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In this article, the Ni-46.1A1-7.8Mo (at.%) alloy was directionally solidified at
different growth rates ranging from 15 um/s to 1000 ym/s under a constant
temperature gradient (334 K/cm). The dependence of microstructural length
scales on the growth rate was investigated. The results show that, with the
growth rate increasing, the primary dendritic arm spacings (PDAS) and sec-
ondary dendritic arm spacings (SDAS) decreased. There exists a large dis-
tribution range in PDAS under directional solidification conditions at a
constant temperature gradient. The average PDAS and SDAS as a function of
growth rate can be given as 1; = 848.8967 V%4599 and /, = 64.2196 V04140,
respectively. In addition, a comparison of our results with the current theo-

retical models and previous experimental results has also been made.

INTRODUCTION

Dendrite structures are frequently observed dur-
ing the solidification of alloys. The dendritic struc-
ture is a key microstructural feature that is
generally characterized by the primary (PDAS, 1;)
and secondary (SDAS, 1) dendritic arm spacings. In
particular, the 1;/19 ratio can be used to estimate
the permeability of the mushy zone.' The spacing
among primary and secondary is important since it
determines the spacing of precipitates or porosity
and, thus, has a considerable effect on the
mechanical properties of solidified alloys. Because of
this correlation, a significant amount of work in
both theoretical and experimental research on the
selection mechanism of the cellular/dendritic spac-
ing is reported in the literature that characterizes
the variation of PDAS and SDAS with alloy com-
position (Cy), growth rate (V), and temperature
gradient (Gy) in the melt.>'* Hunt and Kurz and
Fisher have proposed the theoretical models to
characterize cell/primary dendrite spacings as a
function of growth rate, temperature gradient, and
alloy composition.”'® The Trivedi model is a result
of the modification of the Hunt model, and it is used
as a marginal stability criterion.'’ Hunt and Lu
have proposed an analytical expression for
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corresponding cellular spacing from their numerical
predictions of the lower limit of stable cellular/den-
dritic spacing.'? For clarity, Table I lists the theo-
retical models for A; and /s, respectively, all of
which indicated that increasing the growth rate will
decrease the value of 2; and A,. In addition, current
studies have claimed the existence of an allowable
range of stable spacings. This has been interpreted
in such a way that no unique spacing selection is
stable under given experimental conditions, while
the average spacing of dendritic arrays is remark-
ably history dependent on solidification parameters
(V, G1). Up to now, many experimental studies in
the literature have compared with these theoretical
predictions under steady-state growth conditions.
For alloys of different systems: Pb-Sn,® Cu-Mn,'®
Pb-Bi,'” succinonitrile-carbon tetrabromide,'® Al-
Zn,'® Al-Cu,?° and Pb-Sb,?! the agreement between
theory and experiment is generally reported. How-
ever, only limited information is available in the
literature about the dendritic structure in inter-
metallic compounds.?? If nonequilibrium conditions
prevail during solidification of intermetallic com-
pounds, these materials become very important for
structural applications.?®> In recent years, inter-
metallic NiAl alloy has been the focus of consider-
able research because it is expected to be a potential
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Table I. Models for primary and secondary dendritic arm spacing

Models

Hunt model®

Kurz—Fisher model®

Trivedi model*!
Hunt-Lu model'?
Trivedi and Somboonsuk model*®

Bouchard-Kirkaldy model**

Equations
1 = 2.83[my, (ko — 1)DLT]"*°CY2PV 025G 05 (1)
0.25
1 =43 [mL(kO};(z)l)DLr] 08A25v—0A25G£0,5 2)

)1 = 2.83[my,(ko — 1)D,TL]**C32PV 025G 05(3)
)1 = 8.18k; 0335 (ko AT,) 1T 041 DY5IVO59 (4)
0.5
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my, liquidus slope; kg, equilibrium distribution coefficient; Dy, diffusion coefficient in the liquid; I', Gibbs—Thomson coefficient; Gy,
temperature gradient; V, growth rate; Cy, initial alloy composition; as, secondary dendrite calibrating factor. According to Bouchard’
analysis, for NiAl, a; = 4 (Ref. 14 ); L, a constant that depends on harmonic perturbations. According to Trivedi’s analysis for dendritic

growth, the Value of L is equal to 28; AH heat of fusion; AT, equilibrium solidification temperature range ATy =

my, (Ko—
ko

candidate material in the automotive and aerospace
industries for high-temperature structural applica-
tions.?* In the present work, NiAl-7.8Mo hypo-eu-
tectic alloy was chosen for investigating the effect of
the growth rate on the microstructural character-
istic length scales of the primary NiAl phase (PDAS
and SDAS) and for comparing the results with the
existing theoretical models.

EXPERIMENTAL PROCEDURE

Alloy Preparation and Directional
Solidification

In the present work, the master alloy with a
composition of Ni-46.1A1-7.8Mo (at.%, which will be
the same throughout this article unless otherwise
stated and referred to as NiAl-7.8Mo for short) was
prepared by induction melting under Ar atmosphere
and dropped into a cylindrical ingot measuring
80 mm in diameter and 100 mm in length. The
purity of raw materials used in this study is Ni
99.99% (wt.%), Al 99.99% (wt.%), and Mo 99.95%
(wt.%), respectively. Directionally solidified (DS)
rods were cut from the master ingot into
®3.9 x 100-mm cylinder bars by a wire electrodis-
charged machine (EDM) and placed into a high-
purity alumina crucible of 4/56 mm diameter (inside/
outside diameter). Directional solidification experi-
ments were performed under an argon atmosphere
in a Bridgman-type crystal growing facility with
liquid metal cooling (LMC) technique. The alumina
crucible with the as-cast rod was positioned in the
furnace and heated up to ~1700° + 10° with a gra-
phite heater by induction heating and then kept for
30 min for melt homogenization. The upper part
with the heating element was then slowly and uni-
formly shifted downward to allow unidirectional
heat extraction. This operation was controlled by a
servomotor at various withdraw rates. After the
solidified distance reached 50 mm, the sample was
quenched into liquid Ga-In-Sn alloy to obtain the

interface growth morphology and to study the for-
mation of the microstructure. A thermal gradient at
the S/L interface is approximately 334 K/cm, and
the details of the measuring temperature gradient
are given in Ref. 25. The samples were grown at
different rates varying from 15 um/s to 1000 pm/s.
The experiment was carried in the same furnace
and in the same experimental condition. Here we
assume that the thermal conditions stay identical
and focus on discussing the influence of growth rate
on microstructural length scales.

Metallography and Measurement of
Microstructural Length Scales

After solidification, the directionally solidified
samples were sectioned transversely and longitudi-
nally by EDM for metallographic analysis. The
metallographic process involved grinding, mechan-
ical polishing, and chemical etching with a solution
of 80%HCI-20%HNO3. We revealed and analyzed
the etched specimens by using a scanning electron
microscopy (SEM) equipped with energy-dispersive
spectrometry (EDS). The quantitative image anal-
ysis was conducted by means of SISCIAS V8.0
metallographic image analysis software. The PDAS
was obtained by measuring the distance between
the nearest two dendrite tips on the transverse
section, and the SDAS was measured by averaging
the distance between adjacent side branches on the
longitudinal section of a primary arm. About 90-120
values of 1y, 45 for each growth rate were measured
to increase statistical sensitivity.

RESULT AND DISCUSSION

Microstructure of Directionally Solidified
NiAl-7.8Mo Alloy

The typical quenched S/L interfaces and trans-
verse section microstructures of the DS NiAl-7.8Mo
alloy with increasing growth rate in the range of
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15 um/s to 1000 um/s at G1,=334 K/cm are shown in
Fig. 1. The solidification structure presents a mixed
structure, that is, dendrites of the § NiAl phase and
interdendritic two-phase eutectic («Mo+fNiAl). The
solid-liquid interface presents the competitive
growth of the NiAl phase and the eutectic
(Mo + NiAl). A fast growth rate produces fine and
highly oriented dendrites, while a slow growth rate
produces large and coarse dendrites. For the hypo-
eutectic composition selected for the present inves-
tigation, due to the long-range boundary layer built
up ahead of the solid-liquid interface, the NiAl
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phase becomes heavily constitutionally undercooled
and tends to grow faster than the eutectic. It can be
found that the NiAl dendrites form prior to growth
of the eutectic. The eutectic then completes solidi-
fication by filling in the areas surrounding the
dendrites. The «Mo phases present a fibrous mor-
phology. The resulting structures contain the pri-
mary fNiAl phase (black dendrites) and the eutectic
(«Mo + SNiAl).

The quantitative chemical composition analysis of
the eutectic and the primary NiAl phase was carried
out by using EDS and is given in Fig. 2. Here we

. Eutectic

Liquid

irection

Fig. 1. SEM micrographs of DS microstructures under different growth rates for the NiAl-7.8Mo alloy: (a) 15 um/s; (b) 25 um/s; (c) 50 um/s;
(d) 100 um/s; (e) 300 um/s; and (f) 1000 um/s. The subscripts 1 and 2 denote longitudinal and transverse microstructures, respectively.
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Fig. 1. continued.

. H G+B
Region A B-NiAlPhase Elmt  Elmt
Eimt  Elmt

Emt —— (at-%)
(at.%) (wt.%) 10.43
50.49 68.91 45.71
49,51 31.09 43.86

Fig. 2. Chemical composition analysis of DS microstructures of NiAl-7.8Mo alloy by SEM-EDX (V = 25 um/s, G = 334 K/cm): (a) dark primary
NiAl phase; (b) bright gray eutectics
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selected the sample of V = 25 um/s to determine the
compositions of the constituent phases. It was found
that the NiAl phase contained no Mo and had the
near-stoichiometric composition Ni50.49-A149.51,
whereas the eutectic contained all three elements
and had the composition Ni45.71-A143.86-M010.43.

Effect of Growth Rate on the Dendritic
Spacing

Table II gives the measurement results of den-
dritic spacing obtained at Gi, = 334 K/cm, where
Amaxs> A1min, ANd A1mean are maximum, minimum, and
average primary spacing, respectively. It is shown
that there exists a large distribution range in pri-
mary spacing with the variation of growth rate from
15 um/s to 1000 um/s. As the growth rate increases,
the distribution range tends to slightly decrease. The
ratio of maximum spacing to the minimum value, as a
function of growth rate, varies between 2.6272 and
3.6177. A clear distribution range of primary spac-
ings, as a function of growth rate, is shown in Fig. 3,
which is plotted from the data in Table II. Through
regression analysis, we obtain Mmax =
1230.4234 V0439 ), ., = 382.5920 V_**34 " and
Mmean = 848.8967 V0% Gao et al.?®* and Min
et al.*” reported their experimental results on the
primary dendritic spacings of superalloy DD3 and
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DZ125 under a directional solidification condition. It
was found that, for DD3 and DZ125 alloys, the aver-
age grimary spacing and the growth rate obey
J1V%?* = const. with a smaller exponent than ours.
However, the exponent value of the growth rate
0.4509 in our result is very close to the values 0.50,
0.50, and 0.44, which were obtained by Kloosterman
et al.?® for Al-Ni alloy, Ma et al.?? for Zn-Cu alloy, and
Klaren et al.?° for Pb-Au alloy, respectively. The
discrepancies may be caused by the experimental
condition and the alloy system. The values of the
exponent on the scaling of the primary spacing 1;
with the velocity for different alloy systems are
summarized by Marash and Cadirl.>® By a compar-
ison of the results we can find out that the exponent
values are different in the different alloy systems and
that the exponent values have a certain differences
even in the same alloy system. So, it is probable that
the exponent value might depend on the alloy sys-
tems and experimental conditions.

To compare our experimental results with theo-
retical model, the predictions of four theoretical
models (as described by Eqs. 1-4 in Table I) were
considered. By using the physical parameters given
in Table III, the predictions of four theoretical
models (as described by Eqs. 1-4 in Table I) were
compared with the measured primary spacing, as

Table II. Measured experimental data (PDAS and SDAS) of DS NiAl-7.8Mo alloy

PDAS /; (um)

Growth rate V (um/s) Almax (pm) A1min (um) A1 (um) Mmax!*1min SDAS i (um) Mlio
15 381.0 115.3 246.809 3.3044 20.445 12.0719
25 257.9 95.7 195.059 2.6949 17.529 11.1278
50 264.7 66.7 156.755 3.9685 13.767 11.3863
100 179.7 68.4 115.733 2.6272 10.264 11.2756
300 814 22.5 57.019 3.6177 4.240 13.4479
1000 37.3 12.9 25.495 2.8915 3.258 7.8254
(a) X (b)
100 | -
100 |- e
0 £
£ = R -
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< e Mean > | Hunt
§i A Minimum 2 --- Kurz-Fisher
- A =12304234V**r=09250 4 0~ | T Tivenl
1max S Hunt-Lu
—km‘_m:848.8967V'°'45°9 r=0.9839 A 1F - - Primary dendrite arm spacings T
10 F B, o= 382.5920V°%* 1=0.9334 B Nonlinear fit result for PDAS(r=0.98)
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Fig. 3. Selection of SDAS as a function of growth rate: (a) comparison of PDAS of the directionally solidified NiAl-7.8Mo alloy with the predictions

of the theoretical models (b).
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Table III. Physical parameters of NiAl-Mo alloy

Parameter Symbol Units Value
Liquidus slope of j mg K(at.%) " —23.4431
Gibbs—Thomson coefficient of SNiAl Iy K/um 0.03532
Diffusion coefficient Dy um?/s 600033
Partition coefficient K; - 0.79%8
Temperature gradient Gy, K/cm 334
Heat of fusion AH J/em?® 1633
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Fig. 4. Comparison of SDAS of the directionally solidified NiAl-
7.8Mo alloy with the predictions of the theoretical models.

shown in Fig. 3. It is found that the prediction of the
Hunt—Lu model exhibits a large deviation with the
present experimental results. The calculated values
for the Hunt—Lu model are a little smaller than the
experimental data. The predictions of the Trivedi
model and Kurz—Fisher model show reasonable
parametric agreement.

Table II gives the SDAS of NiAl-7.8Mo alloy at
different growth rates. It can be observed that with
the increasing of the growth rate, the secondary
arm spacing decreases as well. The variation of
on the log A5 versus logV plot is essentially linear for
the growth rate ranges (15-1000 um/s). A linear
regression analysis %'Ves the proportionality equa-
tion as 1y = 64.22 V94140 (Fig. 4) and the exponent
value 0.4140 is in agreement with Cadirl’s value
0.43 for PVA,3* Kaya’s value 0.46 for SCN-CTB,?
and Seetharaman’s value 0.44 for CBr,-C5Clg.%° The
variation in the values of 1y experimentally
obtained with a constant Gi, at different V in the
present work has been compared with the values of
/9 calculated from the Trivedi model and the Bou-
chard-Kirkaldy model, which are given in Fig. 4. As
shown in Fig. 4, the calculated line of /o with the
Trivedi model as a function of V is lower than our
experimental values and the calculated line of /o
with the Bouchard—Kirkaldy model as function of V

exhibits a fairly larger deviation from our experi-
mental results. This phenomenon can be attributed
to the retard of coarsening of the secondary dendrite
arms by solidification reaction and transforma-
tion.'* During the process of solidification, accord-
ing to the solidification theory, a ripening process
causes the highly branched arms to change with
time into coarser, less branched, and more widely
spaced ones. The driving force for the ripening
process is the difference in chemical potential of
crystals with varying interfacial energies due to
different curvatures. Since the secondary dendrite
arms continuously adjust during solidification until
the end of solidification, maybe the ripening process
is not sufficient or retarded. Moreover, because of
the complexity of solute distribution and
microstructure formation, it is difficult to make
precise predictions of SDAS in a multicomponent
alloy system.

The 71/ has been used to estimate the perme-
ability of the mushy zone, but only limited infor-
mation is available in the literature about this ratio.
Cicutti and Boeri*® developed an analytical model to
estimate the 1/l =~ 2.6. This is consistent with the
values ranging from 2 to 4 suggested by Wolf.?>” But
it can be observed from our experimental results in
Table II that the Ai/4s is not constant but ranges
from 7.8254 to 13.4479 with the increase of growth
rate. It is clear that our results are much bigger
than that of Cicutti and Wolf.

CONCLUSION

The directional solidification experiments have
been carried out on the NiAl-7.8Mo alloy. The effect
of growth rate on the primary arm spacing, sec-
ondary arm spacing, and their relations between
characteristic length scales are investigated. The
following conclusions were obtained:

1) For a given Cy of NiAl-7.8Mo hypo-eutectic
alloy, over the growth rate range of 15-
1000 um/s at G, = 334 K/em, there exists a
large distribution range in primary NiAl den-
dritic spacing under directional solidification
conditions. With the increase of growth rate,
both the average spacing and the distribution
range tend to decrease. The average, maxi-
mum, and minimum primary spacing of NiAl-
7.8Mo, as a function of growth rate, can be
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2)

3)

given as Aqmax = 1230.4234 V04399 ) =
382.5920 VU4 and  Jimean = 848.8967
V04509 yegpectively. Our experimental re-
sults agree well with the Trivedi model and the
Kurz—Fisher model.

With the increase of growth rate, the SDAS is
decreasing too. The SDAS of NiAl-7.8Mo, as a
function of growth rate, is given as
Jg = 64.2196 V"4 The Trivedi model and
the Bouchard-Kirkaldy model predicting the
SDAS exhibit a large deviation from the
experimental results during directional solid-
ification. Our measurements fall in between
the predictions of the two models tested here.
The values 1i/1s are not constant but range
from 7.8254 to 13.4479 with the increase of
growth rate. Its minimum value is at the
growth rate of 1000 um/s. Our results are
much bigger than that of Cicutti®*® and Wolf.?”
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