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Abstract--A coordinated theoretical and experimental study of the temperature distribution inside a 
customized vertical Bridgman system for growing fl-NiA1 crystal has been conducted. The theoretical 
model accounts for the combined effects of phase change dynamics, the coupled heat transfer processes of 
conduction, convection and radiation, variable material properties, and complex geometry pertaining to 
the system. Comparisons between numerical predictions and experimental measurements show satisfactory 
agreement. The accuracy of the melting temperature of NiA1 with stoichiometric composition, along with 
important processing parameters such as interface curvatures and temperature gradients across the inter- 
face, have been discussed in detail. Also assessed are possibilities of improving the solidification process, 
including coating the ampoule outer wall with a material of high radiative emissivity or decreasing the 

ampoule wall thickness. © 1997 Elsevier Science Ltd. All rights reserved. 

1. INTRODUCTION 

The physical and mechanical properties of nickel 
aluminum (NiA1) depend strongly on both com- 
position and temperature [1-6]. At stoichiometric 
composition (50 at.% Ni, 50 at.% A1), NiA1 has its 
lowest yield strength and highest ductility, while tran- 
sition temperature from brittle to ductile behavior 
(BDTT) is at a minimum [2]. Impurity content and 
deviations from stoichiometry can significantly 
change these properties. For  example, it has been 
found that single crystal NiAI with improved purity 
[1] or with small ( <  1%) additions of iron, gallium or 
molybdenum [5] yields substantial increase of ductility 
at room temperature. As far as the temperature effect 
is concerned, it has been widely recognized that NiA1, 
like most other intermetallics, has the drawbacks of 
poor ductility at room temperature and low strength 
at elevated temperature, despite its many other 
superior advantage:~ such as low density, high thermal 
conductivity and high melting temperature [2, 5-6]. 
These problems need to be resolved before NiA1 will 
be useful in structural applications as a high tem- 
perature material. 

The present work represents part of a systematic 
effort conducted with the goal of understanding the 
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behavior of NiAI from two aspects, i.e. the influence 
of alloying and processing on the structure and 
properties of NiAI. Alloying mostly deals with the 
procedure of additions of certain elements or other 
precipitates to the single crystal for the purpose of 
property enhancement, Processing, on the other hand, 
is mainly concerned with the change of  thermal con- 
ditions by factors such as selection of ampoule 
materials, setup of heating and cooling temperatures, 
and variation of growth speed. The current study is 
focused on the processing conditions in a vertical 
Bridgman system for growing single crystal fl-NiA1, 
having a composition of 50 at.% Ni, 50 at.% A1, 
with a B2 (CsC1) crystal structure. The information 
obtained facilitates a better understanding of the vari- 
ous processing parameters, which, in turn, offer guid- 
ance to adjust the processing environment for enhanc- 
ing crystal quality and composition control. 

In the present study, initially, the raw material of 
NiA1 is Vacuum induction melted and chill cast into a 
rod wi tha  desired size. The rod is then removed from 
the chill mold, placed in a high density refractory (e.g. 
alumina) ampoule, which is situated on top of a water 
cooled ram (e.g. copper), remelted and then direc- 
tionally Solidified by slowly withdrawing the ampoule/ 
ram assembly from the hot zone. In most cases, a 
single crystal seed is placed between the chill and the 
feedstock in order to preselect the orientation of the 
single crystal NiAI. Figure 1 (a) shows the schematic 
of such a Bridgrnan system. Several physical mech- 
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static pressure z 
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reference point of the 
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radial coordinate 
source terms in the momentum Greek symbols 
equations /3 
temperature # 
reference temperature Q 

coolant temperature 
heater temperature 
thermocouple reading 
thermocouple reading 
radial velocity component  
axial velocity component  
axial coordinate 
axial position from the reference 
point of the ampoule (see Fig. 1). 

thermal expansion coefficient 
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Fig. 1. Vertical Bridgman growth system for ~-NiA1 crystal : (a) schematic of actual design ; (b) layout and 
boundary conditions extracted from (a) for numerical simulation, where H measures the ampoule position 

with respect to the heater baseline as it is pulled out, T4 = 1800°C and T! = 10°C. 
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anisms can be identified in this system and are of 
key importance to the processing conditions. These 
include the phase change dynamics between the NiA1 
melt/solid interface, heat conduction across the 
ampoule wall and the copper ram, convection in the 
melt and in the enc, apsulated argon gas, and radiation 
between the outer ampoule wall and the heater, which 
is held at T4, surrounding the ampoule. 

We have developed a numerical model to simulate 
the thermal and solidification characteristics of this 
system, accounting for the coupled heat transfer pro- 
cesses, complex geometry, as well as variable material 
properties [7, 8]. To validate this model, experimental 
measurements of temperature profiles at designated 
locations in a vertical Bridgman growth system for fi- 
NiAl single crystal have been made and compared 
with the predictions. To help optimize the thermal 
conditions for growing single crystal fl-NiA1 with 
desired properties, parametric variations have also 
been considered in numerical simulations. Further- 
more, the exact melting temperature of NiA1 does 
not seem to have been ascertained; combining the 
computational and experimental information, the cor- 
rect value of the melting temperature is assessed. 

2. EXPEIFIIMENTAL PROCEDURE 

2. l. System set-up 
Figure 1 (a) shows the schematic of the current ver- 

tical Bridgman growth system, which is axisymmetric. 
Compared to the previous work [7, 8], in this study, 
the ampoule inner diameter has been increased from 
25 to 29 mm diameter to grow a larger crystal. The 
feedstock of NiA1 was prepared by vacuum induction 
melting and chill casting into a 28 mm diameter rod, 
with a 5 mm diameter hole in the center to allow for 
installation of a th,~rmocouple. 

Four Type C tungsten-rhenium thermocouples 
with 3 mm diameter were installed for measuring the 
temperature profiles and furnace hot zone tem- 
perature during the crystal growth process. Figure 2 
shows the detail,ed arrangement of these ther- 
mocouples. Therrnocouple 1 (TC1) was positioned 
along the centerline of the NiA1 feedstock. To protect 
this thermocouple from corrosion and contaminating 
the crystal during the melting process, it was enclosed 
by an alumina tube using a 3 mm inner diameter and 
5 mm outer diameter and a tip length of 6.5 mm. This 
arrangement also allows thermocouple 1 to translate 
vertically along the; NiA1 centerline. Thermocouple 2 
(TC2) was positiolaed along the outer ampoule wall 
and was also allowed to translate vertically. In 
addition, thermocouples 3 and 4 (TC3 and TC4) were 
fixed horizontally at about one-half height of the 
heater. They were used to help monitor the thermal 
condition in the fllrnace hot zone during the entire 
crystal growth process. All thermocouples were cali- 
brated before the installation. However, it has to be 
mentioned that the confidence limit for type C thermal 
couple is 1%. 

The relative positions of the various components in 
the system were measured with respect to the baseline 
of the sealing frame as shown in Fig. 1 (a) and Fig. 
2. While the relative positions of the ampoule and 
thermocouples are taken with respect to the bottom 
of the heater, shown in Fig. 2 by the horizontal radial 
axis R. The ampoule position is denoted by H, which 
is initially set as 43 mm. As the ampoule is pulled 
down, this number increases, h denotes the tip pos- 
itions of thermocouple 1 or 2. Because of the interior 
complexity and small scale of the current system, the 
measurement of positions is estimated to have a con- 
fidence limit of + 1 mm. 

2.2. Temperature measurement 
In the course of making temperature measurements, 

the system was first heated for about 3.5 h until TC3 
and TC4 reached 1740°C. Then the system was held 
for another 30-45 min to allow the NiA1 feedstock to 
melt. Next, the ampoule/ram assembly was withdrawn 
from the furnace and stopped at designated positions 
to allow TCI and TC2 to take measurements at 
different positions, as described next. 

After the NiA1 feedstock was melted, the alumina 
tube with thermocouple TC1 was moved down 
through the melt until it stopped and touched the 
melt/solid interface. Hence, the interface position for 
the initial ampoule position of h = 43 mm could be 
located. Thereafter, the alumina tube remained at this 
position, while TC1 was allowed to translate verti- 
cally. Once temperature readings from TC1 and TC2 
were stable, TC 1 and TC2 were moved to a new height 
and the corresponding temperatures obtained. For  
the convenience of measurement, TC1 and TC2 were 
always moved in tandem. After measurements at vari- 
ous h positions were made, the ampoule/ram assembly 
was withdrawn and stopped at a designated new 
ampoule position, e.g. H =  59 mm, where tem- 
peratures were once again measured. This process was 
repeated until the desired number of ampoule pos- 
itions were measured. In the present work, tem- 
perature profiles, along the NiA1 centerline and the 
ampoule outer wall, were measured for a total of six 
ampoule positions, H = 43, 59, 67, 77, 87 and 97 mm. 
Table 1 and Fig. 3 summarize the data collected. The 
number of data points collected decreases as the 
ampoule is pulled out (H increases), since the ther- 
mocouples traverse a smaller length. In addition, the 
interface position was only obtained for the first 
ampoule position of H = 43 mm. The measured inter- 
face position, with respect to the bottom line of the 
heater (R axis), is 75 mm. This number is checked 
once again after the experiment when the solidified 
NiA1 ingot was broken and the position of the tip 
trace o f  the alumina tube was measured. The result 
showed tha t  the confidence limit for the interface 
measurement is about -t-2 mm. During the entire 
experimental process, a stable furnace temperature of 
1740 _ 1 °C was maintained by manually adjusting the 
input power about a baseline value of 7 kW. 
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Fig. 2. Setup of thermocouples for the experimental measurement of temperature. 
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2.3. Experimental observations 
From Table 1 and Fig. 3, it can be seen that the 

temperature measured along the outer ampoule wall 
can be up to 1796°C which is higher than the value 
of 1740°C measured by TC3/TC4. Even at the same 
height, the temperature value at the ampoule outer 
wall is about 40°C higher than that of TC3/TC4, 
although their horizontal gap is only about 8 mm as 
shown in Fig. 2. It is also observed that, when TC3 or 
TC4 touches the ampoule outer wall, it yields the same 
temperature as that is measured by TC2. However, 
when TC3 or TC4 is pulled horizontally away from the 

ampoule, its temperature reading drops significantly. 
The cause of this substantial discrepancy of tem- 
perature is unclear at present, but might be explained 
by the effect of radiation. Figure 4 shows this situation 
more clearly in a top view of the system. It can be seen 
that the tips of TC3 and TC4 both face directly to the 
ampoule wall instead of the heater, hence they receive 
less radiation from the heater than TC2, resulting in 
a lower temperature. In addition, it is also observed 
from Fig. 3 that the temperature gradient in the axial 
direction is higher at the lower portion of the ampoule 
than at the higher portion of the ampoule. As the 
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Table 1. Temperature vs thermal couple positions (h) for 
different ampoule positions (H) 

H [mm] Thermocouple 1 (located along the NiA1 centerline) 

43 h [mm] ~:2 88 98 108 118 
T[°C] 173.7 1752 1766 1774 1778 

59 h [mm] 63 78 88 98 108 
T[°C] 1734 1762 1774 1779 1782 

67 h [mm] 56 68 83 93 103 
T[°C] 173.3 1758 1773 1782 1784 

77 h [mm] 54 58 68 78 88 
T[°C] 1752 1758 1772 1780 1785 

87 h [mm] 54 63 73 83 
T[°C] 1762 1773 1780 1780 

97 h [mm] ]:4 58 68 73 
T[°C] 1767 1770 1778 1780 

H [mm] Thermocoup]e 2 (located along the ampoule outer 
wall) 

43 h [mm] 82 88 98 108 118 
T[°C] 1780 1786 1791 1795 1796 

59 h [mm] 54 63 78 88 98 108 
T[°C] 1761 1773 1787 1791 1793 1793 

67 h [mm] 56 68 83 93 103 
T[°C] 1773 1783 1792 1794 1795 

77 h [mm] 54 58 68 78 88 
T[°C] 1779 1782 1788 1793 1794 

87 h[mm] 54 63 73 83 
T[°C] 1779 1787 1790 1793 

97 h [mm] 54 58 68 73 83 93 
T[°C] 1782 1784 1789 1790 1793 1794 

ampoule is pulled out (H increases), temperature pro- 
files along both the NiAt centerline and the ampoule 
outer wall become raore unified. 

3. COMPARISON WITH NUMERICAL 
S IMULATION 

3.1. Mode~in# considerations 
We have mentioned before that, in the vertical 

Bridgman system, there exists complicated physical 
phenomena of phase change, conduction, convection 
and radiation heat transfer, variable material proper- 
ties and complex geometry. Previously, we have 
developed a comprehensive numerical model that 
could take into account all these factors [7, 8]. In the 
present effort, we compare the modeling predictions 
by this method with experimental results. In order to 
accomplish this, several modifications to the model 
have been made to meet the specific conditions 
adopted in the current experiment. 

First, as explained previously, the geometry of the 
experimental system had to be changed to accom- 
modate the thermocouples. The inserted alumina tube 
along the NiA1 centerline has a diameter about one 
sixth of the ampoule inner diameter of 29 mm. Hence, 
the interference caused by the alumina tube had to be 
considered. 

The second change is in boundary condition speci- 
fication. In the previous study [7, 8], we used 
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Fig. 3. Experimental result of temperature profiles along: (a) 
the NiA1 centerline; and (b) the ampoule outer wall for 

different ampoule position H. 

T4 = 1740°C as the heater boundary condition, which 
is actually the temperature measured by TC3/TC4. 
From the aforementioned experimental set-up, the 
heater temperature cannot be directly measured. 
However, the highest temperature along the ampoule 
outer wall was measured by TC2 to be 1796°C. There- 
fore, the heater temperature T4 can be estimated to be 
1800°C, based upon previous numerical results which 
showed a 3-5°C difference in temperature between 
the heater and the alumina wall. The cooling water 
temperature ranged from 5 to 10°C (city water). When 
the cooling water reaches the copper ram, it will be 
warmed up somewhat, so we use the upper limit of  
T1 = 10°C as the cooling boundary condition. For 
the rest of the boundaries in the furnace, temperature 
boundary conditions are difficult to give directly. Esti- 
mation can be made, though, according to the exper- 
imental characteristics. We have mentioned that, dur- 
ing the entire crystal growth process, the furnace hot 
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zone temperature was maintained at a stable value of 
1740°C by manually adjusting the stable power input. 
In other words, a constant heat flux condition is 
imposed for the remaining furnace boundaries, i.e. 
~T2l~n 2 = O. 

The third consideration is the accurate specification 
of the material properties as functions of temperature. 
This is a very important factor in obtaining accurate 
numerical results. As shown in Table 1 and Fig. 3, 
the majority of the alumina ampoule is exposed to a 
temperature range above 1700°C, which exceeds the 
upper threshold (1127°C) of conductivity as a func- 
tion of temperature, k(T), shown in Fig. 5 [9]. There- 
fore, in this modeling effort, conductivity of alumina 
above T =  1127°C has been estimated by extra- 
polation of the gradient of k(T) at T = 1127°C. 

3.2. Modeling result 
A similar set-up of the computational domain as 

adopted in ref. [8] is applied here, except that the 
alumina tube has been considered in this case, shown 
in Fig. 1 (b). The governing equations, in conjunction 
with the enthalpy formulation for phase change, Bous- 
sinesq approximation for buoyancy effect and variable 
material properties, are given as : 

(i) Continuity equation 

~r(Qru) + (orw) = 0. (1) 

(ii) Momentum equation 
r-momentum 

~t(Qru ) ~ + ~r(eruu) + ~z(Qrwu) 

= --r~r + ~r  ~Itr~r)+ ~z #r-~z 

U 
- # -  + S u  (2) 

r 

z-momentum 

t~ ~r(Qruw) + ~(Qrww) N(erw) + 

~P fe 
 z/"r z)t 

+ orgfl(T- rref) + Sw. (3) 

(iii) Energy equation 

O 
oCp {~t(rT)+ O ~r(rUT) + ~(rwT) } 

-AH{O(orf)+~(oruf,+~z(Orwf)}. (4, 

The radiation heat transfer between the heater and 
the ampoule outer wall comes into play via boundary 
conditions. The detailed account of the formulation 
and the numerical solution of these equations can be 
found in refs. [7, 8]. As the pulling speed of the current 
crystal growth process is about 1-2 mm per h, steady- 
state computations are most likely sufficient. 

3.2.1. Comparison of temperature profiles. Figures 
6 and 7 show that the temperature distribution along 
the NiAI centerline and the ampoule outer wall 
obtained from the computational simulation matches 
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Fig. 6. Comparisons of temperature profiles along: (a) the NiA1 centerline; and (b) the ampoule outer 
wall between the modeling result and the experimental data for the three higher ampoule positions of 

H = 43 mm, H = 59 mm and H = 67 mm. 

the experimental measurements well overall. Sat- 
isfactory agreement is observed for all six ampoule 
positions, especially for the temperature along the 
outer alumina wall. This implies that both the sim- 
plified radiation model currently in use for computing 
the heat flux between the alumina outer wall and the 
heater, and the boundary condition of constant heat 
flux at the heater bottom are reasonable. Along the 
ampoule centerline, agreement between experimental 
data and computational results is good for the three 
higher ampoule positions o f H  = 43 mm, H = 59 mm 
and H = 67 mm, but worsens for the three lower 
ampoule positions. This trend is explained in more 
detail below. 

Figure 8 shows the streamfunctions and isotherm 
distributions for two selected ampoule positions, one 

at a higher location (H = 43 mm) and the other at a 
lower location (H = 87 mm). For the higher ampoule 
position, Fig. 8(a) shows that the ampoule base region 
is contained inside the furnace hot zone. Since the 
treatment of radiation heat transfer and boundary 
conditions appear reasonable there shown by Fig. 6(b) 
and Fig. 7(b), the computed thermal distribution of 
this region is also accurate. Accordingly, the predicted 
temperature profile along the NiA1 centerline matches 
very well with experimental results. At the lower 
ampoule position, Fig. 8(b) shows clearly that the 
ampoule base region has been pulled out of the fur- 
nace hot zone. In this case, the boundary condition at 
the outer wall of this region is still specified as a 
constant heat flux, which is no longer accurate. Fur- 
thermore, as the thermal distribution inside the 
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ampoule is very sensitive to the isotherm change near 
the ampoule base, it is not surprising to observe in 
Fig. 7 some deviations between numerical results and 
experimental data along the NiA! centerline. Improve- 
ment of the modeling accuracy can be obtained by 
specifying realistic boundary condition at the outer 
ampoule wall as it is pulled out of the furnace. The 
temperature distribution along the ampoule outer wall 
in the furnace hot zone, though, is not influenced by 
this effect. 

3.2.2. Melting temperature of  #-NiAl. The melting 
temperature of NiA1 at stoichiometric composition is 
reported in the literature as Tmelt = 1638°C [2, 3]. 
However, the accuracy of this value seems ques- 
tionable. Since the pulling speed of the ampoule is 
slow and the convective strength within the melt is 

rather weak, solutions obtained with the steady-state 
conduction analysis are quite close to the full simu- 
lation for the present case. Based on the experimental 
data and conduction analysis, we are able to make a 
direct evaluation of the melting temperature of #- 
NiA1 and compare it with the value adopted in the 
literature. The established melting temperature is also 
consistent with the solutions obtained by including 
the convective effect. 

For the ampoule position of H = 43 ram, we mea- 
sured the interface position by moving the alumina 
tube through the NiAI melt until it touched the sol- 
id/melt interface, which was found to be h~nte, = 75 
mm. It is noted that, since the tip of TC 1 is separated 
from the interface by the closed end of the alumina 
tube (with a thickness of 6.5 mm shown in Fig. 2), 



Vertical Bridgman growth system 2301 

streamfuction isotherm 
(a) H=35mm 

200 . . . .  . . . . .  . . . . .  . . . . .  

150 

• _ 

50 

0 . . . . . . . . . . . .  

1600 1650 1700 1750 1800 

Temperature (°C) 
Fig. 9. The estimation of melt/solid interface temperature of 

fl-NiA1. 

streamfuction isotherm 
(b) H=87mm 

Fig. 8. Solution characteristics of NiA1 furnace for selected 
ampoule positions of: (a) H = 43 mm ; and (b) H = 87 mm. 

the temperature reading of TC1 is not the melt/solid 
interface temperature. However, the detailed tem- 
perature profile along the entire ampoule centerline 
can be obtained from our numerical results. Com- 
bining these two results, the interface temperature of 
NiAI can be determined by interpolation, as shown in 
Fig. 9, yielding Tinter f  = 1716°C. This result is surpris- 
ing, as this value is at least 70°C higher than the 
melting temperature of NiA1 widely reported in the 
literature. Walston and Darolia [10] have also 
reported recently an observation of NiA1 melting tem- 
perature as high a:~ 1682°C. Although Tmo~ could not 
be determined directly in this study, the above esti- 
mation does seem to have its merit. Since the current 
numerical model correlates well with the experimental 

data, the temperature profile we used for interpolating 
the interface temperature is likely to be accurate. It is 
noted that type C thermocouples have a confidence 
limit up to 1%, and hence can possibly result in about 
18°C uncertainty in the present temperature measure- 
ment. The confidence limit of the solid/melt interface 
measurement is _+2 mm. Considering all possible 
errors that might effect the measurements of tem- 
perature and interface position, the melting tem- 
perature we obtained for the NiAl sample at stoi- 
chiometric composition is still noticeably higher than 
1638°C reported in the literature. 

4. ASSESSMENT OF PROCESSING CONDITIONS 
VIA NUMERICAL MODELING 

fl-NiA1 with high purity and improved mechanical 
property of high tensile elongation at room tem- 
perature has been produced routinely with the current 
design of the vertical Bridgman system [1]. Therefore, 
it is valuable to describe the detailed characteristics of 
the processing conditions that are suitable for growing 
high quality single crystal NiAl. Furthermore, based 
on the numerical simulation, we will also provide 
suggestions to improve design of the furnace com- 
ponents. 

4.1. Simulation of actual vertical Bridgman growth 
system 

Based on the satisfactory comparison between 
experimental and numerical results obtained for the 
case with thermocouples, we now turn our attention 
to the actual growth process without inserting the 
alumina tube. Figure 10 shows the solution charac- 
teristics of the stream function and isotherm at differ- 
ent ampoule positions. The convective fields in the 
melt are of very similar patterns at all ampoule 
positions, and the maximum velocity varies little. The 
convective strength in the encapsulated argon gas 
change more noticeably, but the maximum velocity 
there is at least one or two orders of magnitude smaller 
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Fig. 10. Solution characteristics of (i) streamfunctions and (ii) isotherm in an actual vertical Bridgman 
growth system for NiAI crystal for different ampoule positions : (a) H = 43 mm ; (b) H = 59 mm ; and (c) 

H = 67 mm. 

than that in the melt due to the higher Grashof 
number. As already discussed, the convective effects 
in the current crystal growth system are not strong. 
This is a desirable condition, for otherwise isotherms 
can be greatly distorted by convection which will cause 
nonuniform thermal gradients across the interface. 

It has been recognized in the literature that, for 
crystal growth from the melt in the vertical Bridgman 
growth system, a slightly convex (toward the melt) 
liquid-solid interface can help prevent spontaneous 
nucleation at the ampoule wall. In addition, high tem- 
perature gradients across the interface and uniform 
distributions of thermal conditions along the interface 
are desirable for obtaining high purity crystals [11- 
13]. In the following, these aspects are further 
discussed. 

Figure 11 shows the interface shape and the vertical 
temperature gradient across the interface at different 
ampoule positions. Due to the similar convective pat- 
terns, the interface shapes and temperature gradients 
obtained at ampoule positions are also close to each 
other. The difference between the centerline and inner 
ampoule wall locations is about 2 mm, and the gradi- 
ents are all maintained within the range of3.16-3.35°C 
mm -~. Because of the convective effect in the melt, 
the temperature gradient at the interface centerline is 
about 5% higher than that at the inner ampoule wall. 
Figure 12 explains this situation more clearly, in which 
the interface characteristics with and without con- 
vection are compared. It is observed that convection 
causes the interface position to be moved up about 
0.5%, which is quite small. However, it causes the 
temperature gradient across the interface to vary more 
noticeably (50)  along the interface, as shown in Fig. 
12(b). 

4.2. Suygestions for design improvement 
In this section, we will vary design parameters with 

the goal of improving processing conditions in the 
vertical Bridgman growth system. Since convection 
has been found to be insignificant to affect the iso- 
therm distributions within the melt in the present set- 
up, it is not included in order to save computational 
time. Parameters such as the ampoule emissivity, the 
geometry of the ampoule base, the thermal con- 
ductivity of the ram, and the ampoule wall thickness 
have been adjusted and their influence on the interface 
curvature and temperature gradient are compared. In 
the following, possible modification that might lead 
to the improvement of the interface conditions are 
listed. 

• Case 1 : the original design will be treated as the base 
case ; 

• Case 2 : increase the emissivity of the ampoule outer 
wall from 0.8 to 1.0. This can be achieved in reality 
by, for example, coating the alumina ampoule outer 
wall with high emissivity and high melting tem- 
perature materials ; 

• Case 3 : decrease the ampoule base angle from 120 
to 100 degrees, as shown in Fig. 2 ; 

• Case 4 : use a higher thermal conductivity material 
for the chill ram. For example, replace copper by 
silver; 

• Case 5 : decrease the ampoule outer diameter by 2 
mm. 

Figure 13 shows the interface characteristics result- 
ing from the variations of these parameters. It is 
observed that most of these variations can lead to 
certain increases of the temperature gradient across 
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the solid/melt interface, which is desirable. In particu- 
lar, for Cases 2 and 5, i.e. the increase of emissivity of 
the ampoule outer wall and the decrease of the 
ampoule thickness, the increase of the temperature 
gradient is more prominent. However, the change of 
the ram material to one with a higher conductivity 
(Case 4) seems not to influence the interface con- 
ditions much. It is interesting to observe that the inter- 
face curvature seems to be insensitive to these para- 
metric variations. The locations of the interface, 
though, become lowered for Cases 2 and 5, higher for 
Case 3, and nearly unchanged for Case 4. It is desirable 
to further explore these factors by inspecting the qual- 
ity of the crystal growth with these design modi- 
fications. 

There are also other possible variations in furnace 
design that can potentially improve the processing 
condition near the interface. For example, it is obvious 
that an increase in heater temperature (T4) or a 
decrease of the cooling temperature (T1) helps 
increase the temperature gradient inside the system. 
However, care needs to be taken here because of the 
convection effect. It is observed from Fig. 12 that 
convection tends to cause the nonuniform distribution 
of temperature gradient along the interface, which is 
undesirable. Thus, any variations that can lead to 
increased convection strength should be made care- 
fully. 

5. CONCLUSION 

In this study, we have conducted a detailed analysis 
of thermal conditions in a vertical Bridgrnan growth 

system for the fl-NiAl single crystal. In this system, 
there are strongly coupled effects of phase change, 
conduction, convection and radiation heat transfer, 
variable material properties as functions of tempera- 
ture, and complex geometry and boundary conditions. 
Therefore, optimization of the processing conditions 
for crystal growth is a very challenging task. In this 
study, we have coordinated computational and exper- 
imental efforts to first validate our theoretical model, 
then offer insight into possible design improvements. 
For example, we have shown that coating the ampoule 
outer wall with a high emissivity material, or decreas- 
ing the ampoule wall thickness can be advantageous. 
We have also found that the melting temperature of 
fl-NiA1 is around 1716°C, which is about 70°C higher 
than that reported in the literature. Because the high 
melting temperature of NiA1 is one of its strongest 
attributes, the accurate definition of the melting tem- 
perature is of great interest. This important aspect 
should be further investigated. 
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