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Estimation of the unknown parameters 
in the melt-spinning process 

X. ZHANG,  A. ATRENS 
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The free-surface temperature history of the melt spinning of copper measured by Tenwick and 
Davies [3] is compared with those calculated using a thermokinetic model assuming different 
parameters. The heat-transfer coefficient, nucleation temperature and the crystal-growth 
kinetics were thus estimated for the melt spinning of copper at a wheel speed of 35 ms -1 as 
follows: heat-transfer coefficient during liquid cooling stage HL=1.0 x 1 07 Wm -2 K -1, heat- 
transfer coefficient after solidification finished HS = 1.0 x 1 05 W m- 2 K- 1, heat-transfer 
coefficient during solidification H = l . 0 x  107-1.2x 1011 (t-to) (Wm -2 K- l ) ,  the nucleation 
temperature T,,~ 1233 K and the crystal-growth kinetic law V= 4.0 x 10 -3 AT 11 (m s- l ) .  

1. Introduction 
The heat-transfer coefficient, nucleation temperature 
and crystal-growth kinetics have been related [1] to 
the free-surface temperature history in melt spinning 
by using a thermokinetic model [2]. These relation- 
ships can be used [1] to estimate or determine the 
unknown factors mentioned above by fitting the meas- 
ured free-surface temperature history during melt 
spinning with values calculated using the thermo- 
kinetic model [2]. 

This paper used this method and data measured by 
Tenwick and Davies [3] to estimate the heat-transfer 
coefficient, the nucleation temperature and the crystal- 
growth kinetics in melt spinning. 

Tenwick and Davies [3] have measured the free- 
surface temperature history of melt-spun copper rib- 
bons using a high-speed photographic technique [4] 
at a sampling rate of 500 frames per second. Because 
each frame contained an image of the whole ribbon, it 
is possible to determine the temperatures of different 
points in the ribbon by the calibrated grey scale, and 
thus to determine the temperature history of the free- 
surface during melt spinning. Their measurement on 
copper was made under the following conditions: a 
wheel speed of 35 m s- 1, an initial melt temperature of 
T 2 = 1633 K (determined from the figures in E3]), an 
initial substrate temperature of T a=303 K, as no 
heating of the substrate was involved, and a resultant 
ribbon thickness of 8 = 52 gm as measured. 

2. Est imat ion of  unknown  parameters 
Using the known parameters, described above, and 
the thermophysical properties for copper (Table I), 
and assuming different heat-transfer coefficients, nu- 
cleation temperatures and crystal-growth kinetic laws, 
calculated free-surface-temperature-history data were 
produced by the thermokinetic model [2]. These c o m -  
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puted data are compared with the experimental data 
(determined from the figures in [3]) in Figs 1 and 2. A 
very long plateau was observed at the beginning of 
cooling (t '=0 to 22.6 gs) in the experimental data 
because the experimentally measured data started 
from the back edge of the stream and went through 
the stream. This was taken into consideration by 
setting the back edge and part of the stream in the 
negative side of the time co-ordinate (t = - 18 to 0 las) 
in the comparison with theoretically calculated data in 
Figs 1 and 2. The time interval in travelling from the 
back edge to the start of the melt puddle, i.e. 18 gs, was 
determined by matching the calculated data with the 
experimental data during the liquid-cooling stage. 
This time interval represents a distance of 0.63 mm 
from the back edge to the middle of the stream, i.e. the 
start of the melt puddle. 

2.1. Determination of the heat-transfer 
coefficient 

The heat-transfer coefficient during the liquid-cooling 
stage can first be determined by fitting the calculated 
average cooling rate for the free surface with the 
experimental value, because no crystallization is in- 
volved. Table II lists the average cooling rates for the 
calculated free surface assuming different heat-transfer 
coefficients and the experimental value. It can be seen 
that a heat-transfer coefficient of 2.1 • 106 
Wm-2 K-1 is too small - compared to the experi- 
mental value. A heat-transfer coefficient of 
h = l . 0 x l 0 7  to 1 . 2 x l 0 7 W m - 2 K  -1 produced al- 
most the same average cooling rates as the experi- 
mental value for the free surface. Therefore, the heat- 
transfer coefficient for the liquid-cooling stage was 
about 1.0x 107 Wm-ZK -1 or 1.2 x 107 Wm -2K -1. 
Judging from the overall agreement of the calculated 
curve with the experimental curve in Fig. 2, a heat- 
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T A B L E  I Thermophysical properties of copper [-5, 6] 

TIn(K) L ( k J k g  -1) C ( J k g - l K  -1) K ( W m - I K  -1) p ( k g m  -3) 

Cu (liquid) 1353,0 204.91 501.6 168.5 8047.0 
Cu (solid) - - 397.1 350,0 8389.3 
Cu (substrate) - - 397.1 392.0 8728.8 

T A B L E  I I  A comparison of calculated and experimental cooling rates 

Heat-transfer coefficient 
h (W m -  2 K -  1) 2.1 X 106 5.0 X 106 1.0 X 107 1.2 • 107 Experimental 

Average cooling rate for 2.38 • 106 7.0 X 106 10.67 X 106 tl.71 • 106 11.82 X 106 
the free surface (K s-  t) 
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Figure I A comparison between the experimental free surface 
temperature history (Tenwick and Davies [3]) and calculated 
histories assuming: Curve 1, T, = 1153 K, V = 5.0 
x 10- aAT 1'25 m s - 1, HL = 1.0 x 107 W m -  2 K - 1, and HS = 5.0 

x 1 0 4 W m - 2 K - k  Curve  2, T , =  1153 K, V = 4 . 0  
x l 0 - 3 A T l 3 m s  -1, H L = l x l 0  -7 W m - 2 K  -1, and H D = I . 5  

x 1011 W m  -2 K -1 s -x. Curve 3, T, = 1233 K, V =  4.0 
x l 0 - 3 A T l l m s  -1, H L = I . 0 x l 0 V W m - 2 K  -1, H D = I . 2  

x 1 0 1 1 W m - Z K - l s  -1, and H S = I . 0 x l 0 S W m - Z K  -1. 
Curve 4, T, = 1183 K, V =  2.1x 10-2ATms -1, HL = 1.0 
x l 0 7 W m - 2 K  -1, H D = = l . 2 x 1 0 1 1 W m - 2 K - l s  -1, and HS 
= 1.0x 10 s W m - 2 K  -1. T 2 = 1633 K, T 1 = 303 K, 8 = 52 ~tm. 

transfer coefficient of about 1.0 x 10 7 W m -2 K -1 is 
more likely. 

Assuming different nucleation temperatures and dif- 
ferent crystal-growth kinetic laws, the free-surface 
temperature histories were calculated using the ther- 
mokinetic model and compared with the experimental 
value in Figs 1 and 2. If the heat-transfer coefficient 
during solidification is taken to be the same as the 
value before solidification starts, there is a big step at 
the finish of solidification (see Curve 1 in Fig. 1) which 
was not observed in the experimental measurement. 
This suggests that the heat-transfer coefficient kept 
changing during solidification. This suggestion is reas- 
onable as the degree ,contact between the ribbon and 
the substrate wheel surface can be lessened by the 
stress developed from the contraction during solidi- 
fication. 

Assuming that the heat-transfer coefficient de- 
creases with time linearly during solidification, the 
heat-transfer coefficient at a time t during solidi- 

fication is calculated by 

H ( t ) = H L  - H D  ( t -  t.) (I) 
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Figure 2 A comparison between the experimental free-surface tem- 
perature history (Tenwick and Davies I-3]) and calculated histories 
assuming: HD = 1.2• 1 0 1 1 W m - Z K - l s - 1  and HS = 1.0• 105 
W m - 2 K  -1. Curve 1, T , = 1 2 3 3 K ,  V = 4 . 0 •  -1, 
and H L = I . 2 x l 0 7 W m - E K  -1. Curve 2, T , = 1 2 1 3 K ,  V=2 .1  
x 10-2ATms -1, and HL = 1.2• 107 W m - E K  -1. Curve 3, 
T, = 1233 K, V = 4.0 x 10- 3ATI'I m s -  1, and HL = 1.0 
x 107 W m - Z K - I s - 1 .  T =  1633 K, T 1 = 303 K, 8 = 52 pro. 

where HL is the heat-transfer coefficient for the liquid- 
cooling stage before solidification starts, HD is the 
heat-transfer-coefficient decrease per second and t, is 
the time at the onset of nucleation. Assuming 
H D =  1.2-1.5 x 1011 W m  -z K -1 s -1, the calculated 
results are presented in Fig. 1. The step at the finish of 
solidification was reduced to quite a small value (see 
Curves 2 and 3 in Fig. 1), which may not be detectable 
by the photography method using a calibrated grey 
scale. 

By a comparison between the calculated cooling 
gradient and the experimental gradient during the 
solid-cooling stage, the heat-transfer coefficient during 
the solid-cooling stage after solidification finishes was 
determined to be about 1.0 x 10 5 Wm -2 K -  

2.2. Estimation of  the kinetic factors 
Figs 1 and 2 compare the experimental free-surface 
temperature history with the calculated values assum- 
ing different nucleation temperatures, different crystal- 
growth kinetic laws and different heat-transfer-coeffi- 
cient decrease constants (HD). It can be seen that 
Curve 3 (calculated with the parameters H L = I . 0  
x l 0 7 W m - 2 K  -1, H D = l . 2 x l 0 1 t W m - 2 K - l s - t  ' 
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H S = I . 0 x  l0 s, / ' ,=1233 K and V=4.0 x 10 - 3  A T  l ' i  

(m s- 1), has the best agreement with the experimental 
value. 

Therefore, the nucleation temperature for the ex- 
periment for melt-spun copper was approximately 
1233 K, which represents an initial undercooling of ~. 
about A T = T  m-T.=1353-1233K=120K. The 
crystal-growth kinetic taw is approximately V=4.0 '~ 

1 0 - 3 A T l ' l  (m s-~). This kinetic law has a slightly X 

larger power index than the linear Wilson-Frenkel -= 
equation but the pre-basial constant is about one fifth 
of the value of that in the Wilson-Frenkel equation 
for copper [7]. The heat-transfer coefficient is about 
1 . 0 x l 0 7 W m - 2 K  -~ before the onset of solidific- 
ation, about 1.0 • l0 s W m  -2 K-1 after solidification 
finishes, and about H ( t ) =  1.0 x 107-1.2 x 10 li (t - t,) 1.0 
(W m-  2 K -  i) during solidification. 

Using the parameters determined above, the pro- 0.8 
cess characteristics in Tenwick and Davies' experi- 
ment [3] can be simulated by the thermokinetic model ~ 0.6" 
[2]. Fig. 3a shows the interface-temperature varia- 
tion with the interface position. It can be seen that the ~_ 
interface temperature increased at first, and then it ~ o.4- 
decreased, and later it increased again towards the end ~: 
of solidification. This behaviour is characteristic of the ~ 0.2- 
linear-growth kinetics [8], and it was due to the -= 
almost-linear-growth kinetics determined. Fig. 3b de- 
picts the interface velocity at different interface posi- 
tions. The maximum velocity is only about 0.8 m s- 1 
at the beginning of solidification. The interface velo- 
city increased slightly at first and then decreased to a 
relatively steady value before it decreased further to- 1700. 
wards the end of solidification. The interface velocity 

1600, 
is quite low in this cooling regime. This was due to the ~ 1500 
almost-linear-growth kinetics with a much smaller 
pre-basial constant than the Wilson-Frenkel kinetic ~ 1400 

law [7]. w 1300 
Fig. 3c and d show the temperature histories of ~ 1200 

different layers in the ribbon and the temperature 
distributions across the ribbon at different times, re- 11or 0 
spectively. The recalescence effect Was not so strong (c) 
because the interface velocity was relatively low and 
the heat-transfer coefficient was relatively large. 

3. Discussion 
The maximum discrepancy of about 30 K between the 
experimental data and the calculated temperature of 
the free surface was observed near the stream at the 
beginning of cooling. This probably resulted from the 
slightly thicker melt near the stream impinging on the 
wheel surface. This discrepancy may be reduced by 
considering a thicker melt near the impingement point 
of the stream. The maximum discrepancy during 
solidification is about 20 K at the finish of solidi- 
fication. The agreement is very good considering that 
the accuracy of the photography method is not so high 
and the exposure time of 2 ms was about 25 times 
larger than the time at the finish of solidification. This 
means that the measured data were the average of 
about 25 runs of the same process. The discrepancy of 
20 K under such measuring conditions is reasonably 
good. 
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Figure 3 (a) Interface temperature versus interface position curve. 
H L  = 1.0 x 107 W m - 2 K - l, H D  = 1.2 x 101 x W m -  2 K - 1 s -  i, HS 
= 1.0x l0 s W m - 2 K  -1, 8 = 52 gm, T 2 = 1633 K, T 1 = 303 K, T, 
= 1233 K, V = 4.0 x 10- aA T 1'1 m s -  1. (b) Interface velocity versus 

interface posit ion curve. (c) Temperature  histories of different layers 
as indicated. (d) Temperature  distribution across the thickness at 
different times as indicated. HL = 1.0 x 107 W m -  2 K -  1, H D  = 1.2 
x l 0 1 1 W m - Z K - l s  -1, H S = I . 0 x l 0 S W m - 2 K  -1, g = 5 2 1 z m ,  
T 2 = 1633 K, T 1 = 303 K, T , =  1233 K, V =  4 .0x  10 -3 
ATl.1 m s - 1 .  



The above determination of the heat-transfer coeffi- 
cient is different from the rough estimations in [3]. 
These estimations were HL=2 .1  x 106 W m - Z K  -1 
before solidification finished, and HS = 7.4 
x 10 4 W m  - 2  K -1  after solidification finished. While 

their estimation for the heat-transfer coefficient after 
solidification finished was only slightly smaller than 
the present determination by modelling, the estima- 
tion before solidification finished was too low in com- 
parison with the present determination by theoretical 
calculation. This was because timing started from the 
back edge of the stream in their estimation instead of 
starting from the centre of the stream. The average 
cooling rate so estimated in [-3] was about 5 
• 106 K s- I at the early stage of cooling instead of the 
11.82 x 106 K s -1 estimated by beginning the timing 
from the centre of impingement of the stream on the 
wheel surface. 

The approach above provides a means to determine 
the unknown thermal and kinetic factors, that is, the 
heat-transfer coefficient, the nucleation temperature 
and the crystal-growth kinetic law, by fitting the 
measured free-surface temperature history with the 
calculated values via the thermokinetic model. The 
accuracy for such a determination depends not only 
on the accuracy of the measurement for the free- 
surface temperature history during melt spinning, but 
also on the thickness of the ribbon. 

The relevance of tile thermal and kinetic factors to 
the free-surface temperature history is stronger for a 
thinner melt than for a thicker one, as expected. A 
slight change in the thermal and kinetic factors can 
cause an obvious change in the free-surface temper- 
ature history for a melt thickness of 6 = 30 gm or less, 
as has been shown [1], while the change may not be so 
obvious [-1] for a melt. thickness of 6 = 50 gin, or more, 
for the same slight change in the factors. For example 
[-1], an initial undercooling of 180 K resulted in a deep 
valley in the temperature history of the layer at a 
thickness of 6=30  gm and a shallow valley at a 
thickness of 6 = 40 gin, while it produced only a down- 
hill temperature profile for the thickness 6=5 0  gm. 
Therefore, the accuracy of the determination of the 
unknown thermal and kinetic factors by fitting the 
experimental free-surface temperature history with the 
calculated values, assuming different values of the 
factors, depends not only on the accuracy in the 
measurement of the free-surface temperature history 

but also on the thickness of the ribbon. The thinner 
the ribbon, the higher is the accuracy in the determina- 
tion of the factors. For ribbons thicker than about 
50 ~tm, caution should be taken in the determination 
to ensure that a certain amount of certainty is reached, 
otherwise an estimation within a certain range should 
be given instead of an exact determination. 

4. Conclusions 
The free-surface temperature history in the melt 
spinning of copper measured by Tenwick and Davies 
[3] was compared with those values calculated by a 
thermokinetic model [2] for rapid solidification. The 
unknown parameters were thus estimated to be as 
follows: heat-transfer coefficient during the liquid- 
cooling stage H L =  1.0 x 107 W m  -2 K -1, heat-trans- 
fer coefficient after solidification finished H S =  1.0 
x 1 0 5 W m - 2 K  -1, heat-transfer coefficient during 

solidification H = 1.0 x 107-1.2 x 1011 (t - t,) 
(W m -  2 K -  1), the nucleation temperature 
T, ~ 1233 K and the crystal-growth kinetic law is 
V ~ 4 . 0 x  10-3AT 11 (ms-Z). This approach is ex- 
pected to give good estimations of the unknown para- 
meter for thinner ribbons. 
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