes were em-
bedded in a graphite susceptor in order to provide
efficient heating. The temperature was measured by an
optical fibre thermometer (OFT) (Accufiber model
100c). Temperature profiles were determined with
a traversing molybdenum cylinder [2, 3]. The molyb-
denum cylinder was closed at one end, thus forming
a black body into which a lightpipe was inserted.
A sapphire protection tube isolated the lightpipe from
the molybdenum walls (contactless temperature
measurement). A data acquisition unit translated the
radiation intensity into temperature values. The res-
olution of the lightpipe was 0.01 K. The data was
directly transmitted from the OF T-system to a Macin-
tosh computer by a standard RS-232 cable. For the
experiments, by examining a quenched interface and
establishing its flatness, it was ensured that there was
no transverse temperature gradient in the alumina
tube and the graphite susceptor during directional
solidification. Three temperature gradient assemblies
were used. Fig. 2 shows the temperature profiles of the
three assemblies. The mean temperature gradient in
the mush zone, Gy, was determined between liquidus
temperature (1769 K) and the solidus temperature
(1400 K). The temperature gradient at the liquidus
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Figure 2 Temperature profiles measured inside the three solidifi-
cation cells at a vertical velocity (upwards) of ¥ = 75 ums™! with
the optical fibre thermometer (OFT) system. (O) Assembly 1, (J)
Assembly 2, (O) Assembly 3.

TABLE II Mean temperature gradients in the mushy zone, Gy,
and the temperature gradient at the liquidus temperature, G

Gy (K mm™1) Gy (Kmm™")
Assembly 1 8.1 42
Assembly 2 13.6 9.5
Assembly 3 23.8 17.1

temperature, Gy, was also measured and is given in
Tabile II. The three temperature gradients used in the
study were 8.1, 13.6 and 23.8 Kmm .

The specimen withdrawal rate was controlled using
a linear motor (Parker Computor model 2100). In the
present study, the growth rate, V, was assumed to be
equal to the withdrawal rate of the crucible. The
growth rates used ranged between 4.7 and 150 pms ™1,
Under these thermal conditions the solidification
morphology was observed to change from two-fold
cellular to dendritic morphology. Two-fold cellular
morphologies were previously recorded for nickel alu-
minides [4]. Typical micrographs of the cellular and
dendritic morphologies obtained are shown in Fig. 3.

Metallographic studies were conducted on as-quen-
ched samples following directional solidification. The
directionally solidified samples were cut both longit-
udinally (i.e. parallel to heat flow) and transversely (i.e.
perpendicular to heat flow). Cut sections of the sam-
ples were etched with a solution of 4HCI, 3HNO,,
2glacial acetic acid, lglycerol. Photomicrographs at
magnifications of x 50-500 were taken to reveal dif-
ferent scales of the microstructure, e.g. the primary
dendrite arm spacing and the secondary dendrite arm
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Figure 3 Optical micrograph showing the effect of growth rate on the longitudinal microstructure of directionally solidified Rene 108 at
a temperature gradient of 8.1 Kmm™" at two growth rates: (a) 4.7 ums ™! (cellular); (b) 150 pm s~ (dendritic).

spacing were measured at x 100 and x 200 respect-
ively, whereas microporosity measurements were
taken at x 500. Primary vy’ measurements were taken
at x500. The use of an image analysis system, in
combination with high magnification micrographs,
provided accurate, reproducible measurements of
the microstructural characteristics of interest. The
strength in the semi-solid zone was measured with
a Gleeble unit (a thermomechanical testing device
manufactured by the Duffers Scientific, Inc.) as dis-
cussed in our previous articles [2, 3]. Samples of Rene
108 grown under different conditions were cut both
longitudinally (i.e. parallel to heat flow) and trans-
versely (i.c. perpendicular to heat flow).

Gleeble testing of the Rene 108 samples (with water
cooled ends for gripping) was performed at various
temperatures with an argon cover. The local temper-
ature along the fracture line was measured with a
K-type thermocouple which was spot welded to the
specimen. Continuous temperature recording was
made during the test.

3. Experimental results

Experiments were carried out with the Rene 108 alloy
over a wide range of growth rates for three different
temperature gradients. The experimental conditions
used in the present study are summarized in Table III.

3.1. Primary arm spacing

The primary arm spacing, for both dendrites and cells,
decreased monotonically with the growth rate; one
example is shown in Fig. 4. Furthermore, the results
from Fig. 4 also show that the primary arm spacing
decreased proportionally with growth rate to a power
of 0.2. This observation is in good agreement with the
results of Ho et al. [4] and Kim et al. [6] for Ni,;Al,
and Bolling and Fainstein-Pedraza [7] for Fe-Ni
alloys.

3.2. Secondary dendrite arm spacing
A plot of secondary dendrite arm spacing (X,) versus
growth rate is shown in Fig. 4. The results indicate

TABLE III Directional solidification experiments on Rene 108

Gradient Velocity Microstructure Ay s
Kmm™)  (ums™) (um) (pm)
8.1 4.7 Cell 275 -
8.1 19 Dendrite 256 84
8.1 37 Dendrite 257 653
8.1 75 Dendrite 182 48
8.1 150 Dendrite 130 32
13.6 9 Cell 114 -
13.6 19 Dendrite 130 48
13.6 37 Dendrite 115 37
23.8 47 Cell 99 -
23.8 75 Dendrite 96 42
23.8 150 Dendrite 60 23

a monotonic decrease in A, with increasing growth
rate. The results also show that the A, decreased
proportionally with growth rate to a power of 0.46.

3.3. Microstructure and porosity

The mechanism for microporosity formation during
the directional solidification process is attributed to
the shrinkage of the ordered vy’ phase during liquid/
solid transformation in the interdendritic region [4].
The v’ formed behind the tip of the primary dendrite
and, in the case of dendrite formation, only on the tip
of a secondary arm growing some distance behind the
primary tip. All of the microporosity was concentrated
at the tips of the vy’ cells. The variations in volume
fraction of y" and porosity (V;) for nickel-base Rene
108 were measured and plotted versus the imposed
growth condition and imposed temperature gradients,
as shown in Fig. 5. Note that ¥V, and the volume
fraction of v’ increased with increasing velocity. How-
ever, both these values showed a minimum and max-
imum at an intermediate temperature gradient.

3.4. Stress—strain relationship in the
semi-solid zone

The stress—strain relationships for Rene 108 were ob-

tained with the Gleeble at the various temperatures
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TABLE IV Measured mushy zone properties from stress free directionally solidified Rene 108

G (K mm™1) V (ums™?) Temperature (K) o; (MPa) E; (MPa)
8.1 4.7 1362 115.8 2617.6
8.1 4.7 1372 15.989 137.49
8.1 4.7 1459 2.014 402.80
8.1 37 1411 45.508 11909
8.1 37 1415 41491 289.89
8.1 37 1430 5.6380 296.74
8.1 37 1445 5.1850 982.00
8.1 75 1378 94.929 3604.2
8.1 75 1407 48.925 2111.8
8.1 75 1447 33.666 486.22
8.1 75 1473 1.2450 177.86
8.1 150 1399 146.47 30354
8.1 150 1416 138.05 2975.3
8.1 150 1438 55.388 1429.5
8.1 150 1453 40.269 2202.6
13.6 9 1352 64.361 45279
13.6 9 1389 60.496 27879
13.6 9 1431 31.169 2630.8
13.6 9 1450 15.989 227.03
13.6 37 1354 112.00 12230
13.6 37 1457 11.516 2667.0
13.6 37 1458 9.0700 213.50
13.6 37 1461 0.9660 2.8182
238 75 1389 90.909 5760.2
23.8 75 1410 61.979 4598.2
23.8 75 1472 13.615 1844.1
23.8 75 1476 8.677 696.92
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Figure 4 Variation in primary arm spacing (A, ) and the secondary
dendrite arm spacing (A,) with growth rate for temperature gradi-
ent, G = 8.1 Kmm ™ *. (@) Cellular, (O) dendrite.

between 1362 and 1473 K for the directionally solidi-
fied microstructures. In these experiments, the onset
of the liquid phase at the intercellular boundary at
ca. 1400 K was noted. However, the only other in-
formation on Rene 108 [8] shows that the liquid phase
is noted only at 1705 K. For the work reported in this
study 1400 K was taken as the solidus temperature.
A typical stress—strain relationship is shown in Fig. 6.
Table IV shows the measured modulus as a function of
the temperature and solidification variables for the
samples tested in this study. The measurement of the
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Velocity (um s™)

Figure 5 Variation of the volume fraction intrinsic porosity (V)
and v’ with velocity for different gradients. (-6-) G = 8.1 Kmm™?,
(2 G =136 Kmm™!, (—-@-) G=238Kmm™ .

modulus was carried out in a manner similar to that
described in Refs {2 and 3].

4. Discussion

4.1. Growth morphology

As noted above, three kinds of morphologies (cells,
dendrites and two-fold dendrites) were observed in the
present investigation. In order to provide insight into



TABLE V Summary of experimentally determined solidification parameters for front solidification of nickel-base superalloys compared to

the present experimental data

Alloy G v, GV, AT, D, = AT, (G/V,) ! Reference
(Kmm™?) (mms™?Y) (K smm™%) (K) (mm2s~Y)

MAR-M 002 20 < 1.67x1073 1.2x 104 ca. 100 ca. 83x1073 3]

MAR-M 200 10 1.0x10°3 1x10% 139 139x10°3 3]

MAR-M 246 20 < 1.67x10°3 1.2x10* ca. 100 ca. 83x 1073 [3]

IN 738LC 20 <1.67x1073 1.2x10* 85 7.1x1073 [3]

IN 713C 11 0.83x 1073 1.3x10* 30 23%x1073 [3]

IC 50 5.44 >27x1073 > 2.2 x 103 11 5.0x1073 [4]

Rene 108 8.1 <4.69x1073 > 1.72 x 103 369 «<214x1073 Present work
13.6 <939x1073 > 144 x 103 369 <256x1073 Present work
238 < 4.69x1073 > 5.07 x 10° 369 <72x1073 Present work

G, temperature gradient; V., planar break-up velocity; A7, alloy freezing range; Dy, solute diffusivity in the liquid alloy.

80

Stress (MPa)

0.15 0.20

0.00 0.05 0.10

Strain

Figure 6 Stress-—strain relationship for directionally solidified
microstructure, G = 13.6 Kmm™*, V' =9 yms™ % (&) 1352 K, (#)
1425 K, (W) 1445 K, (O) 1450 K.

the experimental results the data were compared with
results from other investigations, shown in Fig. 6. IC
50[6] and IC 396M[4] are nickel-aluminide inter-
metallic compounds, and IN 713C, IN 738LC and
MAR-M 246 are nickel-base superalloys of various
compositions [5]. Solidification conditions are given
in Table V.

4.2. Primary arm spacing (i)

Although the cellular dendrite transition velocity may
depend on dynamical effects, Kurz and Fisher [9]
have suggested a simplified criterion where, for
V > V,/k, the microstructure would be dendritic,
whereas for V' < V,/k it would be cellular. 7V is the
planar break up velocity = GD/AT, (G, D and AT, are
the temperature gradient, solute diffusivity and alloy
freezing range, respectively). This suggestion was
subsequently verified for a number of alloy systems
[10, 11]. The critical growth rate at which the
cellular—dendrite transition should occur may be
calculated by assuming k=01, AT,=369K,
D=139%x10"°m?s~! and the experimental condi-
tions shown in Table IV. The cellular—dendrite
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Figure 7 Plot showing the different solidification morphologies ob-
tained under various combinations of growth rate and temperature
gradient for nickel base superalloys [6] and Ni;Al [4, 5]. The data
points for Rene 108 are the present experimental results. The dashed
line represents the cellular-dendritic transition for Rene 108.
O Rene 108d; ® Rene 108 c; & IC396M d; & IC396Mc;
[ IC50d; - IC50¢; O IN713Cd; W IN713Cc N IN713Cp;
A MARM?246d; A MARM246¢c;, x IN738LCd; + IN738LCc;
| IN738LC e; p: planar; c: cellular; d: dendritic; e: equiaxed.

transition should be observed at a growth rate
of 3ums™! for G=81Kmm™!, 5ums~' range
for G=13.6Kmm™' and 9Yums™' range for
G =238 Kmm~™!. The experimental results for the
present investigation suggest the transition growth
rate occurred in the 4.7-18.8 ums~! range for
G=81Kmm™! 99-188 ums~' range for G =
136 Kmm~™! and 4.7-37.5ums™! range for G =
238 Kmm~™' (see Fig. 7). The transition velocity
shown in Fig. 7 is important for the castability maps.

For the changes in A; with growth conditions, re-
cent theoretical analysis by Burden and Hunt [12, 13]
and Kurz and Fisher [9] show a relationship of the
form:

Ay = KGTOSyo2s (1)

where the value of K includes compositional depend-
ence. The results of the present study, calculated using
Equation 1, are shown in Fig. 8. The results in Fig. 8
show that all the data points fell on a straight line,
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Figure 8 Variations in the value of the primary cell or dendrite arm
spacing A, plotted as a function of ¥~ '/* G~1/2 for the directionally
solidified nickel-base superalloy Rene 108. (—@—) Dendritic, (—5+)
Cellular.

indicating good agreement with the results calculated
from Equation 1. Esheiman et al. [14] and Kurz and
Fisher [9] have shown that the spacing increases as
the growth rate is increased across the cell dendrite
transition. The value of K (Equation 1) is calculated
to be 1.83x103m34s 14KY2 for the cells and
1.78 x 10° m3/# s =14 K2 for the dendrite.

4.3. Secondary dendrite arm spacing
For the case of directional solidification, the local
solidification time is given by:

AT’ AT,

“ T 9T T Tovi @
where AT’ = dendrite tip-to-root temperature differ-
ence and AT, = liquidus-solidus alloy freezing range
at Co. Assuming AT’ = AT, = 369K [8], the local
solidification time can be calculated. From the values of
A, and t;, the exponent was calculated to be 0.28. This
observation is in good agreement with the models of
Flemings [15] and Feurer and Wunderlin [16].

4.4. Fracture in directionally solidified
alloys

The effect of the temperature gradient (G) and growth
rate (V) on the fracture stress in the transverse direc-
tion (or) is to increase the fracture stoess (Fig. 9). The
temperature at which the fracture stress becomes very
small (i.e. total loss of coherency) is higher for the
longitudinal section when compared to the transverse
section. Additionally, it is noted that the solidification
variables may influence this temperature significantly.
This temperature is the upper hot-tearing temperature
and is noted to be a function of the imposed solidifi-
cation variables which control the morphology of
growth. The upper hot-tearing temperature is ob-
tained by extrapolating the o1—7 curve to obtain the
temperature at which o = 0. The upper hot-tearing
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Figure 9 (a) The transverse engineering stress to failure yersus tem-
perature for the same temperature gradient, G = 8.1 Kmm ™!, for
various velocities, ¥ = 4.7, 37, 75 and 150 pms~!. (b) The trans-
verse stress at failure versus temperature for directionally solidified
Rene 108 at a velocity ¥ =375ums™"' and varying temper-
ature gradient. (a) = G=81Kmm, V=47ums, —©—
G=81Kmm, V=37pms, ~4& G=81Kmm, ¥=75pums,
—@— G=81Kmm, V=150pms, (b) = G =13.6 Kmm,
V'=37ums, ~S— G =81 Kmm, V= 37 ums.

temperature increases with the temperature gradient,
G, imposed during solidification (Fig, 10). The upper
hot-tearing temperature is noted to be relatively insen-
sitive to the solidification velocity in the range of
(1-20 pums™') but then increases in the range of
40-160 um s~ *. The reason for the upper hot-tearing
temperature being insensitive to the velocity in the
range of low velocity is because of the cell morpho-
logy. As the solidification velocity increases the sec-
ondary arm spacing (A,) decreases in the Rene 108
alloy. For transverse testing this may imply higher
frictional forces during deformation and an increase in
the strength with increasing solidification velocity.
Fig. 11 is a plot of the secondary arm spacing and
transverse strength. A correlation is apparent which
shows the transverse stress falling with increasing A,.
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4.5. Hot-tearing susceptibility

The hot-tearing resistance is related to the amount of
strain accommodation that is possible, although alter-
native definitions are available when lower fraction
solids are considered {2, 3, 17-19]. Smaller grain sizes
in equiaxed castings are known to be more resistant to
hot-tearing than the higher grain size [17-19].

For directionally solidified samples, a higher frac-
ture strain is noted for longitudinal testing than for
transverse testing. When comparing transverse tested
samples which were solidified at the same velocity, but
with different temperature gradients, it is noted that

TABLE VI The physical properties of Rene 108

1400 K

1769 K [8]
139x107°m?s™ 1 [8]
0.225 Jm2[8]

Sohidus temperature, T
Liquidus temperature, 7}
Solute diffusivity in melt, Dy
Liquid-solid surface energy, v

Solute partition coefficient, & 0.1[8]
Entropy of melting, AS 106Tm 3K ! [§]
Freezing range, AT, 369 K [8]

TABLE VII The transverse strain at maximum stress at different
temperatures for directionally solidified Rene 108 for temperature
gradient G = 8.1 Kmm™!

Temperature Velocity (um s™1)
(K)

150 75 37 4.7
1400 0.049 0.034 0.037 0.02
1420 0.076 0.029 0.041 0.02
1440 0.053 0.022 0.007 0.01
1450 0.039 0.019 - -

TABLE VIII The transverse strain at maximum stress at different
temperatures for directionally solidified Rene 108 for velocities
V=37 and 75 pms !

Temperature Temperature gradient (K mm ')
(K) 8.1 13.6
Velocity = 37 yms™!

1400 0.037 0.024
1420 0.041 0.019
1440 0.007 0.012
1450 - 0.031
Velocity = 75 pms ™!

1400 0.034 0.043
1420 0.029 0.054
1440 0.022 0.039
1450 0.01% 0.031

the fracture strain increases with increasing temper-
ature gradient. This is true for high velocity in the high
range, 75 pms~!. In the lower range of velocity the
relationship is more complex. For the transverse sam-
ples in the same temperature gradient range a higher
yelocity gives a higher strain accommodation (see
Tables VII and VIII). Thus, there are two controlling
parameters, the morphology and the microsegrega-
tion, for determining strain accommodation. The
morphology being more important when cells and
two-fold dendrites are present.

It is noted that the upper hot-tearing temperature
for DS transverse tested increases with V and G . This
result agrees with previous results for nickel aluminide
[3]. It is also noted that the hot-tearing stresses are
generally also expected to increase with ¥ and G. The
fracture strain dependence on V, G is dependent on
whether morphology control or microsegregation
control dominates. For the transverse DS samples,
broadly speaking, the increase in the coherency tem-
perature will decrease strain accommodation for
dendritic samples but will increase strain accom-
modation for two-fold or cellular samples.
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Figure 12 The 3D diagram fracture map (transverse stress at
fracture-temperature-temperature gradient) at a fixed velocity of
ca. 38 pms~! for the directionally solidified Rene 108 alloy.

4.6. Fracture maps for the nickel-base
superalloy Rene 108

Fracture maps may be defined as processing-property
maps which may critically impact on casting design
[2, 3]. These maps should reflect the conditions under
which the casting will tear during processing. The
fracture maps for Rene 108 have been developed after
a critical examination of the solidified microstructure
and the semi-solid strengths. The fracture maps are
the T-o—G (transverse) for the directionally solidified
microstructure. The 7-c1—G map is shown in Fig, 12.
For a casting process information may be obtained on
temperature gradient, G, during solidification. In addi-
tion, it is fairly simple to estimate the magnitude of
mould-imposed stress on a casting [14, 20-22]. By
comparing such values with the 7~c;—G map a deter-
mination may be made if there is any value that lies
above the net. If a problem is anticipated, parameters
like mould design, temperature gradient, etc., may be
changed to ascertain that there is no processing condi-
tion above the critical net.

4.7. Castability maps for the nickel-base
superalloy Rene 108

The castability concept [23] and castability maps for
multicomponent nickel aluminide [2, 3] were gener-
ated in previous studies. A similar analysis may be
made for Rene 108. The ratio of imposed stress to the
fracture stress at a given temperature as a function of
velocity are plotted in Fig. 13. The thermal expansion
coefficient, ¢, is taken to be 13.6 x 1074 K~ for the
alloy, o; is the fracture stress at a given temperature,
T, and Er is the measured modulus at the same tem-
perature. The quantities o; and Ey are measured from
plots such as Fig. 6. The amount of measured primary
v’ varies with velocity. In previous studies [2, 3], it was
noted that the volume fraction of vy’ influenced the
modulus, and thus the residual cracking found in
castings after solidification. For the cell morphology
(the low velocity region), the volume fraction of ' is
lower than the dendritic morphology. From Fig. 13
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Figure 13 The ratio of imposed stress to the fracture stress at
a given temperature versus velocity for directionally solidified Rene
108 at temperature gradient, G = 8.1 Kmm™!. o is taken to be
13.6 x 1078 K ! for the alloy, T; Ep is the measured modulus at
a given temperature. T, is the liquidus temperature. T is a given
temperature. o; is the fracture stress at the same temperature.
—— 1410 K; —— 1415 K; <— 1420 K; —=— 1425 K; —+ 1430 K;
—A— 1435 K; —@— 1440 K; - 1445 K; —— 1450 K; —&— 1455 K;
—O- 1460 K; 55— 1465 K; ~H— 1470 K; —{+ 1475 K.

a higher value for the ratio of imposed stress to the
fracture stress at lower velocities is noted. From such
a plot the processing conditions that give a higher
value of the ratio can be identified and avoided. The
microporosity value shown in Fig. 5a can be replotted
as iso-microporosity lines, as shown in Fig. 14. From
this plot it can be seen that at certain values of temper-

10°
"
KT AN \_
107 E;E )
iz N
P e AN \18
£ b
3 v X
’§ o \El
: W\
10" ¥ \
A\
L VA
. \\-\-
X
10°
10 10°

Temperature gradient (K mm™)

Figure 14 Iso-microporosity lines in the castability map of direc-
tionally solidified Rene 108. The number given along with the figure
are the percentage of the microporosity. Such a map could be
used as a design tool for determining the processing conditions.
~~ 0.05%; -~ 0.08%; —— 0.09%; —<— 0.10%; — 0.11%; ~A—
0.12%; — 0.13%; -3~ 0.14%; —©— 0.15%; — 0.16%; ——0.17%;
—@— 0.18%; ~H— 0.19%; —~4—0.20%; —&— 0.25%; —— 0.30%.



ature gradient the porosity is very sensitive to small
changes in the velocity.

5. Conclusions

In the present investigation a nickel-base superalloy
was directionally solidified under a range of growth
rates with three different temperature gradients and its
characteristic microstructural features were invest-
igated. The primary and secondary dendrite arm
spacing (A; and A,, respectively) were measured as
functions of the growth rate and the results compared
to those anticipated from well-established theoretical
models for dendritic growth. The semi-solid strength,
ductility and the upper hot-tearing temperature were
also measured, and shown to be functions of the tem-
perature and the solidified microstructure morpho-
logy. The results may be summarized as follows:

1. The fracture strength in the semi-solid zone at any
temperature below the upper hot-tearing temperature
increases with temperature gradient and velocity. The
fracture strain is dependent on V and G, and is also
dependent on whether morphology control or micro-
segregation control dominates.

2. When considering processing maps for Rene 108,
the temperature gradient during solidification and the
transverse direction properties limit the processing and
these are the important variables.

3. The ratio of the imposed stress to the fracture stress
for the cell morphology is higher than for the dendritic
morphology. The dendritic morphology has less hot
tearing susceptibility than the cell.

The volume fraction of primary vy’ and the micro-
porosity depend on V and G. There is a critical
temperature gradient where a small change in solidi-
fication velocity can strongly influence the amount of
microporosity.
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