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Determination of Solid Fraction from Cooling Curve

JUNFENG XU, FENG LIU, XIAOLONG XU, and YUZENG CHEN

A new method to determine directly the solid fraction using the cooling curve was proposed for
solidification of undercooled melts. Then, to construct three different baselines, a sudden
function na(x) is introduced. In terms of the na(x) function, accordingly, the solid fractions
during solidification of Ni-3.3 wt pct B, Al-7 wt pct Si, Al-14 wt pct Cu, and Fe-4.56 wt pct Ni
alloys were predicted. The predictions of the primary, the regular lamellar eutectic, the anom-
alous eutectic, and the peritectic phases from cooling curves of the solidified samples coincide
with the results of measurement or the available methods.

DOI: 10.1007/s11661-011-0948-9
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I. INTRODUCTION

UPON rapid solidification of undercooled melts,
such as by melt fluxing or electromagnetic levitation,[1]

the transformed fraction can be directly measured using
differential thermal analysis, differential scanning calo-
rimetry, synchrotron diffraction, or dilatometry exper-
iments.[2] For solidification with negligible undercooling,
all the preceding techniques can be used, whereas, for
rapid solidification, delicately and repeatedly treating
the sample is essential for achieving a high undercooling;
in this case, most of the above techniques are limited due
to the expensive facilities and the high sensitivity for
measuring heat release.

As an inexpensive approach, the cooling curve
method provides consistent results to reflect the solid-
ification process.[3–9] In the early 1980s, Levi and
Mehrabian studied the cooling curves and the heat flow
during rapid solidification of undercooled metal drop-
lets, and interpreted the relationship among the solid
fraction, the enthalpy heat, the specific heat, and the
temperature history in detail.[3,4] Barth et al. used
the cooling curves of nickel and iron melts to predict
the enthalpy and the specific heat of undercooled melt.[5]

Using the Newtonian cooling principle, Çetin and
Kalkanli presented a procedure for evaluating the latent
heat of primary and eutectic solidification of gray cast
iron.[6] For solidification of undercooled droplets in gas
atomization, Vedovato et al. developed a model describ-
ing the cooling behavior.[7] For spherical undercooled
liquid metallic samples, Saleh and Clemente proposed a
model for analyzing the cooling curve.[8] Using an
equiaxed solidification model, Gandin et al. predicted
the cooling curve for solidification of Al-Cu alloys.[9]

Computer-aided–cooling curve thermal analysis
(CA-CCA) is another important method to evaluate
the solidification from thermal history.[10–13] Stefanescu
et al. used the CA-CCA method by coupling the
macroscopic heat transfer and microscopic kinetics to
calculate the solid fraction during solidification.[10]

Emadi et al. analyzed the cooling curve of Al-Si alloy
using the CA-CCA method.[13] Recently, applying first-
principles analysis of thermodynamics and heat flow,
Gibbs et al. developed a method to study the cooling
curves of Al-Si and Al-Ag alloys.[2,14] Yang et al.
presented a numerical model to describe the cooling
process of bulk-undercooled Cu-Ni melts.[15,16]

In this study, we will introduce a new method to
predict the transformed fraction directly from the
cooling curves in term of baselines.* This method

avoids explicit determination of thermal-physical
parameters such as the heat transfer coefficient and the
specific heat, as well as complicated calculations. To test
this method, the experimental results from Ni-3.3 wt pct
B and Fe-4.56 wt pct Ni alloy (by the present authors)
and Al-7 wt pct Si alloy and Al-14 wt pct Cu alloy from
Emadi et al.[13] and Gandin et al.[9] are used; the cooling
curves are analyzed by the current method.

II. THEORETICAL DESCRIPTION

A. Sudden function na(x)

From the heuristic of the Dirac function, a new
function is given as[17]

naðxÞ ¼ exp � 1

a
ffiffiffi

p
p exp � x

a

� �

� �

¼ 0; x<0
¼ 1; x>0

�

½1�

where a is a constant. For sufficiently small a (a = 0.1
is assumed here), na(x) is nearly straightly from zero to
one at x = 0. From Eq. [1], it can be deduced as
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*The cooling curves without any transformation or latent heat
release.
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F1ðxÞ � na xn � xð Þ þ F2ðxÞ � na x� xnð Þ

¼
¼ F1ðxÞ; ðx<xnÞ
¼ F2ðxÞ; ðx<xnÞ

�

½2�

Both Eqs. [1] and [2] are generally used to describe the
event such as the baseline for cooling curve upon
solidification.

B. Cooling Curves and Extreme Baselines

To analyze the thermal history for solidification of an
alloy, the following assumptions are made.

(a) The specimen undergoing solidification is spherical.
(b) The values of specific heat in the solid and liquid

phases are taken to be constant and equal.
(c) Solidification in the present study is assumed to be

completed within a short freezing range, where the
rate of heat extraction can be considered as con-
stant.

(d) The contribution from radiation is neglected.
(e) The temperature gradient inside the particle is

neglected during cooling.

Accordingly, the thermal history of solidification is
illustrated in Figure 1, where the solidification is initi-
ated at point A (liquid state in OA stage) and completed
at point C (solid state in CD stage). Without releasing
latent heat upon solidification, the sample should
transform directly from the liquid to the solid; i.e., the
temperature varies along the baseline OAF (where AF is
parallel to CD), the baseline OAEG (where AE is the
extension of OA, EG is parallel to CD), or the baseline
Tbase(t) between OAF and OAEG, to the room temper-
ature. Actually, the latent heat release must be consid-
ered, and accordingly, the solid-cooling-curve CD
delays duration of time, Dt, and goes down to the room
temperature (Figure 1). Since Dt is related to the latent
heat release, the temperatures rising, DT, can be

regarded as the distance between a point at the cooling
curve OABCD and the corresponding point at the
baseline OAF, OAEG, or Tbase(t), and stands for the
extension of latent heat released. As the baseline Tbase(t)
is difficult to determine, only the two extreme baselines
(OAF and OAEG) are dealt with here. Since the latent
heat release is equal to the product of DT (the temper-
ature rise due to the release of latent heat) and qc (the
volume heat capacity), the baselines can be given as

(a) Draw a tangent of DC and elongate DC to H (cor-
responding to the initial nucleation time tn); move
DCH down H1 to A (Figure 1), and the baseline
OAF is obtained. From Eq. [2], the baseline OAF
can be expressed as

Tbase1 ¼ OA tð Þna tn � tð Þ þ ðCD tð Þ �H1Þna t� tnð Þ
½3a�

(b) Draw a tangent of OA and elongate OA to E (cor-
responding to the solidification ending time, tend);
move CD down H2 to E (Figure 1), and the base-
line OAEG is obtained. From Eq. [2], the baseline
OAEG can be expressed as

Tbase2 ¼OA tð Þnaðtend� tÞ þ ðCD tð Þ�H2Þnaðt� tendÞ
½3b�

(c) For an ideal case where the cooling rates of liquid
and solid are equivalent and constant, the two
baselines are completely overlapped.

With reference to the preceding assumptions, the
liquid and solid parts of the cooling curve can be
described as straight lines, e.g., short OA and CD.
Accordingly, the liquid part OA and the solid part CD
are expressed as

Ul ¼ Rltþ bl ½4a�

Us ¼ Rstþ bs ½4b�

where Fl and Fs stand for the thermal history before
and after solidification; Rl and Rs the cooling rates of the
liquid and the solid; and bl and bs the constants for
liquid and solid, respectively.
From Reference 9, if the heat extraction is not

compatible with Eqs. [4a] and [4b], Fl and Fs can be
fitted with the equation F = (T0 – Text) exp(–hext(CpR/
3)�1(t – t0))+TG = A exp(–Bt)+TG; i.e.,

Ul ¼ Al exp �Bltð Þ þ TG ½4c�

Us ¼ As exp �Bstð Þ þ TG ½4d�

with Al, Bl, As, and Bs as constants and TG the
environmental temperature.
For simplicity, in the present study, Eqs. [4a] and [4b]

will be used to describe the baselines. As shown in
Figure 1,

H1 ¼ Rltn þ blð Þ � Rstn þ bsð Þ ½5a�Fig. 1—Schematic diagram of cooling curve and baselines.
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H2 ¼ Rltend þ blð Þ � Rstend þ bsð Þ ½5b�

Eqs. [3a] and [3b] can be further written as

Tbase1 ¼ Ulna tn � tð Þ þ ðUs �H1Þna t� tnð Þ ½6a�

Tbase2 ¼ Ulnaðtend � tÞ þ ðUs �H2Þnaðt� tendÞ ½6b�

C. Transformed Fraction

Regarding the preceding assumptions, a combination
of the heat capacity, the released latent heat, and the
heat transfer to environment leads to an equation of
heat balance,[3,4]

@T

@t
¼ � Q

qc
þ L

qc
@f

@t
½7�

where f is the solid fraction, T the melt temperature, L
the latent heat of solidification, Q the heat extraction
rate due to radiation and convection, and qc the volume
heat capacity.

Accordingly, an analytical solution of Eq. [7] can be
assumed as

T ¼ Tbase þH � fðtÞ ½8�

with

@Tbase

@t
¼ � Q

qc
and H ¼ L

qc

On the right-hand side of Eq. [8], the first term stands
for the liquid/solid cooling process without latent heat
release (analogous to the process of glass formation),
and the second term stands for the latent heat releasing
process without cooling (analogous to a adiabatic
process). So the solidification can be considered as an
addition of the two extreme processes. From Eq. [8], the
solid fraction can be determined by

f ¼ T� Tbase

H
½9a�

If T is the experimental data of the cooling curve,
from the two baselines and Eq. [9a], the transformed
fraction can be calculated as

f1 ¼
T� Tbase1

H1
½9b�

f2 ¼
T� Tbase2

H2
½9c�

D. A Synthetic Baseline

Equation [9b] corresponds to the solid fraction
determined in terms of the baseline, Tbase1 (where the
cooling rate during solidification is equal to that of

solid, Rs), whereas Eq. [9c] corresponds to the solid
fraction determined in terms of the baseline, Tbase2

(where the cooling rate during solidification is equal to
that of liquid, Rl). Generally, the difference between Rs

and Rl is small, the transformed fractions calculated by
Eqs. [9b] and [9c] hold approximately equal (Section
III–C). However, for sufficient difference between Rs

and Rl, the influence of solid and liquid fractions on the
baseline should be considered. Then, a synthetic baseline
between OAF and OAEG results as

Tbase ¼ Tbase1fþ Tbase2 1 � fð Þ ½10a�

which, corresponding to H1 and H2,

H ¼ H1 � fþ H2 � 1 � fð Þ ½10b�

Substituting Eqs. [10a] and [10b] into Eq. [9a] leads to

f ¼ T� Tbase1fþ Tbase2ð1� fÞ½ �
H1fþH2ð1� fÞ ½10c�

Thus, substituting f1 or f2 into Eq. [10c], the synthetic
baseline and the transformed fraction f can be accu-
rately estimated. Since Eq. [10c] is a quadratic equation,
which has only one positive root, a positive initial value
for f will give reliable results after several iterations. If
H1 equals H2, the three baselines will be totally the
same; i.e., Tbase1 = Tbase2 = Tbase = Fl. Then, Eqs.
[9b], [9c], and [10c] will return to the same expression:

f ¼ T� U1

Us � Ul
½11�

Equation [11] seems to be like the level rule of the
phase diagram. Generally, Eq. [11] is the simplest way to
estimate the transformed fraction upon solidification,
but with uncertain errors. In the present study, the
transformed fraction predicted from the cooling curve
using Eqs. [9b], [9c], and [10c] is calculated, and above
all, Eq. [10c] should be the most accurate one, since the
baseline in Eq. [10a] takes the effect of solid fraction into
account.
The derived approach has nothing to do with the

components or the transformation paths, so that it can
be applied to pure metal, eutectic, hypoeutectic, hyper-
eutectic, peritectic, hypo-peritectic, and hyper-peritectic
solidification processes, as well as the multitransforma-
tions process.

III. APPLICATIONS

A. Ni-3.3 Wt Pct B Alloy

High-purityNi (99.99 wt pct) blocks andB (99.97 wt pct)
pieces were mixed with composition of Ni-3.3 wt pct B
alloy immersed in the molten glass slag, in a quartz
crucible. The crucible was placed in themiddle position of
the high frequency induction coil located in a vacuum
chamber. After the vacuum chamber was evacuated to
1 9 10�6 mbar and backfilled to 600 mbar with high-
purity Ar gas, the sample was cyclically superheated with
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a superheating 100 K to 200 K (100 �C to 200 �C) until a
desired undercooling was achieved. The thermal history
of the sample was monitored by a one-color pyrometer
with a constant emissivity of 0.85. The relative accuracy
and response time are 10 K (10 �C) and 10 ms, respec-
tively. A calibration thus was required to calculate the
actual temperature, T, using equation 1/T = (1/Tpyr)+
(1/Tm) – (1/Tm

pyr), where Tpyr is the temperature recorded
by the pyrometer, Tm

pyr is the liquids temperature mea-
sured by the pyrometer, andTm is the liquids temperature
read on the phase diagram or measured by differential
scanning calorimetry.[9] A solution consisting of 5 g
FeCl3, 10 mL HCl, and 50 mL H2O was used to etch
the as-solidified specimens for morphology observation.

Figures 2(a) and (b) show the cooling curves of
Ni-3.3 wt pct B alloy samples, 1 and 2, with different
undercoolings. From the measurement, the melting
point of primary a-Ni phase is Tm ~ 1450 K (1177 �C),
and the melting point of Ni-Ni3B eutectic phase is
Te ~ 1370 K (1097 �C). It can be seen that for sample 1
(Figure 2(a)), the initial undercooling is DT1 ~ 40 K
(40 �C), and the undercooling for eutectic transformation
is DT2 ~ 103 K (103 �C); and for sample 2 (Figure 2(b)),
DT1 ~ 58 K (58 �C) and DT2 ~ 38 K (38 �C).

Both the liquid and the solid parts of the cooling curve
for samples 1 and 2 can be approximated as straight lines
(Figures 2(a) and (b)). For sample 1 (Figure 2(a)), the
liquid part is fitted as Fl = –14.13t + 1892 and the solid
part as Fs = –11.83t + 2081. With measured tn =
35.05s and tend = 62.5s, H1 and H2 are determined by
Eq. [5] as about 270 K and 333 K (270 �C and 333 �C),
respectively (Table I). Then, the two extreme baselines
are obtained by Eqs. [6a] and [6b] as

Tbase1 ¼ ð�14:13tþ 1892Þnað35:05� tÞ
þ ð�11:83tþ 2081� 270Þnaðt� 35:05Þ ½12a�

Tbase2 ¼ ð�14:13tþ 1892Þnað62:5� tÞ
þ ð�11:83tþ 2081� 333Þnaðt� 62:5Þ ½12b�

Applying Eq. [10a], a synthetic baseline is then obtained
(Figure 2(a)). Thereafter, the transformed fractions can
be calculated using Eqs. [9b], [9c], and [10c]. An
analogous procedure was performed for sample 2
(Figure 2(b)).
From Figures 2(a) and (b), the baseline Tbase is

between Tbase1 and Tbase2, so that the corresponding f

(a)

(c)

(b)

(d)

Fig. 2—Cooling curves, transformed fractions, and microstructures of Ni-3.3 wt pct B alloy samples subjected to different undercoolings. No. 1
sample (a) and (c) DT1 ~ 40 K (40 �C) (for primary solidification), and DT2 ~ 103 K (103 �C) (for eutectic solidification). No. 2 sample (b) and
(d) DT1 ~ 58 K (58 �C), and DT2 ~ 38 K (38 �C). The values of f1, f2, and f are calculated from Eqs. [9b], [9c], and [10c], respectively.
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is also between f1 and f2. Therefore, f is the best one for
describing the transformed fraction upon solidification.
In order to test the predicted transformed fraction,
Figures 2(c) and (d) show the microstructure corre-
sponding to Figures 2(a) and (b). Quantities image
analysis software ImageTool (IT) 3.0 (http://www.bio-
soft.net/draw/ImageTool.htm) was used to obtain area
fraction measurements from the micrographs. This
measurement is made based on the gray value of the
pixels to differentiate between the bright Ni3B and the
dark a-Ni phases. These area fraction measurements
were assumed to be equivalent to the volume fraction of

phase. For the image of sample 1 (Figure 2(c)), three
different gray levels (Figure 3(a)) are divided: 0 to 89
(primary phase a-Ni), 102 to 145 (regular lamellar eu-
tectic), and 145 to 224 (anomalous eutectic), which are
shown as the black-and-white images in Figure 3(b),
respectively. Accordingly, the amounts of the three
phases are calculated as about 37.45, 27.21, and
31.66 pct, respectively. It can be seen that all the pre-
dictions in Figure 2(a) are close to the measured results.
Using this software, the fraction of the anomalous
eutectic phase for sample 2 (Figure 2(d)) is measured to
be about 16.05 pct. Although the primary phase and

Table I. Parameters of Measurement and Fitting Results of Ni-3.3 Wt pct B, Al-7 Wt pct Si, and Al-14 Wt pct Cu Alloys

Parameters Unit Ni-3.3 Wt pct B Ni-3.3 Wt pct B Al-7 Wt pct Si Al-14 Wt pct Cu Measured

tn s 35.05 36.73 140 9.6 measured
tend s 62.5 56.0 1020 74 measured
Rl K/s –14.13 –17.98 –0.6135 –6.777 fitted
Bl K 1892 2052 970 939.1 fitted
Rs K/s –11.83 –16.06 –0.3503 –6.912 fitted
bs K 2081 2229 1190 1306 fitted
H1 K 270 249 257 366 calculated
H2 K 333 286 489 357 calculated
(H1 + H2)/2 K 301.5 267.5 373 361.5 calculated
DThpy K — — 360 to 402[13] — measured
fp 0.32 0.27 0.45 0.76 calculated

(a)

(b)

Fig. 3—Image analysis of the microstructure of the sample 1: (a) gray level histogram, showing thresholds (dashed lines); and (b) distribution of
primary phase, anomalous eutectic phase, and regular lamellar eutectic phase (black).
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regular eutectic phase are difficult to be distinguished by
the gray levels, the fraction of regular lamellar eutectic in
Figure 2(d) is obviously higher than that in Figure 2(c).
These predictions for sample 2 (Figure 2(b)) also agree
with the microstructure distribution. So, the predictions
by the current approach in terms of baselines are con-
sistent with the experimental results of Ni-3.3 wt pct B
alloy.

If the transformed fraction can be expressed analyt-
ically, the cooling curve can then be described analyt-
ically by Eq. [8]. Transformed fraction of sample 1
(calculated from Tbase), for instance, can be approxi-
mated with several line segments. The inflexion points
are measured to be 34s, 37s, 53.2s, and 61.5s (Figure 4);
then, in terms of the na(x) function, the transformed
fraction can be expressed as

f tð Þ ¼ 0:03291t� 1:113ð Þna t� 34ð Þ 37 � tð Þ½ �
þ 0:01651t� 0:5087ð Þna t� 37ð Þ 53:2 � tð Þ½ �
þ ð0:03595t� 1:206Þna½ðt� 53:2Þð61:5� tÞ�
þ ð0:03595 � 61:5� 1:206Þnaðt� 61:5Þ ½13�

Combining Eqs. [8], [10a], and [10b], the analytical
expression of the cooling curve can be expressed as
(Figure 4)

T ¼ ½Tbase1fþ Tbase2ð1� fÞ þ� ½270fþ 333ð1� fÞ� � f
½14�

B. Al-7 Wt Pct Si Alloy

The cooling curves for solidification of Al-7 wt pct Si
alloy by Emadi et al.[13] are analyzed here. As shown in
Figure 5(a), tn and tend are measured as 140s and 1020s.
Then, the liquid part and the solid part of the cooling
curve are fitted as Fl = –0.6135t + 970 and Fs =
–0.3503t + 1190. H1 and H2 are determined as about
257 K and 489 K (257 �C and 489 �C) from Eqs. [5a] and
[5b], respectively. Thus, the baselines can be expressed as

Tbase1 ¼ Ulna 140 � tð Þ þ ðUs � H1Þna t� 140ð Þ ½15a�

Tbase2 ¼ Ulnað1020� tÞ þ ðUs �H2Þnaðt� 1020Þ
½15b�

Then, the transformed fractions can be calculated by
Eqs. [9a] and [9c]. From Figures 5(a) and (b), the
difference between f1 and f2 is very small, so that it does
not need to further calculate f by Eq. [10c]. It can be
found that both f1 and f2 are close to the result of the
Newtonian method[13] (Figure 5(b)), but the present
methods do not need any derivative of experimental
curves, which avoids the error of complex computations.

C. Al-14 Wt Pct Cu Alloy

As mentioned in Section I, Al-14 wt pct Cu alloy was
studied with the equiaxed solidification model. By using
the baseline methods, the transformed fraction of
Al-14 wt pct Cu alloy[9] can also be calculated from
the cooling curve. Using the present method, the fitting
results of parameters for the cooling curve of
Al-14 wt pct Cu alloy are listed in Table I. Then, as

Fig. 4—Descriptions of transformed fraction and cooling curve of
sample 1.

(a)

(b)

Fig. 5—(a) Cooling curve upon solidification of Al-7 wt pct Si al-
loy[13] and the predictions of transformed fractions. (b) Comparisons
of transformed fractions calculated by present methods and the
Newtonian method.[13]
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shown in Figure 6, the transformed fraction determined
by Eq. [9b] or [9c] is very near the result of Gandin’s
equiaxed solidification model.[9]

D. Peritectic Alloy Fe-4.56 Wt Pct Ni

To test the present method for solidification of
peritectic alloy, cooling curves of Fe-4.56 wt pct Ni
alloy are analyzed. The experimental process can be
found in Reference 18. From the equilibrium phase
diagram of Fe-Ni alloy,[18] the first transformation is
primary phase solidification, Liquid fi d, and the second
transformation is peritectic reaction, Liquid+ d fi c.
As a result, two recalescence peaks appear in the cooling
curve, as shown in Figure 7(a).[18] Then, the transformed
fraction of Fe-4.56 wt pct Ni alloy in solidification is
predicted by Eqs. [9b], [9c], and [10c]. Generally, the
peritectic reaction is controlled by the short-range solute
diffusion in the liquid ahead of the primary phase, and
only several layers of primary phase d are consumed for
forming c phase.[19] Therefore, the phase formation
process can be approximated as liquid fi d phase in the
first recalescence and residual liquid fi c phase in the
second recalescence. On this basis, d-phase fractions are
determined to be 84.7, 80.2, and 83.8 pct, according to
Eqs. [9b], [9c], and [10c], respectively (Figure 7(a)).

As shown in Figure 7(b), the microstructure of this
sample shows the distribution of the primary phase d
(dark) and peritectic c phase (bright). Then, based on
the gray value of the pixels to differentiate between the
bright c and the dark d phases, two gray level ranges are
divided: 0 to 181 (d phase) and 181 to 225 (c phase).
Thus, the fraction of d phase is measured to be 83.6 pct.
Therefore, the prediction of Eq. [10c] is closest to the
measurement, though the predictions from Eqs. [9b] and
[9c] are also close to the measurement.

IV. DISCUSSION

A. Fraction of Primary Phase

From the transformed fraction curves of Ni-3.3 wt pct
B alloy (Figures 2(a) and (b)), it can be found that the

fraction of primary phase, fp (Table I), is related not only
to the undercooling for primary solidification, DT1, but
also to the undercooling for eutectic solidification, DT2.
As DT1 of sample 1 (Figure 2(a)) is smaller than that

of sample 2 (Figure 2(b)), according the classical rela-
tionship, fs = DT/(L/qc), the fraction of primary phase
at the first recalescence peak for sample 1 should be less
than that for sample 2. However, since the growth of
primary phase a-Ni does not stop in the post-recales-
cence period of the primary solidification until the
second recalescence (eutectic solidification) starts, the
DT2 of sample 1 is larger than that of sample 2; as a
result, the calculation shows that the fraction of primary
phase for sample 1 is more than that for sample 2 in the
end of solidification (Figures 2(a) and (b)). The predic-
tion is further confirmed by observation of the micro-
structures (Figures 2(c) and (d)). It means that the
primary fraction depends on both DT1 and DT2.

B. Error Analysis

From the calculated results for Ni-3.3 wt pct B alloy
and Fe-4.56 wt pct Ni alloy in Figures 2(a), 2(b), and
7(a), the solid fraction can be smaller than 0 or larger

Fig. 6—Cooling curve upon solidification of Al-14 wt pct Cu alloy[9]

and predictions of transformed fractions by baseline methods.

(a)

(b)

Fig. 7—(a) Cooling curve upon undercooled solidification of Fe-
4.56 wt pct Ni alloy[18] and predictions of transformed fractions by
baselines methods. (b) As-solidified morphology of Fe-4.56 wt pct Ni
alloy.
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than 1. This is ascribed to the constant cooling rate
assumed before and after solidification. This error also
appears in other cooling curves with varying cooling
rates in states of liquid and solid, since it is hard to
approximate the real cooling rate with an averaged
value. Using Eqs. [4c] and [4d] to describe the liquid part
and solid part of the cooling curve, a better result of the
solid fraction curve may be obtained, but the calculation
will become more complicated.

The arbitrary assumption of constant specific heat
may also lead to deviation from the experimental results,
since the transformed fractions of present methods are
based on the temperature rise of the sample, which is
equal to DH/qc, where DH is the enthalpy heat release
due to solidification and qc is the specific heat of the
sample. Generally, the change of specific heat in
solidification is small, so that the error due to it will
not be obvious.

C. Transformed Fraction and Hypercooling Limit

From Section III, if the difference between f1 and f2 is
small, either of them can be taken as a real transformed
fraction due to solidification. Thus, there will be no need
to calculate f by Eq. [10c]. In fact, f1 or f2 can be easily
obtained by a manual graph, which will make it
convenient to estimate the phase’s fractions. It can also
be used in multitransformation.

For example, a schematic cooling curve containing
three reactions is shown in Figure 8. BC is a tangent of
the solid state of the cooling curve, while AF is a line
parallel to BC. Accordingly, OAF can be taken as the
baseline Tbase1. Then, the ratio of liquid fraction to solid
fraction at any time of the cooling curve can be
estimated by the ratio of DE/EF, and then the trans-
formed fraction can be determined.

The hypercooling limit, DThpy, is an important
thermal physical parameter of the alloy.[20] From the
results of Al-7 wt pct Si alloy (Section III–B), H1 and H2

determined by the baselines methods are not equal to a
real hypercooling limit (Table I), but the average value
of H1 and H2 is close to the values of DThpy (Table I). It
is mainly because H1 is obtained provided the cooling
rate during solidification equals that of solid, and H2 is
obtained provided the cooling rate during solidification
equals that of liquid. So the real hypercooling limit
should be between the two extreme conditions. As a
result, in term of baselines methods, the hypercooling
limited of an alloy can be estimated by 0.5(H1+H2).

V. CONCLUSIONS

1. A sudden function na(x) was introduced for describ-
ing an event that has different expressions at differ-
ent stages.

2. In terms of the na(x) function, three different base-
lines of cooling curves are constructed, by any of
which the transformed fraction can be determined
directly. Baseline methods proved to be effective
ways to estimate phase fractions, by experiments of
Ni-3.3 wt pct B, Al-7 wt pct Si, Al-14 wt pct Cu,
and Fe-4.56 wt pct Ni alloys. Because the deducing
processes of baseline methods do not involve
parameters such as components or the number of
transformations, they can be extended to predict
the phase’s fraction of multicomponent and multi-
transformation (more than 2) alloys.

3. The predictions of Ni-3.3 wt pct B alloy by present
methods demonstrate that the fraction of primary
phase for hypoeutectic alloy depends on not only
the undercooling for primary solidification but also
the undercooling for eutectic solidification.
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