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Abstract

A technique based on electron beam melting and refining has been used to refine N-type scrap silicon for the purpose of producing materi
suitable for photovoltaic applications. In this paper, the experimental setup and methodology are described and are presented together with tl
experimental results for three experiments. Temperature data obtained from embedded thermocouples for one of the experiments is present
Neutron diffraction analysis was employed to measure the residual strain in the three castings. Finite element thermal and stress mathematic
models are employed to predict the residual stress distribution.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and background from cells based on multi-crystalline silicdd]. However,
during the period 1996 to 1999 there was proportionally a
The wide spread use of solar-cells for power generation larger increase in the multi-crystalline silicon type cell.
remains impractical for a number of reasons, including their ~ P- and N-type silicon are produced for semi-conductor
low energy conversion efficiencies and their high cost rela- device manufacturing. Most of this material is produced in
tive to conventional fossil fuels. While work is ongoing to  single crystal form using either the floating zone (FZ) method
improve their efficiency, effort must also be applied to re- or the Czochralski (CZ) method. According to the statistics,
duce fabrication costs, which in turn, will depend to a large the amount of scrap silicon produced from the CZ process
extent on a low-cost source of solar-grade silicon. Presently, is sufficient to supply the solar-cell market if a suitable cost-
the purity required for solar-grade silicon is around seven effective processing route can be found to remove the dopant.
nines and the main source is expensive semiconductor-grade Previous experimental investigations have been conducted
silicon[1]. on a number of different purification methods for metallurgi-
The total production of solar-cells in Japan, as indicated cal grade silicon including: vacuum distillation for removal
by generating capacity, increased from 20 MW in 1996 to of phosphorous and plasma treatment to remove boron by
80 MW in 1999. In 1999, the production of solar-cells from Suzuki et al[3]; filtration and oxidation of carbon by Sak-
crystalline silicon was approximately 69 MW, comprising aguchi and Maed§]; filtration of carbon by Suhara et al.
85% of total production, with the balance being produced [5]; blowing by argon to remove carbon by Yuf#; and,
electron beam (EB) button distillation of carbon, phospho-
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Nomenclature

C pre-exponential EB gun heat flux constamt
(Wm~2)
Cmelt  pre-exponential heating and melting heat flyx

constant (W m?)

Co specific heat (Jkgt K1)

d lattice spacing4)

heopper COpper to cooling water heat transfer coeff
cient (WnT2K~1)

Ngraphitécopper interfacial heat coefficient for the
graphite/copper interface (WM K1)
hingotigraphite interfacial heat coefficient for the in-

got/graphite interface (Wt K1)

hside ingot side heat transfer coefficient
(Wm—2K-1

AHmeiting heat of melting of silicon (J kgt)

K thermal conductivity (W m? K1)

ms; melt rate of the silicon (kgs')

Pes total EB gun power (W)
Pmet  power to heat and melt silicon (W)
OeB EB gun heat flux (W m?)

Odmelt  heatflux correction for heating and melting sil-
icon (W m2)

Orad  radiative heat flux (W m?)

Us effective surface heat flux (Wn%)

0 volumetric latent heat (W rre)

r radius (m)

Ro outer radius of ingot (m)

S Stephan—Boltzman constant 5.6695 108
(Wm—2K—2)

t time (s)

T temperature (K)

Ts surface temperature of ingot (K)

Teo far-field radiation or surrounding environment
temperature (K)

z axial height (m)

Greek letters

o coefficient of linear expansion (1)

e emissivity of silicon

&th thermal strain

npower Normalized EB power

0 Bragg angle)

A incident beam wavelengtti

HEB EB power transfer efficiency

) density (kg nm2)

o standard deviation of the EB gun heat flux dis-
tribution (n?)

efficacy of the EB cold hearth re-melting process to reduce
the volatile species, apart from boron, to acceptable levels
(it would appear at the present time, that an initial plasma
treatment to remove boron is needed prior to electron beam
processing).

Independent of the refining methodology used, it is clear
that the development of dislocations and micro cracks during
consolidation has a negative impact on solar-cell efficiency
[8], hence, it is critical that the solidification processing step
minimize their occurrence.

This paper presents the development and validation of a
finite element (FE) based mathematical model to predict the
evolution of the temperature and stress during electron beam
melting and refining (EBMR) of solar-grade silicon ingots.

In this study, three small ingots were produced under differ-
ent conditions in a laboratory scale EB furnace. The thermal
component of the model has been validated against thermo-
couple measurements and the calculated strains have been
compared to residual strain measurements obtained from neu-
tron diffraction data.

2. Experimental
2.1. Feed material characterization

As previous worl{7] has established that the EB process
cannot be used to remove boron, N-type scrap was chosen.
(P-type silicon uses mainly boron and N-type silicon uses
phosphorus, arsenic or antimony for doping.) The choice to
use antimony-doped scrap was made owing to its availabil-
ity. The feed material used in the experiments was crushed
(fractured) using a quench based process to produce a granu-
lar feedstock with average size of the order of 5-10 mm. The
raw material prior to fracturing was taken from a combina-
tion of top and tail scrap from a single crystal bouiyg. 1
illustrates schematically the sources of scrap arising from the

Top
Quartz
Z Tail
/—
g A\\\\\\ Pot

Fig. 1. Schematic of scrap sections arising from the CZ process.
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|E|eetm“ bheagt gm the mould assembly, the bottom block and supporter. The

n water-cooled copper mould was 40 mm in diameter at the top
and was tapered outward toward the bottom to accommo-
date the expansion of silicon that occurs during solidification
(approximately 9.5%[9].

Typically in solidification processes of this type, the bot-
tom, or starter, block is made of the same material being cast
to avoid issues associated with differential thermal contrac-
tion. However, silicon cannot be readily manufactured into
the starter block shape because of its brittleness. Graphite
was selected as an alternative material for the starter block
owing to its high melting point and low reactivity with molten
silicon. The supporter was made from copper and was water-
cooled. The graphite bottom block was screwed to the copper
support to facilitate mechanical contact, to allow withdrawal
of the ingot from the mould, and good thermal contact, pro-
moting directional solidification.

Three Type-K thermocouples, 0.2 mm in diameter, were
embedded into the graphite starting block and copper support
structure along the centerline, as showrFig. 3. Thermo-

Fig. 2. Schematic illustration of electron beam casting process. couples placed in the graphite were located 17 and 23 mm

from the silicon/graphite interface. The third thermocouple

CZ process. The induction coupled plasma technique (Seikowas located 5 mm from the graphite/copper interface. A two-
Instrument Inc. SPS 4000) was used to characterize the feedcolor optical pyrometer was used to measure the pool surface
stock which was found to typically contain about 10000 ppm temperature. The pyrometer was initially calibrated using the
antimony. The resistivity of this material, measured using freezing point of pure silicon (14XZ) and was found to
the four-point probe method (NAPSON Corp. RT-7 tester agree well. However, problems persisted with its use dur-
and RG-5 stage), was found to be generally less than aboutng the actual casting process likely owing to the fact that
10 m2 cm. A typical target value for a solar-cell application the cold material charged to the melt was intermittently in
is greater than 1@ cm, or about three orders of magnitude the field of view making acquisition of a representative melt
greater than the top and tail material. Hence the need forsurface temperature difficult.

EBMR of CZ scrap. The entire assembly was placed in a vacuum chamber to
facilitate operation of the EB gun. The furnace chamber has a
2.2. Experimental equipment volume of 0.06 M and is equipped with a single EB gun with

a maximum power of 8 kW. The chamber is evacuated with

Fig. 2schematically illustrates the basic layout of the ex- @ combination of a rotary pump, of c?pacity 1,0@3’§rand a
perimental equipment including the EB gun, vibratory feeder turbo molecular pump, of capacity I'fs. The gun is sepa-

and water-cooled copper moug' 3shows in more detail rated from the me|t|ng chamber by an orifice and evacuated
with a small turbo molecular pump, of capacity 0.0%sp

Bottom Block in order to maintain the gun atmosphere under?®@a. The

Molten Pool

Graphite Copper Mould furnace chamber is water-cooled and has two large view ports
Water Cooled CT positioned to permit the observation of melting and feeding
Supporter both visually and/or with a pyrometer. The view ports are

-------- P LA i i equipped with glass disk vapor shields that can be rotated
GEE iy when excessively coated with deposited vapor. In addition,
the furnace is also equipped with a feeder (for the addition of
particulate or consolidated feedstock), a water-cooled copper
Cooling Water mold and a screw auger located below the mold (to permit an
ingot to be withdrawn).

Cooling Water

|_— TIC#1

17m
23mim|

27mm A\ —— TIC #2
AR o< :
Yy % 2.3. Experimental procedure

7~ TIC#3

The experimental procedure involved the following steps:

Fig. 3. Schematic cross sectional view of mould and ingot assembly. 1. The chamber was pumped down to a pressure of Ba.
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Table 1 _ N the interior. The morphology is columnar throughout, with
Summary of casting conditions the orientation radial on the vertical sides of the ingot and
Casting number Power input (kW) Ingot withdrawal rate (mm/min)  axial along the bottom and up the center.

1 3.8 2
2 3.8 1 .
3 50 5 2.4. Residual stress measurement

The residual stress in the three ingots produced in this

2. The beam power was then switched on and the top sur-Study was measured via the neutron diffraction technique at
face of the graphite starting block was preheated until the the National Research Council's (NRC) Neutron Program for
desired temperature was reached (as estimated from thélaterials Research (NPMR) laboratory in Chalk River, On-
thermocouples embedded in the graphite). tario, Canada. The ingots included the graphite starter block

3. A small amount of silicon feed was then introduced into Which was stuck to the base of the ingot following comple-
the mold and simultaneously the power was increased totion of the casting processlote The graphite starter block
the desired level, until a stable molten pool was achieved. Was ot removed as it would have altered the distribution of

4. The starting block was then lowered at the desired rate résidual stresses arising from the casting process). A full dis-
while adding particulate silicon at a rate sufficient to Ccussion of the details of this technique is beyond the scope
maintain the desired molten pool level in the mould. This Of this paper, but may be found {i0]. The technique of
process was continued until the desired ingot length was measuring residual stresses via neutron diffraction centres
reached, typically between 40 and 60 mm. on measuring the angle of diffraction of an incident neutron

) ] beam striking a sample, which is normally held stationary. It
During each experiment, data from the three thermocou- -5 pe seen from Bragg's Law, Eg), that it is possible to

ples was logged together with the beam power and the out-getermine the average lattice spacing for the material within

put frgmdthe pyrometer. The ingot withdrawal rate was also the intersection volume of the incident and diffracted beams:
recorded.

To examine the effect of beam power and withdrawal rate x = 24 sin6 1)
on residual stress development, three ingots were produced
using different casting conditions as summarize@able 1 whereA is the incident beam wavelength in (0.1544 nm for

Fig. 4shows the typical solidified microstructure in an ingot these experimentsyl the lattice spacing, and the Bragg
following sectioning and etching. The grain size ranges from angle. Due to the penetration of neutrons, it is possible to
the order of 0.1 mm at the surface to the order of 10 mm in position this sampling volume at locations of interest within
the material. The lattice strain is defined as the change in
lattice spacing relative to the lattice spacing of unstressed
material. The component of strain determined by diffraction
corresponds to the sample direction parallel to the bisector
of the incident and diffracted beams. After determining the
strain in at least three mutually orthogonal directions, it is
possible to calculate the stress for the material in those same
directions at a particular location within the sample.

The conventional neutron diffraction technique is best
suited to materials with fine homogeneous grain sizes (typi-
cally less than 8Q.m). In these materials, the incident beam
strikes a multitude of grains ensuring a good statistical sam-
pling of the macroscopic residual strain at each location. Con-
versely, when large grains are present in a sample, the mea-
surement no longer provides a suitable statistical sampling,
increasing the uncertainty of the measurement. In the extreme
case where only one grain is being sampled, the grain must be
correctly oriented to obtain an accurate measurement of the
lattice spacing. Unfortunately in the present investigation,
some of the grains in the centre of the ingot are large and
all show a preferred orientation along the direction of heat
flow—refer toFig. 4. However, at a given axial position, the

L - , grain size and orientation distributions are circularly sym-
< 40mm » metric. As well, it is anticipated that the EB solidification
process will lead to stress distributions sharing this symme-
Fig. 4. Etched cross section of silicon ingot. try. Thus it was possible to average over many grains by

Top

Direction of
Ingot Withdrawal

Bottom
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Table 2 Centerline
Estimated strain measurement uncertainty range (in microstrain)

Casting number Stain measurement uncertainty rangke ( ‘
|
Radial Hoop Axial '_ !
1 +128-424  +48-139 +88-341
2 +50-96 +47-109 +52-95 I
3 +41-100 +64-123 +52-200 R B T

continuously spinning the sample about its axis while ob- T
taining the diffraction peak at each radial and axial position. 2=2(1) RS EEEEES!
Nevertheless, it is acknowledged that as the grain size in- A
creases (say t6-300um) this averaging will again fail to BasssssmassmmsmssEm Silicon
provide good statistical quality data. Measurements of the NN NSNS EnE
residual strain in the radial, axial and hoop orientations were
performed at a number of different radial and axial locations. HHH
The uncertainty of the individual measurements can be (SEEEEEEEE
traced back to the quality of fit of the diffraction data. The !
uncertainties for most measurements fall within the typi- |
cal range of 50-15f¢ for diffraction measurements. For [ T
some measurements however, the uncertainty is considerably I
greater due to the large grain effects, inhomogeneous nature e e
of the grain structure in the casting, and the presence of voids. T
Table 2summarizes the estimated strain measurement uncer- A
tainty. The measured strain data will be presented along with
the results of the model predictions following a description
of the mathematical model formulation.

3. Mathematical model development

Graphite

z=1(r)

The development of the overall thermal-stress mathemati-
cal modelis presented in two sections—(1) the thermal model
and (2) the mechanical or stress model. The models are se-
quentially coupled, with the thermal field being calculated
first to provide input to the stress analysis.

3.1. 2D axisymmetric finite element heat transfer model

A finite element (FE) based heat transfer model was de-
veloped to describe the heat transfer occurring in the ingot,
bottom block and copper support. The model was intended to
serve two purposes: (1) to predict the depth of the liquid pool
and (2) to predict the evolution in the thermal field within z r
the ingot and bottom block which is needed for input to the
thermal-stress model.
The commerecial finite element package ABAQWS was
used as a platform for development and solution of the prob-
lem. It has been assumed that the heat flow in the process jd-ig. 5. Finite element mesh of the silicon, graphite starter block and copper
symmetric in the circumferential direction. The 2D axisym- SUPPO't
metric mesh used in the analysis, showrkrig. 5, contains _ . .
. the layers of the elements within the ingot in a manner con-
2393 nodes and 2210 linear temperature elements. As the . : . -
. . . . sistent with the process—i.e. all of the ingot element layers
casting process involves the continuous withdrawal and for-

. . L . . are initially removed from the model to allow preheating of
mation of the ingot, this is modeled by incrementally adding the starte?/ block and the layers are then adé)ed back ?o the

analysis at a rate consistent with the withdrawal rate of the
1 ABAQUS is a trademark of Abaqus Inc. ingot.

Copper
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In view of the above assumptions, the flow of heat in the which results in negative heat flux values at outer regions of
ingot, starter block and copper support in the radial direction, the ingot, a heat flux correctiofmert (W/m?), based on the
r, and in the axial directiorg, can be described as follows:  Gaussian EB heat flux equation (refer to E4)) has been

19 aT a (. oT . T applied as follows:
ror kreT T \k t0= pcpﬁ (2) 2 /262
' qdmelt = Crmen€l ™" /%] (7

0z

Crelt (W/mz) is chosen to ensure the correct total beam
power for a given value of andms;j. For example, when
o is 0.00005 andrg; is 0.1 x 10~3kg/s (withdrawal rate of
1 mm/s),Cmelt is 509,070 W/rA.

The radiative losses of the top surface of the siliapgy

(W/m?), are described with a far-field radiation equation of
the form:

ror 0z

whereT (K) the temperaturer, (m) the radiusz (m) axial
height,k (W/mK) the thermal conductivityp (kg/mP) the
density,Cp, (J/kg K) the specific heat, and (W/m?3) the vol-
umetric latent heat associated with the solidification phase
transformation (this term is set to zero in the starter block
and in the copper support).

The top surface of the mesh is subject to irradiation by the
electron beam, which is treated as a spatially and temporally

dependent surface heat flux: grad = eo(T4 — T4) )
oT . L -

—k— =gqs, fort>0andz = z(z) 3 wheree is the emissivity of the silicon surface,(5.6695x
92 |=z() 10-8W/m? K4y is the Stephan-Boltzman constant, and

(K) is the far-field temperature. Overall, the heat flay,

wheregs (W/m?K) is the effective surface heat flux. The
s ( ) applied to the top surface of the silicon is the sum of the three

intensity of gs is a function of the EB power applied, the
radiative losses, and a correction term for the heat required€MS:0EB + Gmeit * Grad- . _

to raise the temperature of the silicon to the initial condition Th? outer radius of the ingot,> Zo, 1 - Ro, is subject
temperature of 1412C. The input heat flux from the EB gun, to various rates 9f h('aat' transfer qepe”d'”g on whether the
qes (W/m?) has been described using a Gauss function, Eq. "€9ioN of interest is within the meniscus region of the mould

(4): oris in the gap region located bel¢g®1—-13] This boundary
' condition has the general form:
— d—r?/207]
qEB = ILEB NpowerC 4) T
. - —k— = hsigdTs — Too), f Oandr =R 9
where ugg is the EB power transfer efficiencypower the o |,_py siaeTs = Toc), fore>0an o

normalized EB powelC (W/m?) a pre-exponential constant,

r (m) the radius, and (m) the standard deviation of the ~Wherehsjge (W/m?K) is the ingot side heat transfer coeffi-
distribution. The total beam power is obtained by integrating cient, Ts the surface temperature of the ingot, and is the

Eq. (4) across the ingot surface radially from O g and temperature of the surrounding environment. These various

circumferentially from 0 to 2 with gg andnpowerset to 1. regimes of heat transfer that §§) represents are calculated
Integration of Eq(4) yields the total gun powePRgg (W), by specifying a heat transfer coefficient which is a function of
shown in Eq(5). temperature using an approach similar to others appearing in
s the literaturgl11-13] Table 3summarizes the heat transfer
Peg = 27Co(1— e Ro/27) (5) coefficients and their regions of application along the ingot

side. The magnitude dfinax is similar to that adopted by
Ritchie et al[13]. Fine tuning ofhmax and its variation with
temperature for this application was achieved through a pro-
cess of trial and error fitting of the model to the measured
thermocouple data.
For positions below the ingat,< Zp, r = Ry, representing
the side of the graphite starter block, @) was also applied
however, théh.ong term appearing ifable 3was set to zero
as only radiation heat transport is assumed to occur.
Interfacial heat transfer boundary conditions of the
Cauchy type are applied along the interface between the ingot
and the graphite starter block and along the interface between

Using Eq.(5), the constanC is chosen to ensure the cor-
rect total beam power for a given value ®f For example,
wheno is 0.00005 and the input pow& = 1000 W,C is
3,242,487 W/rA. The EB power factopower NOrmalized

to 1000W, is input to the model in tabulated form and is
obtained from the data acquired during each casting. For ex-
ample,npoweris 3 for an EB power setting of 3 kW.

The input power from the EB gun applied to the top surface
during casting is reduced by an amount equal to the power
required to heat and melt the silicon at a rate consistent with
the casting speed as follows:

_ 1685 the graphite starter block and the copper support block as fol-
Prelt = ms;j / CpdT + A Hpmelting (6) lows:
8
: . . or
wherems;i (kg/s) is the melt rate of the silicon amtHmeiting —k P = hingot/graphitd Tingot — Tgraphitd),
z=Zp

(J/kg) is the heat of melting. Rather than applying a uni-
form heat flux correction across the top surface of the silicon forr > 0Oandz; = Zg (10)
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Table 3
Summary of boundary conditions applied in thermal model

Boundary conditions

Heat loss from: the side of the inga¥ Zp), and the graphite and hside = hcond+ hrad, Too =8°C
copper ¢ < Zo)

0 ift < 1300°C
0 ifz < Zp
feond= Tzaead S, hmax = 2500 Wm? K
hrad = US(T;} - Tgo)
€ingot = 0-5,€graphite= Ecopper= 0.85

(hmid — hmin) fmidmin + Amin,  if7 < 700s
hingot/graphite:

hmax if Ts > 1400°C
heond = hmaxfeond f1300°C < Ts < 1400°C ifz > Zp
cond =

Heat transfer between the bottom surface of the ingot/the top
surface of the graphite starter block

(hmax — hmid) fmaxymid + Amid, 1f700s<7 < 720s
hmax ift>720s
fmid/min = 755, ift <700s
fmin/mid = 7hoes.,  if700s< 1< 720s

hmin = 200 W/N? K, hmig = 1500 W/nf K, hmay = 4000 W/nf K

Heat transfer between the bottom surface of the graphite starter hgraphite/coppe 500 Wint K
block/top surface of the copper
Heat loss from the bottom of the copper heopper = 4000 WIntK, T = 8°C
oT where heopper (W/M?/K) is the heat transfer coefficient be-

—k 9z = hgraphitg'coppefk Tgraphite = Tcopped: tween the copper and cooling water, dig(K) is the cooling

=10 water temperature. The copper to water heat transfer coeffi-
fors > Oandz = f(r) (11) cient and the water temperature are summarizétibe 3

For the ingot, the initial temperature of the layers of el-

where hingovigraphite aNd Ngraphite/coppe(W/M? K) are the in- ements added to the model is set equal to the melting point

terfacial heat transfer coefficients for the ingot/graphite Of Silicon, 1412°C. The initial temperatures of the graphite
and graphite/copper interfaces, respectively. The values ofStarter block and copper support block are set equal €25

these interfacial heat transfer coefficients are summarized in  1h€ baseline material properties input to the model are
Table 3 presented iTable 4 These data are input to ABAQUS in a

Initially, it was assumed that the interfacial heat transfer tabulated form and linear interpolation is used for evaluation

coefficient between the ingot and graphite surfaces was con-at temperature_s_that lie between _the discrete points. S_ilicon,
stant. However, it was apparent, based on a comparison be®f the composition present in this study, has essentially a
tween the model predictions and the measured temperaturetNiqué melting/solidification temperature, 1412 To ease
that heat transfer across this interface started low, increasedonvergence and reduce execution time the latent heat of so-
and then decreased with time. This behavior may be rational-lidification, 1,803,778 J/kgL4], is released linearly with tem-
ized as follows: initially the heat transfer is low because the Perature over a solidification temperature range from 1400 to
granular feedstock has a relatively low contact area with the 1412°C.

graphite. Once it melts this contact area increases resulting in

increased heat transfer. As the cast length increases and thd-2. 2D axisymmetric finite element thermal-stress

base of the ingot cools a gap forms due to thermal contrac- model

tion of the silicon resulting in a decreased in the heat transfer

across the interface. Consequently, the interfacial heat trans-  The evolution of stresses in the ingot has been determined
fer coefficient along this interface was defined as a function Using a thermal-stress model also developed in ABAQUS.
of time to mimic the poor initial heat transport. The values of The stress model solves the differential equations of equilib-
hingotgraphite Shown inTable 3and their variation with time ~ fium based on a force balance on an elemental volume and

were defined by fitting to the measured temperature in the the compatibility conditions based on the displacement field
graphite and copper. and its relationship to strain in the body. The FEM equations
The Cauchy type boundary condition applied along the ¢an be developed through the minimization of virtual work

base of the copper support to simulate heat transfer to theWithin an elemenfl5]. The temperature predictions obtained
cooling water is given in Eq12). from the thermal model serve as ‘thermal loads’ input to the

stress model in place of mechanical loads normally appearing
oT in a structural analysis. In addition, since the ‘thermal loads’
—k— = heoppefTs — Two), fort>0andz =0 (12) dominate the mechanical response of the ingot the influence
9z |;=0 of gravity on the stress distribution has been neglected.
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Table 4
Thermo-physical properties of silicon, graphite, and coppérl6,17]
Material o (kg/m?) Temperature®C) Cp (I/kgK) Temperature°C) k (W/mK)
Silicon 2330 27 713 20 1480
127 785 70 1190
227 832 120 989
327 849 2210 762
527 883 320 619
727 916 5270 422
927 950 720 312
1127 983 920 257
1327 1017 1127 23
1412 1031 1327 22
1412 221
1450 1000
Graphite 1690 17 838 27 129
129 1048 77 124
207 1257 127 118
304 1383 227 106
449 1508 327 95
521 1592 427 85
631 1676 527 77
720 1718 627 70
829 1760 727 64
1652 1760 927 55
1127 49
1327 45
1527 42
1727 40
1927 38
2127 36
Copper 8960 398 393

The model uses an elastic-perfectly plastic formulation  As previously discussed, interaction with the surround-
and is based on the assumption that the in-elastic behaviouling mold materials apart from the graphite starting block has
of silicon, particularly at elevated temperatures, can be ade-been neglected. The symmetry boundary used in the stress
quately described by Von Mises metal plasticity in which the model follows directly from the assumption of axial symme-
flow stress is temperature dependent. The graphite block hagry in the heat transfer model. Therefore, displacement in the
been included in the analysis because the ingot is typically direction normal to the vertical centerline of the casting has
bonded to it at the end of the casting process. The copperbeen assumed to be zero as the thermally induced loads nor-
support block does not influence the stress in the ingot andmal to the symmetry boundary would be equal and opposite.
accordingly, has been ignored.

The solution of the thermal-stress problem requires quan-
tification of a variety of mechanical properties over the tem-
perature range experienced in the casting process, including  °f
the elastic modulus, Poisson’s ratio, stress-strain response .
and thermal dilatational behavior. The elastic modulus and & “°F
Poisson’s ratio data required for the stress analysis, for bothz |
graphite and silicon, appeariable 5 The variation in flow g r
stress with temperature for the silicon has been plotted in & |
Fig. 6 over a range of temperatures. As can be seen, the= 20F
mechanical behaviour of silicon exhibits strong temperature i
dependence at elevated temperature. The in-elastic respons  10f
of the material is assumed to be symmetric in compression |
and in tension, consistent with Von Mises metal plasticity. 05 300 1000 i
The data is input to ABAQUS in a tabulated form and linear
interpolation is used for evaluation at temperatures that lie
between the discrete points. Fig. 6. Flow stress vs. temperature for a strain rate od 104 s~ [19].

60

Temperature (°C)
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Table 5 0 A
Mechanical properties of poly-crystalline silicon and grapfii#e 18] .0.0005
Material v Temperature“C) E (MPa) -0.001
Silicon 0.22 25 167 -0.0015
125 1642 -0.002
225 1628 -0.0025|
325 1614 £ 0003
525 1886
—
-0. raphite
725 1558 — — == 8ilicon
825 1545 -0.005
925 1531 -0.0055
1025 1518 -0.006 L L L " L L L L 1 L L L L J
1125 1505 0 500 1000 1500
1225 1491 Temperature(°C)
1325 1478
1400 10 x 10—: Fig. 7. Thermal contraction behaviour of silicon and graphite relative to
1406 10 x 10~ 1400°C [14y18]~
1412 10 x 1076
Graphite 0.3 21 B6 x 10* 4 R ; ;
. Results and discussion
260 279 x 10°
538 293 x 10* ]
816 300 x 10* 4.1. Results of thermal analysis
1093 324 x 10¢
1371 352 x 10 4.1.1. Graphite preheat analysis
igg? igi x ig: For the purpose of evaluating some of the boundary con-
2204 121 % 10¢ ditions in the model an initial experiment was conducted in
2482 100 x 10* which only the graphite was heated (no silicon was charged to
2760 790 x 10° the mould) Fig. 8shows a comparison between the measured

and predicted temperatures at the location of the thermocou-
eples, following trial and error adjustment of boundary condi-
ions exhibiting the greatest sensitivity, to obtain the “best fit”.

C-#1 and TC-#2 were located in the graphite 17 and 23 mm
from the heated surface, respectively (refeftg. 3). The
variation in beam power has also been plotted for compar-
ison. The predicted temperature responses show the correct
trends and clearly exhibit sensitivity to the changes in applied
EB power. The model under predicts rate of temperature in-
crease and the predicted steady-state temperature gradient is
smaller than that measured. Possible causes for the deviation

The boundary between the ingot base and top surface of th
graphite starter block has been treated as a contact interfac
with a no-slip friction condition.

Since differential volumetric contraction/expansion
within the silicon and graphite block drives the formation
of differential strains leading to the residual stresses, the
correct description of the thermal dilatational behaviour is
critical to the model. The thermal-linear strain of silicon or
graphite,ey, (T), at temperaturd, relative to some datum
Top, can be calculated via the following expression:

T
etn(T) = / o(T)dT (13) 1000 T T T T T T T T 1

o 300 | T
wherex is the dilatation or expansion coefficient foreach ma- _ 8% b 08
terial. ABAQUS requires as input the reference temperature £ 700 0.7 =
for zero strain and the thermal expansion coefficient calcu- £ 600 06 >
lated based on the total straip at temperatur@ relative to g 500F 05 g
the reference temperature, input in a tabulated format. The g 400 S TekNemwed Jo4 2
reference temperature for the silicon is taken to be 2400 P a0 siugsotceaed  Jiyg

e Power

the silicon solidus point. The thermal expansion due to so- 5y

0.2
lidification of the silicon, approximately 9.599], has been 10 0.1
ignored, as it is assumed the newly solidified material is free 0 - AN T T
to expand into the liquid. The same reference temperature of 0 100 200 300 400

1400°C was also chosen for the graphite as the initial layer Time(s)
of silicon which forms on the graphite will be strain free. The . .

iation in thermal strain with temperature for silicon and Fig. 8. Comparison of measured and predicted temperatures for a preheat
varnia . ” o L P . EB power of 1000 W at two locations in the graphite starter block (referring
graphite used in this investigation are showikrig. 7. to Fig. 3.
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Fig. 9. Comparison of measured and predicted temperature for Casting 1F19- 10. Predicted temperatures for Casting 2 (3.8kW EB power and
(3.8kW EB power and 2 mm/min casting rate). 1 mm/min casting rate).

of the predictions from the measurements are differences in€xhibited by Casting 2 required double the casting time to

the thermo-physical properties, errors in the quantification of Produce a 56 mm ingot. The peak temperatures, occurring

to be 1000, 1091, and 102 for Castings 1-3, respectively.
The thermal model predictions have also been used to es-
timate the sump depth at the ingot center as a function of cast
length in the three ingots, shownkig. 12 The sump depth
increases with increasing cast height until the solidification
temperature at the centerline is reached and the sump begins
to move upward. The sump profile and the evolution of the
'sump depth exhibit limited dependency to the processing con-
gitions examined. The increased EB power in Casting 3 has
resulted in a 1mm increase in the sump depth. The decreased
ithdrawal rate employed in Casting 2 has no effect on the
inal sump depth of 21 mm when compared with Casting 1.

4.1.2. Silicon casting analysis
The thermocouple data obtained from Casting 1 (3.8 kW,
2 mm/min) is presented iRig. 9 (the pyrometer data has not
been include because of problems encountered with exces
sive noise). The model predictions atlocations consistent with
the position of the thermocouples, as well as, the centerline
surface temperatures, have also been included for compari
son. As can be seen there is an increase in the temperatur
measured by all three thermocouples during the preheating
phase. The current standard casting practice is to preheat th
graphite starter block at a reduced EB power prior to the start
of casting. The temperature then decreases as casting begins ) o
or shortly after, depending on the EB power input. The mea- 4-2. Residual stress data and predictions
sured temperatures in the graphite are fairly close in magni- ) ) )
tude, peaking at between 980 and 1060but show a general As previously fjescnbe(_j,. the predicted temperatures for
trend to decreasing temperature with increasing distance fromeach of the casting conditions were used as input to the
the casting/starting block interface, as would be anticipated. Stress model. To allow comparison to the residual strain
The temperature measured in the water-cooled copper sup-
port is significantly lower in magnitude, peakinga220°C. 1500
The decrease in temperature with increasing cast length is
consistent with the increasing thermal resistance offered by
the silicon ingot in proportion to the cast length. Overall, the
model predictions in the graphite and copper sections exhibit = 0%
satisfactory agreement with the measured temperatures.
The thermal model was used to predict the temperature
evolution in ingots produced with processing conditions con-
sistent with Castings 2 and 3. The same preheat condition ™ r
employed for Casting 1 was used for Castings 2 and 3. The b
temperature predictions for Castings 2 and 3 at the same loca ¥ e o
tions presented iRig. 9are presented iRigs. 10 and 11As 0 Lol TR R R
expected, the preheat temperature predictions are the sam 0
for all three casting conditions. Overall, temperature evolu-
tion at the thermocouple locations shows the same trends forrig. 11. predicted temperatures for Casting 3 (5kW EB power and
each casting condition. However, the slow withdrawal rate 2 mm/min casting rate).

Preheat Casting —— T/C #1 Predicted
T/C # 2 Predicted

_______ T/C # 3 Predicted
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-200

measurements the strains output from the model are the elas-

tic strains predicted to be present at the end of the casting Po

-400

process when the ingot and starter block have been cooled BT R T
to room temperature. The resulting strains in the radial, ax- (o) Height (mm)

ial and hoop orientations, predicted by the model, have been i Radius Measured Predicted
plotted for Castings 1, 2 and 3 as a function of height in i Jami J—

15mm

the ingot (0 mm corresponds to the base of the casting) in
Figs. 13-15respectively. The profile of strain with height <
has been output from the model at three radial locations 15,
17 and 19 mm which lie close to the surface of the casting (lo-
cated at 20 mm). This data has been plotted together with the
results from the neutron diffraction measurements (in micro
strain) for all three castings at the same radial locations. )
Turning first to the measurements, the estimated uncer- o 0 20 0 40

tainty in the strain measurements has been shown as error . Helght (mm)
bars at each point iRigs. 13—-15The relatively large uncer- ) ) ) ) )
tainty in the measured data makes it difficult to interpret. In Flg. 13. (_:om_parlson of m_easured (symbols) and pred_lcted _(Ilnes) residual

: . . microstrains in the (a) radial, (b) axial, and (c) hoop orientations along the
general, the trend in the measurements is one of COMPressiVgength of Casting 1 at three locations near the surface.
(—) strain at the radial positions examined, with only a few
exceptions at specific locations—a couple of which are in  The model predictions for strain by and large indicate tran-
proximity to the ingot base. This result is consistent with ex- sition regions at either end of the casting and a steady state
pectations, as the outer regions of the casting will experienceregion in the centre, which is consistent with the behaviour of
tensile (+) stresses at elevated temperatures as the surfacthe process from a thermal standpoint. More specifically, the
is cooled. These tensile stresses will be of sufficient magni- hoop and axial residual strains are predicted to be tensile in
tude (at the high temperatures) to result in plastic flow and proximity to the ingot base, they then transition to compres-
the accumulation of plastic tensile strain leading to a general sion within the first 10 mm from the base where they remain
expansion of the outer near-surface region of the casting rel-roughly constant until at the top where they tend to vary with
ative to the inner, near-centre regions. This outer “expanded” height (at the 19 mm radius location the compressive strain
region will then be placed in compression as the ingot cools intensifies and at 15 mm location the strain tends to fall off).
to room temperature resulting in the compressive strains ob-The radial strains behave differently and start off in com-
served. The mechanism for development of residual strain ispression near the base, transition to tension within the first
similar to that observed in glass tempering. 10 mm and then gradually increase with increasing height in

Based on an overall view of the data there is enough ev- the casting.

idence to conclude that the hoop strains are in general the Overall the level of agreement between the model predic-
largest in magnitude, followed by the axial and radial strains. tions and the measurements is satisfactory and within the un-
There does not appear to be any other trends in the variationcertainty in the measurements. The discrepancy at the base
of strain with height or radius that are consistent across all of the ingot, where the model predicts the wrong sign in
three castings owing to the scatter in the data. the hoop and axial strains (they are predicted to be tensile,

o
=
x
R
a
o
o
=
w
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Fig. 14. Comparison of measured (symbols) and predicted (lines) residual ) ) ) )

microstrains in the (a) radial, (b) axial, and (c) hoop orientations along the Fi9- 15. Comparison of measured (symbols) and predicted (lines) residual

length of Casting 2 at three locations near the surface. microstrains in the (a) radial, (b) axial, and (c) hoop orientations along the
length of Casting 3 at three locations near the surface.

whereas the measurements indicate they are compressivejately, for the other castings and strain orientations the good
may be attributed to the no-slip boundary condition chosen overall agreement seenkiig. 15c) is not reproduced; albeit
for this interface which is likely too rigid. The introduction there is good agreement at a few specific locations. At best
of some slip could reduce the tensile strains to bring them there is reasonable overall qualitative agreementin the case of
more inline with the measurements. the hoop and axial strains only (in the case of the radial strains
If the predictions at the ingot base are ignored, then in they are predicted to be tensile at most locations whereas the
one instancekig. 15c), the level of agreement between the measurements indicate they should be compressive).
model predictions and measurements is actually very good. Factoring in the ability of the model to correctly predict
The predictions show good quantitative agreement in termsthe distribution of strain in one case quantitatively (as well
of variation in strain with both ingot height and also radial as at several discrete locations in other cases), the magni-
position at the majority of the locations examined including tude of the uncertainty in the measurements and ignoring the
the transient region at the top of the casting. The tendency topredictions in proximity to the base (where the mechanical
predict higher strains closer to the ingot surface (at 19 mm boundary condition is arguably too restrictive) then we may
radius) than at greater depths below the surface (at 15 mm)conclude that the model is likely adequate to assess process
is consistent with expectations, as the outer surface shouldtrends qualitatively. On the basis of this, the influence of EB
experience a higher temperature gradient, thermal-stress antbeam power and withdrawal rate on the residual stress state
magnitude of plastic tensile strain at temperature, giving rise can be assessdeig. 16compares the predicted residual mi-
to a higher compressive strain at room temperature. Unfortu- crostrain results at the surface of Castings 2 and 3 against the
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control standpoint, the lack of sensitivity of strain to these

4

332 process parameters is good as these parameters are critical to

200 controlling melting and refining.
— 100 It remains to be determined if the levels of micros strain
2 4 predicted by the model are detrimental to the fabrication of
=3 100 solar-cells from this material. If so, some type of annealing
00 step may be required prior to cutting the ingot.

-300

-400 o P R S S R S RS |
@ ° 10 Hei;?t o) 80 %0 5. Conclusions

400 A technique based on EBMR has been used to refine N-

300 type scrap silicon for the purpose of producing material suit-

200 able for photovoltaic applications. In an effort to understand
&~ 100 the influence of processing parameters on residual stress dis-
T 0 tribution in the final ingot, castings were produced at two
"5 100 levels of EB power and two levels of withdrawal speed. Dur-

-200
-300
-400

ing casting, temperatures in the graphite starter block and
copper support were measured for each casting. The residual
strain in each ingot was measured using the neutron diffrac-
tion technique. A sequentially coupled thermal-stress model
was developed using the commercial FE software ABAQUS.
400 User-written subroutines were used to describe the complex
Casting 1 heat transfer phenomena active in this process.
- gggmgg Overall, the model adequately describes the development
ofresidual strain in the ingots under the processing conditions

300
200

& 1
e Oﬁ employed. Based on the measured and predicted strains, it is
Z 100 clear that ingots produced using this casting technique con-
£ 200 00000000 Tc— tain considerable residual strain. It is possible that cracking
O will occur during subsequent processing or that considerable
-400 deformation with occur when the ingots are sectioned into
© o T T T T T T T T T thin gauge samples. Further, attempts to use processing con-

Height (mm) ditions to reduce residual strain indicate that increased EB
power and reduced withdrawal rate have little effect on the

resulting residual strain. Further investigations are planned to
determine new processing routes to reduce the final residual
strain.

Fig. 16. Comparison of predicted residual microstrains in the (a) radial, (b)
axial, and (c) hoop orientations along the length of Castings 1 (solid line), 2
(dashed line) and 3 (dotted line) at the surface.

base case, Casting 1. This comparison indicates that increaSAcknowledgement
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