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Abstract: The phase fraction plays a critical role in determining the solidification characteristics of metallic al-
loys. In this study, we propose a simplified method for estimating phase fraction based on the solidification time
in cooling curves. The method was validated through experimental analysis of Al-18wt%Cu and Fe«Ni«Bis al-
loys, where phase fractions derived from cooling curves were compared with quantitative microstructure eval-
uations using computer-aided image analysis and the box-counting method. Results demonstrate strong con-
sistency between the estimated phase fractions and experimental measurements, confirming the method’s reli-
ability. The present method is easier operating, since it does not need derivative and integrals operations com-
pared to Newtonian thermal analysis and Fourier thermal analysis methods. Furthermore, two key relationships
deduced from the cooling curves were identified and analyzed: V/Re=D/AT and RAt=constant. These findings

establish an operational framework for quantifying phase fractions and solidification rates in rapid solidifica-
tion.
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1. Introduction

The phase fraction analysis is useful to adjust the process for the material microstructure and
properties controlling [1]. Neutron transmission spectroscopic imaging has enabled quantitative
analysis of solid-liquid phase evolution during solidification through Bragg-edge profile analysis [2].
This wavelength-resolved technique has been further extended to characterize martensite phase frac-
tions in bulk ferritic steels [3]. While X-ray computed tomography provides alternative phase quan-
tification capabilities [4], and solidification phase fraction correlations have demonstrated predictive
value for mechanical properties in additively manufactured Ti-6Al-4V alloys [5], these advanced
characterization methods remain constrained by high operational costs and technical complexity.
However, the temperature curve of alloy solidification process is helpful to obtain the phase fraction
quickly and low cost, which has been used to study the process effect alloying elements on the me-
chanical performance of alloys [6]. There are several methods determine the phase fraction from tem-
perature curve such as differential scanning calorimeter (DSC) [7], differential thermal analysis
(DTA) microstructure [8,9], cooling curve thermal analysis [10,11], and baseline method [12]. Tech-
niques like DTA and DSC are used for laboratory testing and cannot be used in the cases far from
ideal and non-equilibrium system [13]. Cooling curve thermal analysis is regarded as one of the most
effective methods for online monitoring of molten metal solidification processes, with two methods:
Newtonian thermal analysis [14] and Fourier thermal analysis [15]. Both of these methods involve
deriving the cooling curve and then integrating it [14,15]. Newtonian thermal analysis is using only
one thermocouple that is centered in a solidifying sample, where the sample is assumed to be spa-
tially isothermal. The most basic zero curve is an exponential that is fitted to the derivative of the
cooling curve in the solid region [16]. However, due to differing heat capacities between the liquid
and the solid, the zero curve rarely fits the derivative of the cooling curve in the liquid region too.
For Fourier analysis it also uses a zero curve and the relative area between the zero curve and the
derivative of the cooling curve to calculate solid fraction [15]. The difference between Fourier and
Newtonian analysis is in how data are gathered and how the zero curve is determined. Data collection
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for the Fourier method utilizes two thermocouples of known locations in the sample; this allows the
thermal gradient of the sample to be calculated. The thermal gradient along with thermal diffusivity,
which is calculated from the cooling curve, is used to create a zero curve. The two methods require
derivative and integral operations, so that it is not easy to operate. Furthermore, after derivation of
some temperature curve with particularly dense collected data, the obtained curve fluctuates greatly,
and the baseline cannot be found sometimes. Xu et al. report a baseline method [12] which uses the
extension line of the liquid phase and the solid phase line as the baseline. It can avoid the problem of
derivation cooling curve, but, this extension line is extended too far sometimes from the experiment
data, with great uncertainty, and the extension line equation is not easy to determine accurately.

In the cooling curve of alloy undercooled solidification, there is a solidification plateau time,
which was studied early by W. C. Roberts-Austen in 1897 [17]. After that, there are many studies
focus on the recalescence process of undercooled solidification [18-23]. Patel et al. gave a method for
handling the rapid solidification recalescence in laser spot welding by solving the coupled transient
conservation equations of mass, momentum and energy [18]. He et al. studied the recalescence curves
of rapid solidification of invar alloy and found that with the solidification of undercooling increasing,
the microstructure changes from large dendrites to small columnar grains and then to fine equiaxed
grains [19]. Galenko et al. studied the anomalous kinetics, patterns formation in recalescence, and
found that changes in the shape of the recalescence front as the growth front morphology occur and
multiple nucleation events forming the growth front [20]. An et al. studied the effect of Co on solidi-
fication characteristics and microstructural transformation of nonequilibrium solidified Cu-Ni alloys
and found that the addition of a small amount of Co weakens the recalescence behaviour of the
Cu55Ni45 alloy and significantly reduces the thermal strain in the rapid solidification phase [21].
Yang et al. studied the maximal recalescence temperature Tr upon rapid solidification of bulk under-
cooled Cu 70 Ni 30 alloy and found that TR is affected by the difference of Gibbs free energy between
the residual liquid and solid after recalescence [22]. Mullis et al. studied Why re-melting is not a
plausible explanation in Ag-Cu alloy, and found that at low undercooling the volume fraction of
anomalous eutectic near the nucleation site is around an order of magnitude greater than the calcu-
lated recalescence solid fraction [23]. Despite so many reports about recalescence, there is still a lack
of systematic reports on the solidification fraction, solidification rate and solidification plateau time.

As the heat absorption in the solidification process for liquid and solid does not vary signifi-
cantly, all the transition heat must be dissipated from the sample surface, and the heat release time
for liquid and solid phases can be considered equivalent for the same size sample. Based on that, we
propose a new method to quickly estimate the solid fraction during solidification upon the heat re-
lease time in this study. This approach eliminates computational dependencies while maintaining
operational simplicity. Then the validation is conducted through synchronized cooling curve analysis
and microstructural characterization of Al-18wt%Cu and Fe«Ni«Bis alloys. After that the solidifica-
tion fraction, solidification rate and solidification plateau time will be discussed further.

2. Methods Description
2.1. Phase Fraction Prediction Method

The method is demonstrated in Figure 1, example for a typical cooling curve with two transitions
in solidification. If one sample was cooled from high temperature to room temperature with liquid
state (never solidified), the cooling process should be from A to B. If a solid sample that was not
melted at high temperatures is cooled to room temperature, the temperature curve should change
from point C to point D, as shown in Figure 1. The actual process that the sample’s temperature
changes from high to low, the liquid phase transforms to a solid phase, so the temperature curve is
changing along AB to CD gradually. Thus, AB and CD can be seen as the baseline for liquid and solid
phase respectively. To estimate the solid phase faction during solidification and the method should
not be difficult to operate, so the baseline AB and CD can be fitted by a parabolic equation. The de-
tailed process for solid fraction calculation can be described as:

(D Fitting the pure solid phase part of the cooling curve CD by a parabolic equation.

CD: T =at’ +bt +c, 1)
(2) Because the specific heat of the liquid and solid phases of the same sample is slightly differ-

ent, different equations should be used for the cooling rates of the solid and liquid phases at the same
temperature. The overall shapes of AB and CD are similar, so we can use the parabolic equation with
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the same quadratic coefficient a from Equation (1) to fit the liquid phase region of the cooling curve
AB.

AB: T =at’ +bt +c, @

(3 Then if a suitable equation can be used to describe the experiment data, it can be expressed
as

T=T(1) ®)
Note that all the equations above correspond to a single value of temperature and time.
(®) The solid phase fraction of each point on the cooling curve is can be estimated by
r—t
fo=r—
s h )

The process is as shown in Figure 1. For any time t, the corresponding temperature T on the
experimental data curve can be found by Equation (3). And then with the same T, we can calculate ts
and #i from Equation (1) and Equation (2), respectively. In this way, the solid phase fraction for each
temperature and time can be determined through Equation (4).
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Figure 1. Schematic diagram of phase fraction calculated method from time baseline. Tt is the stage sample is

full of liquid i.e., from “A” to “B” is curve Ti(t). Tr curve change (A to B) is due to specific heat of liquid phase

change and the temperature difference between sample and environment. Ts curve (C to D) change is due to the
specific heat of solid phase change and the temperature difference between sample and environment.

2.2. Microstructure Measurement Method

To identify the predicted result, there are two methods to measure the phase fraction from mi-
crostructure image. One method is computer aid image analysis which has been described by Gandin
et al. [24]. It is based on a binary representation derived from microstructure images. For this method,
the sample must be corroded well with a suitable etchant, and then the phase fraction can be accu-
rately obtained by having a high contrast between the two phases in the photograph. When the mi-
crostructure images are of insufficient quality, this method cannot be used.

The second method is box-counting method improved by Xu et al.[25], which can solve the
measurement difficulties caused by low image quality and uneven color distribution. It can be de-
scribed as covered the image by the boxes of LxL at first, then the boxes containing primary phase
(including boxes full of primary phase and the others partially filled with primary phase) is counted
as a, and the boxes only contains primary phase is counted as a:. Then the fraction of the primary
phase can be obtained by [25]


https://doi.org/10.20944/preprints202504.0908.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 April 2025 d0i:10.20944/preprints202504.0908.v1

4 of 6

f= a,ta
2(LxL) (5)

Equation (5) will give a more accurate result if the box size is smaller than the aim phase size,
and the error analyzed details can be found in Ref. [25].

3. Experimental

In order to verify the present method, experimental data of Al-Cu and Fe-Ni-B alloys are ana-
lyzed. Figure 2a is the cooling curve measured from the solidification of an Al-18wt%Cu alloy sample.
Then with the method described in Section 2, the pure solid phase part of the cooling curve can be

fitted as T =at’ +bt +c, =1.481-531.48t+47545.25. The pure liquid phase part can be fitted as
T =at’ +bt +c,=1.48 12-493.80t+41625.85. Then from Equation (4) we can obtain the solid phase

fraction curves of f-t (Figure 2a) and T-t (Figure 2b). From the inflection point of the curve, the fraction
of primary phase dendrites (a-Al) is determined as 67%.

Figure 2c shows the SEM microstructure of the Al-18wt%Cu alloy sample. By adopting the com-
puter image segmentation method, we can obtain the binary image as shown in Figure 2d, and the
dendrite phase fraction is determined by the area of the red region as 65%. At the present, 67% or
65%, there is no way to prove which result is more accurate because the microstructure is only shown
in the fraction of the section. That is to say, the calculation error from the cooling curve comes from
the difference in the specific heat of the solid and liquid phases, and the error from the microstructure
photos comes from the difference between the cross-sectional fraction and the real phase volume
fraction. Whereas the results obtained from Equation (5) are in close agreement with the microstruc-
ture measurements.
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Figure 2. Experiment and calculated result of Al-18wt%Cu alloy: (a) T-t curve and calculated f-f curve; (b) calcu-
lated f-T curve; (c) microstructure (The white area should be the eutectic region, but due to undercooled solidi-
fication, the eutectic area is replaced by single phase); (d) the primary phase fraction by computer image analy-
sis(the green area is the eutectic region).

To further validate the time fraction method derived from cooling curves, Figure 3a presents the
cooling curves of the Fe4:NisBi6 alloy. By using Equations (1)-(4), we can calculate the solid fraction
curve f-t. From the eutectic transition point (the inflection point of solid fraction curve), we can de-
termine the primary phase a-Fe(Ni) as about 0.335. The corresponding microstructure is shown in
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Figure 3b. For this microstructure, because the color distribution is not uniform and the score cannot
be obtained by computer image analysis, so we adopt the box-counting method studied by Xu et al.
[25]. The microstructure image in Figure 3b is covered by boxes of 50x50. The first step is counting
the number of the full box as a=473 (Figure 3c). The second step is counting the number of full and
half boxes as a=1170 (Figure 3d). The total box number is 2500. Then by using Equation (5), the value
of the primary phase a-Fe(Ni) fraction is obtained as f=(as+a)/2L2=(473+1170)/2x50x50=0.328, which is
very near the predicted result (0.335) from cooling curve. This method is not quickly but more relia-
ble, which has been discussed in Ref. [25]. Therefore, the present method can be used to estimate the
solid fraction during solidification.
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Figure 4. Experiment and calculate result of Fe42Ni42B16 alloy: (a) T-t curve and f-t curves; (b) microstructure;
(c) full box counting number a=473; (d) half and full box counting number a=1170.

4. Discussions
4.1. Solidification Fraction

Our previous study shows that the cooling curve can be calculated from the high-speed photo-
graphs of the solidification process [26], combining the present study results, the solid fraction can
be estimated from the high-speed photographs directly, i.e., obtained the cooling curve from the high-
speed video first, then analyzed the phase fraction from the cooling curve based on Equation (4). In
this way, high-speed photography enables not only the quantitative tracking of solid-liquid interface
velocity and morphology dynamics but also the calculation of solid phase fractions during solidifi-
cation. When all the parameters are acquired from a single device, the time correspondence should
be better than that from multiple device measurements. Therefore, a more complete solidification
theoretical model can be developed based on these techniques.

4.2. Solidification Rate

Besides the solidification fraction related with cooling curve, the solidification rate, and the cool-
ing rate can also be estimated from the cooling curves, as shown in Figure 5. Given At as the time
between recalescence start point and finish point, it can be expressed as:

At=D/V=AT/R. (6)
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Where D is the diameter of temperature measurement range which is determined by the param-
eter of the thermometer itself. V is the velocity of the solidification interface. R. is the recalescence
rate, R=ATr/At, where ATRr is the recalescence height in the temperature curve (Figure 5). Then, the
relation between the solidification rate and recalescence rate in cooling curve can expressed as:

V/IR=D/AT (7)

This relation can be used to estamted the solidificaition rate from cooling curves.

interface

X

quartz tube

Temperature /K

Time /s

Figure 5. The recalescence process vs. solidification process. D is the region diameter on the sample by the tem-
perature detector. At is the recalescence time.

4.3. Solidification Plateau Time

There is another relation between cooling rate and solidification plateau time (Af) in cooling
curve. Figure 6a shows the schematic diagram of the thermal history of a metallic sample in solidifi-
cation process. For convenience of study, assumed the specific heat (Cp) is a constant so that the cool-
ing curve can be seen as straight before or after solidification. As BC//ED, if we move BC to ED, where
the point E can be seen as the nucleation point, it is easy to obtain the relationship from based on
geometric knowledge,

BD=RAt 8)

where R is the cooling rate(=dT/dt), At the solidification plateau time from point E to B. Eq.(8)
indicates that for an alloy, the cooling rate and the solidification plateau time is

RAt =constant 9)

If we assumed that there was no latent heat release in solidification, the thermal history may
go along with the AED from liquid phase to solid phase. Because the latent heat of alloy in solidifi-
cation is released that the temperature of the sample will increase or decrease at the same rate as the
cooling rate, and the thermal history of the sample follows the path of AEBC (Figure 6a). At a time
t, without consider the latent heat, the system temperature is D, and due to the latent heat release,
the system temperature is B. Therefore, in the same time the temperature difference of D and B is
attributed to the latent heat work, so there is

BD=4H/Cp=ATnpy (10)

ATrpy is the temperature rise due to all the latent heat release. From Equation (8) and Equation

(10), we have
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RAt =BD=AThpy (11)

From Equation (11), the solidification plateau time is decided by cooling rate. The larger the
cooling rate, the longer the solidification plateau time (At) is as shown in Figure 6b. we can find many
experiment reports showing this rule [27,28]. Figure 7(a) displays the temperature curves during so-
lidification of Al-Si-Cu-Fe alloy under varying cooling rates [26]. It can be found that for the curves
with cooling rates of 2 °C/s, 1 °C/s, 0.6 °C/s, the corresponding plateau times are about 144 s, 288 s,
480 s, confirming the validity of the relationship RAt=constant. Similarly, Figure 7(b) presents the
cooling curves obtained during rapid solidification of Fe-Ni-Cr alloys with different undercoolings
[28], which further corroborates the relationship of RAt = constant in solidification processes.

The heating process also follows a similar relationship as Equation (9) which is not discussed
here. Equations (4), (7) and (9) are three simple relationships for cooling curves of alloy in solidifica-

tion.
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Figure 6. Relation of solidification time(At) with cooling rate (R): (a) the cooling curve of the undercooled melt
in solidification process; (b) cooling curves of alloys for different cooling rate.
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Figure 7. Cooling curves of Al-Si—-Cu-Fe (a)[26] and Fe-Cr-Ni (b)[28] alloys solidified under different cooling
rates.

5. Conclusions

From the cooling curve of the rapid solidification sample, the phase fraction change can be esti-

mated using the proposed method based on the heat release time ( f, = 7 ). Its accuracy and
s l
practical applicability were validated through analyses of cooling curves and microstructures in Al-
Cu and Fe-Ni-B alloys. The results were further corroborated by computer-aided image analysis and
the box counting method for microstructural characterization. Unlike Newtonian thermal analysis
and Fourier thermal analysis, which require derivative and integration operations, the present
method offers greater operational simplicity. Additionally, two key relationships were identified
from the cooling curves: the growth velocity—recalescence (V/R=D/AT) and the cooling rate-
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solidification plateau time (RAt=constant). These relationships, combined with the phase fraction
estimation, enable the prediction of solidification microstructure and solidification rate in rapid so-
lidification processes.
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