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A systematic study was carried out to determine the solidification and the tensile behaviour of 
semi-solid multicomponent nickel aluminide. Directionally solidified samples were tested at 
various temperatures in the mushy (semi-solid) region. A special Gleeble testing procedure 
was developed where transverse and longitudinal (5 mm) samples were quickly raised to a 
predetermined temperature in the semi-solid zone and fractured. The fracture stresses were 
found to decrease monotonically with temperature. The strain to fracture exhibited a ductility 
minimum at an intermediate temperature in the semi-solid zone. 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. In the 
longitudinal direction, the fracture stress decreases with the temperature gradient and was 
relatively independent of velocity. At the temperature corresponding to the strain minimum, 
residual microcracks were detected on the fracture surface. 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 transverse fracture stress, temperature, and 
temperature gradient during solidification (~ -7 -  G) for the directionally solidified 
microstructures are presented. A castability map is created from the fracture data. 

1. Introduction 
Although 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 
during directional solidification, especially when sec- 
tion size issues become important. In addition, a 
positive temperature gradient is always present during 
directional solidification which may impose thermal 
stresses during solidification. In this study, we exam- 
ine the effect of the solidification variables, namely, the 
temperature gradient, G, and the velocity, V, on the 
mechanical properties of the mushy zone during the 
directional solidification of IC396M. The composition 
of IC396M is given in Part I [1] of this study. 

In this study, carefully solidified directional micro- 
structures were tested for strength at various temper- 
atures in the semi-solid range. The samples were 
obtained from studies reported previously [2, 3] 
which were aimed at understanding residual solidi- 
fication microporosity. For this, all the relevant den- 
drite scales were carefully recorded and correlated 
with residual microporosity [2, 3]. Thus, the samples 
were well characterized prior to testing in the semi- 
solid state. In addition, the samples possessed micro- 
porosity associated with the primary 7' which pre- 

0022-2461 �9 1993 Chapman & Hall 

sumably prevented any problems associated with the 
initiation of microcracking. In this article, the onset of 
microcracking is discussed from observations of the 
strain to fracture. Residual microcracking in solidified 
structures is also critically examined. 

All the directionally solidified samples were either 
single crystals or contained, at the most, a single grain 
boundary. Thus, the results on fracture strain and 
stress could be correlated to the dendrite parameters. 

2. Experimental technique 
The strength in the semi-solid zone was measured with 
a Gleeble unit (a thermomechanical testing device; 
Duffers Scientific) as discussed in Part I [1]. Samples 
of IC396M grown under different conditions [2, 3] 
were cut both longitudinally (i.e. parallel to heat flow) 
and transversely (i.e. perpendicular to heat flow) and 
shaped as shown in Fig. 1 of Part I [1]. Table I shows 
the conditions, including the temperature gradient 
and growth velocity for the samples studied in this 
paper. The experimental details of Gleeble testing 
have been discussed in Part I [1] of this paper. 

One of the directionally solidified samples, solidified 
at a temperature gradient of G = 5.4 K ram- 1, and a 
velocity of V =  191.5 ~tms i, was heated in the 
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Gleeble until it attained a temperature of 1600 K in 
the centre region and was then quenched by shutting 
off the current. Seven K-type thermocouples were 
used to control the heating rate and to record the 
actual temperature profile during cooling. Similar 
measurements were made in all the test samples at the 
two points. The gradient during cooling, measured in 
all the samples, was of the order of 10 K mm -  1 near 
the mid-section but could increase to over 
100 K ram- 1 near the jaws and was a function of the 
testing parameters, including the exact length of speci- 
men and the efficiency of thermal contact with the 
jaws. The rate of reheating to the desired temperature 
was approximately 20 K s- 1. The fracture surface al- 
ways intersected the plane containing the thermo- 
couple bead (i.e. the mid-point of the gauge). We 
therefore estimate our results to have a _+ 5 K accur- 
acy by assuming that the maximum deviation of the 
fracture plane from the position of the bead was no 
more than 0.5 mm. 

Gleeble testing of the IC396M samples as shown in 
Part I [1] (with water-cooled ends for, gripping) was 
performed at various temperatures with an argon 
cover. The local temperature 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. Results and discussion 
3.1. Stress-strain relationship in 

the semi-solid zone 
Stress-strain relationships were obtained with the 
Gleeble at temperatures ranging from 1300 1543 K 
for the directionally solidified microstructures. The 
lower temperature was lower than the lowest melting 
eutectic in the alloy [2] and the higher temperature 
was the temperature at which the alloy developed no 
strength. A typical relationship is shown in Fig. 1. The 
temperature at which the first liquid film was seen is 
discussed in Section 3.2. We note, however, that, as 
before [4], the as-directionally solidified materials 
possess higher strength than the worked materials at 
temperatures where no liquid phase was present. 
However, as soon as a liquid phase appeared (i.e. at 
temperature > 1360 K for the as-solidified directional 
material) the strength of the directly solidified sample 
was noted to fall to levels lower than the worked 
sample. Table II shows the measured modulus as a 
function of the temperature and solidification varia- 
bles for the samples tested in this study. 

3.2. Fracture in directionally solidif ied alloys 
3.2. 1. Stress 
From the plot of the stress-temperature measure- 
ments (Fig. 2) it was noted that the strength measured 
along the longitudinal direction of the microstructure 
was always greater than the transverse direction. The 
reason for this may be as follows. At the test temper- 
atures, the regions between the dendrites will be par- 
tially molten. When the samples are tested in the 
transverse direction, the fracture occurs in the weak 
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Figure 1 Stress-strain relationship for directionally solidified 
microstructure, G = 20 K mm- 1, V = 17.9 gm s- 1. (N) 1470 K, (&) 
1400 K, (11) 1378 K, (~)  1359 K, (�9 1326 K, (x )  1303 K. 

TABLE I Conditions for directional solidification 

Velocity, V Temperature gradient, G, 
(gm s- 1) (K mm 1) 

6.0 20 
17.9 20 
26.1 20 
6.8 9 

17.0 9 
25.9 9 

120.0 9 
4.3 5.4 

16.8 5.4 
191.5 5.4 

interdendritic regions and there may be no continuous 
solid to take up the load further, i.e. the solid and 
liquid are in a series2type configuration. However, 
some weak solid bridges (leading to frictional con- 
straints) may be present, arising primarily from the 
weak interconnection of secondary dendrites. This 
bridge is expected to disappear progressively as the 
testing temperature is raised. 

In the longitudinal direction, the cross-section con- 
tains both continuous dendrites and nearly continu- 
ous interdendritic regions. The deformation therefore 
involves fracture of both the dendrites and the inter- 
dendritic region (i.e. the solid and liquid are in a 
parallel-type configuration). Hence, higher strengths 
may be expected in the longitudinal direction as the 
solid section takes up a larger part of the load. The 
transverse and longitudinal fracture stresses approach 
the same value as the testing temperature is increased 
(Fig. 2). At the higher temperatures, the dendrites melt 
and the continuity of solid bridging in the longitudinal 
direction begins to disappear. 

The temperature at which the fracture stress be- 
comes very small is higher for the longitudinal section 
when compared to the transverse section. Additional- 
ly, it is noted that the solidification variables may 



T A B L E  II Measured mushy zone properties from stress-free dir- 
ectionally solidified samples, c~f is the fracture stress at the same 
temperature. The modulus, Er, is determined from the average slope 
between the first two or three data points of the type shown in Fig. 1. 
This modulus may somewhat underestimate the slope at the origin 

G (Kmm -1) V(~ms - l )  T(K) E (MPa) of, (MPa) 

5.4 4.3 1413 171,53 2.48 
1391 7.89 2.78 
1364 711.98 26.08 
1362 2966.7 28.82 
1336 942.71 37.62 

16.8 1423 0.82 3.30 
1398 1325.9 26.52 
1366 834.69 40,16 
1315 930.23 80.34 

191.5 1539 590.75 24.17 
1443 356.65 41.93 
1366 611.29 50.71 
1352 1567.0 131.1 

9 6.8 1465 12.600 3,91 
1421 59.520 10.08 
1375 714.28 21.54 
1349 963.00 36.16 

25.9 1475 6.46 2.08 
1422 328.91 23,19 
1365 3055.1 50,25 120 
1317 540.10 99.39 

20 6.0 1481 10.99 5.06 
1420 494.65 17,12 
1369 148.03 24.68 
1367 445.00 26.79 

17,9 1470 5.14 12.27 
1400 t6.25 57.08 
1378 61.25 63.28 
1359 4200.0 87.37 
1326 500.00 89.87 
1303 1100.0 110,5 
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Figure 2 The (A, G) longitudinal and (11, []) transverse maximum 
engineering stress at failure versus temperature for directionally 
solidified IC396M at (11, A) G = 9 K m m  1, V =  25.9 ~tms 1 and 
( D , G )  G = 5 . 4 K m m  x V=191.51~ms -1. 

influence this temperature significantly. This temper- 
ature is the upper hot tearing temperature and is 
noted to be a function of the imposed solidification 
variables which control the morphology of growth. 
For example, the upper hot-tearing temperature in- 
creases with the temperature gradient, G, imposed 
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Figure 3 Upper hot tearing temperature versus temperature gra- 
dient for directionally solidified IC396M. (11) Transverse, 
V ~ 6 g m s  1; (IS]) transverse, V = 2 0 g m s - 1 ;  (*) longitudinal, 
V~-6 ~ m s - L  
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Figure 4 The transverse engineering stress to failure versus temper- 
ature for the same temperature gradient, G = 20 K m m -  1 for velo- 
cities, V = ( � 9  17.9,([]) 6 .0gms -1, and G = 9 K m m  -1 for V 
= (~)  25.9 and 6.8 (Ill) ~tms -1. 

during solidification (Fig. 3). The upper hot-tearing 
temperature is noted to be relatively insensitive to the 
solidification velocity in the range 1-20 I~m s -1 but 
then increases in the range 20~200 ~tm s-  ~. The frac- 
ture stress continuously falls with increasing testing 
temperature. An approximate measure of the stress, ~f, 
is given by ~f = 27~v/d [5], where d is the film thick- 
ness and 7tv is the liquid-vapour interfacial energy. 

As the velocity of solidification increases, the meas- 
ured transverse fracture stress at a given testing tem- 
perature is noted to increase (Figs 4, 5). However, the 
longitudinal stress is relatively insensitive to the solidi- 
fication velocity. As the solidification velocity in- 
creases, the secondary arm spacing, X2, decreases in 
the IC396M [2] alloy. For transverse testing, this may 
imply higher frictional forces during deformation, and 
an increase in the strength with increasing solidi- 
fication velocity. Fig. 6 is a plot of the secondary arm 
spacing and transverse strength. A correlation is ap- 
parent which shows the transverse stress falling with 
increasing X2. In the case of longitudinal testing, the 
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Figure 5 The transverse engineering stress to failure versus temper- 
ature for the same temperature gradient, G = 5.4 K mm -1, for 
various velocities, V = 4.3, 16.8, 191.5 pros -t .  
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Figure 7 The (&) longitudinal and ( i )  transverse strain at failure, a, 
versus temperature, T, for directionally solidified IC396M. Condi- 
tions of solidification are G = 9 K mm- 1, V = 25.9 pm s- t. The 
temperatures marked in the figure are the minima temperatures. 
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Figure 6 The transverse engineering stress at failure versus the 
secondary dendrite arm spacing for temperatures, ( i )  1360, (Z]) 
1420 and (A) 1460 K. (a) y = 130.38 + - 0.76561x, R = 0.93173. 
(b) y = 78.552 + - 0.57742x, R = 0.99413. (c) y = 72.843 + 
- 0.61476x, R = 0.97894. 

p r imary  dendr i te  a rm spacing, XI, in IC396M is only 
weakly  affected by velocity [2]. If the p r imary  spacing 
influences the longi tud ina l  strength, then this is a 
possible  reason for the insensi t ivi ty to velocity. We do 
not,  however,  find any clear, direct  cor re la t ion  be- 
tween X1 and fracture stress, cyf (both t ransverse and 
longitudinal) .  The longi tud ina l  fracture stress shows 
an init ial  decrease and then an increase as a funct ion 
of X 2. The min imum of the longi tud ina l  fracture stress 
was always no ted  to occur  at  X z = 100 pm for all of 
the t empera tu res  tested. 

3.2.2. Strain 
In the plot  of s train at failure, s, versus tempera ture ,  T, 
a duct i l i ty  m i n i m u m  m a y  often be encounte red  (Figs 7, 
8). This often occurs at  a t empera tu re  t ruely lower  
than  the upper  hot  tear ing  tempera ture .  The strain at 
this min imum,  ami, f, is often zero or  close to zero, 
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Figure8 The (A) longitudinal and ( I )  transverse strain at failure, s, 
versus temperature, T, for directionatly solidified IC396M. Condi- 
tions of solidification are G = 5.4 Kmm -1, V= 4.3 gms -1. The 
temperatures marked in the figure are the minima temperatures. 

especial ly for t ransverse testing. At  Tl~mi n f (i.e. the 
t empera tu re  at which the s train min imum occurs), a 
thin in terconnected  l iquid film m a y  appea r  which 
al lows for crack p r o p a g a t i o n  dur ing  tensile deforma-  
t ion wi thout  the possibi l i ty  of b lunt ing  the crack or  
reducing the crack length by  the col lapse of the adja-  
cent liquid. A typical  solidified film-like residue is 
noted  on the fracture surface and is shown in Fig. 9. 
This mic rog raph  was taken  from a sample  f rac tured  at 
the duct i l i ty  minimum.  The thin, fi lm-like residue is 
su r rounded  by dendr i tes  from resolidified liquid. The 
dendr i te  a rm spacing of the resolidified l iquid 
( ~ 4 gin) is much smal ler  than  that  of  the or iginal  cast 
dendr i tes  ( >  50 ram). Energy dispersive X-ray ana-  
lysis (EDAX) of the thin film showed that  the region 
conta ined  iron, whereas no i ron was detected in the 
o ther  regions of the f rac tographs .  The films appea red  
to be featureless. 

At t empera tu res  below the duct i l i ty  min imum,  the 
l iquid-fi lm residue was not  in evidence. Thus,  some 
duct i l i ty  was observed.  At  t empera tu res  higher  than  



Figure 9 A typical film residue in the transverse scanning electron microscope fractograph of an elevated temperature fracture produced at (a) 
1359 K (in argon) for the directionally solidified sample at G = 20 K m m  1 and V = 17.9 gms ~; (b) 1362 K (in argon) for the equiaxed 
solidified at cooling rate 0.5 K s -  
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Figure 10 (a) The transverse stress at failure versus velocity for directionally solidified IC396M for temperature gradient G = 5.4 K mm- 1 
and varying temperature: (�9 1350 K, (D) 1360 K, (~) 1370 K, ( x ) 1380 K, ( + ) 1390 K, (A) 1400 K, (O) 1410 K, (N) 1420 K. (b) The 
transverse stress at failure versus temperature gradient, G, for directionally solidified IC396M at similar velocity (V~ 20 gm s- 1), and varying 
temperatures: (�9 1330 K, (D) 1340 K, (�9 1350 K, ( x ) 1360 K, ( + ) 1370 K, (A) 1380 K, (0) 1390 K, (N) 1400 K, (i~) t410 K. 

T~mi n f, the amount  of liquid was thick enough to 
collapse behind a growing crack, thus somewhat 
toughening the material. This process of reducing 
crack length as the crack propagates may lead to some 
of the solid taking up the load and manifesting in 
ductility. At very high temperatures, low ductility is 
once again observed and is related to the tearing of a 
predominantly liquid region. 

The T~minf temperature is a function of the 
measurement type (i.e. transverse or longitudinal) and 
the solidification conditions. Three important  tem- 
peratures are noted. These are ~ 1360, ~ 1420 
and ~ 1460 K, which correspond to the TEminf for 
different conditions of imposed solidification: 1360 K 
is the TCmin r for transverse testing when G V exceeds 
0.1 K s - I ;  1420K is the temperature for transverse 
testing when GV is lower than 0.1 K s-1 and also 
longitudinal testing when GV exceeds 0.1 K s - l ,  
1460K is the Tl2minf temperature for longitudinal 
testing in samples when GV is less than 0.1 K s -1 .  

These may correspond to the critical film formation 
temperatures in the respective testing modes and to 
the upper hot tearing temperatures. Figs 7 and 8 show 
typical plots for the strain at failure at different tem- 
peratures for various solidification conditions and 
testing conditions. 

The temperature at Emi n f (i.e. the minimum strain in 
the a - T  plot of Figs 7 and 8) is always higher for the 
longitudinal microstructure when compared with the 
corresponding transverse microstructure (Figs 7,8). 
amin f is higher during longitudinal testing when com- 
pared to the corresponding transverse section. 

The effect of the temperature gradient, G, and velo- 
city, V, on the fracture stress in the transverse direc- 
tion, c~ T, is to increase the fracture stress (Figs 10, 11). 
In the longitudinal direction, fracture stress, C~L, de- 
creases with the temperature gradient G (Table III). 

The temperature bands in Fig. 12 correspond to the 
upper hot tearing temperatures and the critical film 
temperature. The arrows in Fig. 12 are from a sample 
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Figure l l  The transverse stress failure versus temperature for direc- 
tionally solidified IC396M for similar velocity of solidification 
(V~20 l, tm s -  1) and varying temperature gradients: (O) 
20 K m m  -1, (A) 9 K m m  =1, (II) 5.4 K m m  -1. 
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Figure 12 The temperature of Sr~inf versus cooling rate for the 
equiaxed and directionally solidified samples. The arrows point to 
samples with predominantly two-fold dendrites. (E3) (DS) trans- 
verse, ( I )  (DS) longitudinal, ([]) equiaxed. 

which contained predominantly two-fold dendrites 
[2]. The two-fold dendritic structure has a predomin- 
antly cellular morphology [2]. The lower ductility 
minima temperature of this sample falls along the 
ductility minima band at the higher cooling rates of 
the transverse tested dendritic samples. The upper 
ductility minima for the two-fold dendrite samples 
corresponds to the upper hot tearing temperature. 

3.3. Influence of microporosity, dendrite 
and grain parameters 

An illustrative discussion on hot and residual crack- 
ing may be made from the fracture micrographs 
of the sample solidified at V --16.8 gin s -1 and G 
- 5.4 K mm-  1. The longitudinal and transverse frac- 

ture stresses showed a monotonic decrease with in- 
creasing temperature. However, for the transverse 
microstructure, a minimum in the fracture strain was 
noted at an intermediate temperature (Figs 7, 8). The 

T A B L E I ! I The longitudinal stress at failure at different temper- 
atures for directionally solidified IC396M for similar velocity 
(V~ 20 gm s ') of solidification and varying temperature gradients 

Temperature c~ L (MPa) 
(K) 

G = 5.4 K m m  -1 G = 9 K m m  -1 

1360 86.4 68.1 
1370 86.2 61.5 
1380 86.0 57.0 
1390 85.1 50.1 
1400 82.3 43.9 
1410 72.2 37.3 
1420 61.5 30.7 
1430 51.8 25.5 
1440 41,4 20.7 
1450 30,7 15.5 
1460 21,4 10.6 

fractograph from the transverse tested samples always 
showed two types of region, A and B (Fig. 13). The 
equiaxed and longitudinal samples showed a more 
uniform fracture surface. Region A consisted of fine 
resolidified dendrites, whereas Region B consisted of 
decohesion fracture and plastic deformation of the 
original dendrites along with some resolidified liquid. 
For the transverse-tested si~mples, we note that frac- 
ture begins in the interdendritic region which first 
becomes liquid. This is Zone A. The crack may now 
transfer to an adjacent interdendritic region. Once this 
happens, this region is at a lower temperature and the 
propagation is now through a less liquid region, which 
is seen on the fracture surface as Zone B. This was 
verified from optical micrographs taken along the 
sample length after the fracture. The resolidified liquid 
in Region B was found to be mostly along the internal 
surface of the voids seen in Fig. 13c. The thin film 
described in Section 3.2 was always seen only in 
Region A. Fractographs of the longitudinally tested 
samples showed that, at high temperatures in the 
mushy region, decohesion was present along the pri- 
mary dendrite arm boundaries but resolidified fine 
dendrites often filled voids that may have been cre- 
ated. 

Note the resolidified dendrites, as well as regions of 
plastic tearing and decohesion. The relative propor- 
tion of the region of plastic deformation was noted to 
reduce with increasing temperature [6]. Decohesion 
started at the primary 7' and 7 boundary which is the 
location of the microporosity (Fig. 14). This figure is 
taken at some distance behind the fracture surface. 
Note from previous work [2] that this microporosity 
increases with solidification velocity. Therefore, we 
may expect that the fracture strength measured longit- 
udinally or transversely with increasing solidification 
velocity will show a decline. We note, however, that, 
relatively speaking, the longitudinal strength is in- 
sensitive to velocity as discussed above and also that, 
even though the porosity may increase, the strength is 
unaffected by porosity. 

The transverse strength increases with solidification 
velocity. The microporosity seems to nucleate the 
crack that leads to fracture; however, the amount of 
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Figure 14 Metallographic cross-section perpendicular to the trans- 
verse fracture surface at 1375 K. Conditions of solidification are G 
= 9 K m m  -1, V = 6 . 8 / . t m s  -1. 

Figure 13 (a) The transverse scanning electron microscope fracto- 
graph of an elevated temperature fracture produced at 1470 K (in 
argon) for the directionally solidified bar at G = 20 K mm - 1 and V 
= 17.9 pm s - 1  (b, c) Magnified images of Regions A and B in (a), 

respectively. 

this porosity within the bounds of the residual poros- 
ity seen in this alloy [2, 3] may not greatly influence 
the fracture strength. No simple relationship between 
microporosity and fracture strength is noted for direc- 
tionally solidified samples [6]. For the equiaxed case, 
delamination is noted mostly at the grain boundaries. 
This is also the location of the macroporosity [7] 
which decreases (in size and volume) with the increase 
in cooling rate [6]. As the fracture strength decreases 
with increasing cooling rate, the macroporosity is 
expected to have a reduced influence on the fracture. 
The fracture stresses are dependent on the imposed 
velocity and temperature gradient during solidifica- 
tion. In the transverse case, as the gradient and velo- 
city increase, an increase in the fracture stress is noted. 
In the longitudinal case, an increase in the temper- 
ature gradient during solidification causes the fracture 
stress to decrease. We note from previous work [2] 
that an increase in the temperature gradient and 
velocity will cause the secondary arm size to decrease. 
Note also from the discussion in Section 3.2 that a 
correlation between transverse strength and X 2 is pos- 
sible, but no correlation with X 1 could be established. 

When tested at temperatures below the strain min- 
imum, no undue features were seen in the alloy micro- 
structure behind the fracture surface. However, when 
tested at temperatures above the strain minimum, we 
noted residual cracking behind the fracture surface. 
These cracks could not be healed and would be left 
behind in a casting. Thus, a key result of the work is 
the identification of the intermediate temperature 
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strain minimum. If the casting experiences a temper- 
ature gradient during solidification and if the stresses 
are higher than the fracture stress at the temperature 
of the strain minimum, then residual tears will remain 
in the casting. This is the origin of one class of residual 
hot tears in an IC396M casting. Thus, during cooling, 
it is undesirable to have any stress at the temperature 
TSmi n f. This is the temperature at which a very thin 
liquid film is present. Stresses cause a crack to propag- 
ate through this film. When the stresses cause the 
crack to grow to a critical length, failure occurs and 
very low ductility is observed. It is also entirely pos- 
sible that even small stresses (not enough to cause 
failure) at this temperature will cause residual cracks 
in the casting (see Part I [11). 

For the generation of fracture maps, the cooling 
rate during directional solidification is not an appro- 
priate variable as the fracture parameters do not scale 
monotonically with cooling rate. However, they do 
scale monotonically with plots of V and G plotted 
separately. The maps are presented in Section 3.5 
below. 

3.4. Hot  tearing suscopt ib i l i ty  
The hot tearing resistance is related to the amount of 
strain accommodation that is possible [-8-201, al- 
though alternative definitions are available when 
lower fraction solids are considered [21, 22]. Lower 
grain sizes in equiaxed castings are known to be more 
resistant to hot tearing than the higher grain sizes [5, 
8, 23-25]. This aspect has been discussed in Part I [11. 

For directionally solidified samples, a higher frac- 
ture strain is noted for longitudinal testing than for 
transverse testing in the range of ~1360 1420K. 
When comparing transverse tested samples which 
were solidified at the same velocity but with different 
temperature gradients, it is noted that the fracture 
strain increases with increasing temperature gradient 
when the gradients are in the high range, ~20 K 
mm-1. In the lower range of 9 and 5.4 K mm 1, the 
relationship is more complex and is dependent on the 
location of the temperature of the minimum ductility. 
An increase in the temperature gradient during solidi- 
fication may cause a decrease in the fracture strain 
measured at the same temperature. Thus, there are 
two controlling parameters, the morphology and the 
microsegregation, for determining strain accommoda- 
tion. The morphology being more important when 
cells and two-fold dendrites are present. Similarly for 
the transverse tested samples, solidified with the same 
gradient but with different velocities, the fracture 
strain is noted to increase with velocity. The influence 
of the velocity is smaller than that of the temperature 
gradient; the difference due to velocity becoming ap- 
parent only when comparing velocity changes over 
two orders of magnitude (e.g. 6 and 190 ~tm s-1). If the 
velocity and temperature gradient both change the 
fracture strain in the same manner, the product of the 
two, namely the cooling rate, may influence the frac- 
ture strain (or the hot cracking resistance). However, 
this finding was not noted to be necessarily true 
because G and V may act in an opposing manner, thus 
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cautioning against using a lumped variable, G V, in- 
Stead of the individual variables. 

For longitudinal testing, lowering the velocity in- 
creases the fracture strain. For the samples in the same 
velocity range, the higher temperature gradient gives 
higher strain accommodation. For the transverse sam- 
ples in the same temperature gradient range, a higher 
velocity gives a higher strain accommodation. On the 
other hand, for the longitudinal samples, a lower 
velocity gives a higher strain accommodation prior to 
fracture. We note here also that a higher G is one of 
the causes of higher applied stress during solidific- 
ation. 

From Fig. 3 and Part I [11, we note that the upper 
hot tearing temperature for DS transverse tested and 
equiaxed samples increases with V, G, and decreases 
with i b, respectively (where i? is the cooling rate for 
equiaxed samples). We note also that the hot tearing 
stresses are generally also expected to increase with V 
and G, and decrease with i/~ respectively. The fracture 
strain dependence on V, G, and i? is dependent on 
whether morphology control or microsegregation 
control dominates. For equiaxed castings, the de- 
crease in the cooling rate, T, and hence the increase in 
the coherency temperature, decreases the strain ac- 
commodation in the critical temperature range where 
tearing may occur. For the transverse DS samples, 
broadly speaking, the increase in the coherency tem- 
perature will decrease strain accommodation for den- 
dritic samples but will increase strain accommodation 
for two-fold or cellular samples. The fracture strains 
were plotted against cooling rate for both the 
equiaxed samples and the transverse tested direc- 
tionally solidified samples, to examine what would be 
expected in terms of hot cracking when a dendrite-to- 
equiaxed transition could occur. In general, it was 
noted that for the same cooling rates, when tested in 
the temperature range 1360-1420K, the fracture 
strain in the equiaxed samples exceeded those in the 
DS samples. This would imply that a dendrite-to- 
equiaxed transition would increase the hot tearing 
resistance. Some exceptions were noted. These corres- 
pond to DS samples with predominantly two-fold 
dendrites (seen, for example, when the temperature 
gradient exceeded 20 K mm-1). In such cases, the 
fracture strains for the equiaxed solidified samples 
were lower than the directionally solidified samples. 

3.5. Fracture m a p s  for nickel a lumin ide  
Fracture maps may be defined as processing-property 
maps which may critically impact casting design. 
These maps should reflect conditions outside which 
the casting will tear. The fracture maps for IC396M 
have been developed after a critical examination of the 
solidified microstructure and the semi-solid strengths. 
The fracture maps are the cy x-  T-G (transverse) for the 
directionally solidified microstructure and ~ f -  T -  i b for 
equiaxed microstructure (Part I [11). The CYT-T-- G 
map is shown in Fig. 15. The T~minf band for the 
directionally solidified samples is also shown in the 
fracture map as this is the temperature at which 
residual microcracks may be left in the casting. The 
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Figure 15 The three-dimensional diagram fracture map (transverse 
stress at fracture temperature-temperature gradient) at a fixed 
velocity of ~ 2 0  g m s = l  for the directionally solidified IC-396M 
alloy. The shaded region is the temperature at which the min imum 
in the fracture strain was observed. At G = 5.4 K m m  1 the ex- 
tended shaded region is shown to indicate the spread in this 
temperature with the velocity of solidification. 
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Figure 16 The ratio of imposed stress to the fracture stress at a 
given temperature versus temperature gradient for directionally 
soldified IC396M alloy at V ~ 6 ~ t m s  1. c~ is taken as 13.6x10 -6 
K - i  for the alloy; E x is the measured modulus  at a given temper- 
ature. TL is the liquidus temperature. T is a given temperature, af is 
the fracture stress at the same temperature. 

band results from the finding that TEmi n f is a function 
of the velocity of growth for the directionally solidified 
samples. The effect of the velocity on the extent of the 
band diminishes with an increase in the temperature 
gradient during solidification. In Part  I it was noted 
that the volume fraction of Y' influences the modulus 
and thus the residual cracking found in castings after 
solidification. A similar analysis may be made for 
directionally solidified microstructures. The amount  
of,/ ' has been shown [1] to vary substantially with DS 
solidification conditions. The measured modulus at 
various temperatures below the film formation tem- 
perature may, therefore, be expected to be a function 
of the solidification condition. The ratio of imposed 
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Figure 17 The ratio of imposed stress to the fracture stress at a 
given temperature versus velocity for directionally solidified 
IC396M alloy at G = 5.4 K mm 1. c~ is taken to be 13.6 x 10 -6 K- 1 
for the alloy; E T is the measured modulus at a given temperature. T L 
is the liquidus temperature. T is a given temperature, af is the 
fracture stress at the same temperature. 

stress to the fracture stress at a given temperature as a 
function of temperature gradient and velocity are 
plotted in Figs 16 and 17. The results are noted to 
follow very clearly the influence of the volume fraction 
of Y' measured from the microstructure [21 and as 
discussed in Part  I [ I] .  

4.  C o n c l u s i o n s  
This paper is the first report of systematic measure- 
ment of semi-solid stress-strain relationships for the 
directionally solidified alloys. The main conclusions of 
the work are given below. 

The semi-solid strength, ductility and the upper hot 
tearing temperature are functions of the temperature 
and the solidified microstructure morphology. In gen- 
eral, the strength measured along the longitudinal 
direction of a directionally solidified sample is greater 
than that measured along the transverse direction, on 
account of a lack of solid continuity along the trans- 
verse direction. An analysis of the solidified micro- 
structures indicates that finer secondary arm spacing 
increases the strength of the transverse microstructure. 
We conclude that, when considering processing maps 
for IC396M, the temperature gradient during solidi- 
fication and the transverse direction properties limit 
the processing and therefore are the important vari- 
ables. 

There exists a critical temperature (for both DS and 
equiaxed samples) in the semi-solid region at which 
there is a strain minimum. This temperature is ~ 1360 
K for cooling rates > 0.1 K s-1 in transverse DS or 
equiaxed tested samples. The temperature at ~min f (i.e. 
the minimum strain in the a - T  plot) and the ~min f is 
always higher for the longitudinal microstructure 
when compared with the corresponding transverse 
microstructure. The microstructural implication of the 
strain minimum are being examined. However, pre- 
liminary examination from fractographs indicate that 
the temperature is related to the formation of a thin 
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liquid film. The lower temperature of 1360 K is also 
the temperature at which residual microcracks may be 
left behind in the solidified structure. 

Increasing V in transverse DS samples and  7 ~ in 
equiaxed samples leads to an increase in the fracture 
strain and thus to an increase in the hot cracking 
resistance. The relationship with G in transverse DS 
samples is more complex. A dendrite-to-equiaxed 
transition is expected to increase the hot tearing resist- 
ance, except in special cases when two-fold dendrites 
are noted on directional solidification. Two-fold den- 
drites and/or cellular morphologies are noted when 
very high temperature gradients and low solidification 
velocities are imposed during solidification [2]. 

Fracture maps (processing maps)may be generated. 
These are the ~ x - T - G  and ~ f - T T  maps for direc- 
tional and equiaxed castings, respectively. The frac- 
ture map ch--T G and % T-7~may be used for design 
of castings. The solidification and cooling rates selec- 
ted for this study (Parts I [1] and II) lie in the range of 
cooling rates commonly employed for commercial 
casting purposesl For  a casting process we may obtain 
information on T or G during solidification. In addi- 
tion, it is fairly simple to estimate the magnitude of 
mould-imposed stress on a casting [26-30]. By com- 
paring the values with the cyf T-~h plot, a determina- 
tion may be made if there is any value that lies above 
the net. If a problem is anticipated, parameters like 
mould design, cooling rate, etc., may be changed to 
ascertain that there is no processing condition above 
the critical net. In addition, stresses at T~;mi n f should 
be kept as low as possible to avoid residual micro-  
cracks. 

It is important to mention two limitations of the 
present work. The first one is that the results obtained 
are from reheated samples and therefore may differ 
slightly from results obtained during in situ solidi- 
fication measurement. Such differences have been re- 
corded previously for other alloys [27, 31, 32]. The 
second is that the results also pertain to a single 
crosshead speed and therefore cover a small range of 
strain rates. Strain rate has sometimes been noted to 
influence the measured semi-solid properties (e.g. in 
snow [33] and in Pb-Sn alloys [27]). The strain rates 
that are estimated to be applied to the mushy zone 
during casting may vary over four orders of magni- 
tude, i.e. 10-5-10 - 1 s-1. The results presented in this 
paper are for the higher strain rates (0.03~.4 s-  1). Not 
withstanding these limitations, the results are the first 
comprehensive measurements which detail the semi- 
solid properties of a material as a function of the 
morphology and scale of the solidification micro- 
structure in directionally solidified and equiaxed so- 
lidified alloys. 
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