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Abstract The solidification path of a dilute Al–Cu alloy

was studied using controlled solidification conditions and

thermal analysis. Under equilibrium considerations, below

the limit of maximum solubility, a unique a phase is

expected, rounded by rich non eutectic composition.

However, the precipitation of the second phase h is present

even for dilute compositions, fundamentally favored by

segregation in the liquid and instabilities in the front of

solidification. This effect has technological and academic

implications, related to the precipitation of intermetallic

compounds from the melt.

Introduction

The academic and technological importance of Al–Cu

alloys is well known. Moreover, dilute Al–Cu alloys have a

hardening effect related to the solution and posterior pre-

cipitation of a coherent h phase [1, 2] in alloys with

composition bellow the maximum solubility limit. In the

case of cast alloys, it is not possible to avoid the presence

of h precipitates of great size during pouring of bulk pieces.

In this case, the solution of these precipitates take very long

time as a direct consequence of the structure and the

cooling rate of solidification [3–6].

Solidification of hypoeutectic Al–Cu alloys tends to

form a characteristic dendritic microstructure of a primary

phase, and in this way enclosing eutectic composition. For

compositions below the maximun solubilty limit, this

eutectic could be considered as non-equilibrium eutectic,

and its fraction depends on local solidification conditions

[7]. In directional solidification experiences of Al–0.2 and

0.5 wt%Cu [8] it was demonstrated that the presence of the

h phase conforming the eutectic of Al ? Al2Cu composi-

tion was responsible for inhomogeneities in the interden-

dritic liquid, in such a way that cellular walls result in

different composition profiles. This results in a character-

istic irregular cell morphology in dilute Al–Cu alloys.

Thermal analysis is a classical method for studying

metals and alloys solidification [9–11]. By melting and

freezing an alloy and registering the temperature–time

curves, several characteristical behaviors can be deter-

mined [9, 12, 13]. As a cooling curve reflects a balance

between the evolution of heat in the sample and the heat

flow away from the sample, the start of solidification is

easily determined by the latent heat associated to the

liquid–solid transformation. Some other variations on the

curve can be related to other processes, reactions, and of

course the end of solidification [9]. Although differential

thermal analysis (DTA) [14] is often used in solidification

studies, in the last years computer-aided cooling curve

analysis (CA-CCA) has been used for determination of

thermo-physical properties and solidification path of

metallic alloy [15, 16]. This approach has proved useful in
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other aluminum alloy systems such as grain refinement

hipoeutectic Al–Si alloys and commercial Al alloys casting

[6, 16].

In analytical form

dQ

dt
¼ m fCS

P þ 1� fð ÞCL
P

� �dT

dt
þ mDHf

df

dt
ð1Þ

where m is the mass of the sample, CP
S,L are the heat

capacity in solid and liquid, respectively, dT
dt is the cooling

rate of the process, DHf is the latent heat of solidification,

and f is the fraction of formed solid. Also, Eq. 1 can be

written as

dQ

dt
¼ m fCS

P þ ð1� f ÞCL
P þ DHf

df

dT

� �
dT

dt
ð2Þ

where dQ
dt is constant and represents the external heat flow

imposed externally to the system. It can be seen in these

equations that as the parenthesis increases its value during

the solidification due to the fact that df
dt is positive, dT

dt must

change to sustain the energy balance [9].

In Eqs. 1 and 2, dQ
dt can be evaluated while f : 0, i.e.,

while liquid is cooling if m and CP
L is known. Also CP

S can

be used for the solid phase by making f = 1 and df
dt ¼ 0; but

the calculus could involve solid state reactions, too.

Then, df
dt or df

dt can be evaluated from (1) and (2). Note

that in the general case where CP
S
= CP

L, a differential first

order equation must be resolved [13] to find df
dt;

df

dt
¼ 1

mDHf

dQ

dt
� m fCS

P þ ð1� f ÞCL
P

� �dT

dt

� �
ð3Þ

However, it is usual to consider that CP
S = CP

L for

calculation purposes (see Table 1), in which case the

previous equations can be simplified as

df

dt
¼ 1

mDH

dQ

dt
� mCP

dT

dt

� �
ð4Þ

which can be easily evaluated graphically. Although this

approximation is not strictly true, it does not involve an

important loss of precision in the zone where solidification

takes place.

In the cases where more than one reaction is expected,

all previous equations must be modified to include the

observed behavior, but note that these different contribu-

tions would be in the form of the last term of Eq. 2 to

reflect changes in the dT
dt curve.

On the other hand, it is known that the actual liquidus

temperature, as well as the solidus temperature, depend on

cooling rate due to kinetic effects during crystal growth. To

find correct liquidus temperature at equilibrium conditions,

the obtained values are often plotted against the square root

of cooling rate and the fitted values extrapolated to zero

cooling rate. Solidus temperature changes in a more

important rate than liquidus temperature, due to micro-

segregation effects during solidification. In alloys where

the eutectic is formed through an intermetallic second

phase, like Al–Cu or Al–Si, the microsegregation increases

the liquid inhomogeneities allowing for the formation of

these phases in the interdendritic spacing, even for dilute

compositions. This can be noted because the clustering of a

h phase decreases the effective composition of free inter-

dendritic liquid. This effect was discussed in a previous

work, under directional solidification experiments [8], and

it also has a great significance during the precipitation of

secondary phases during the casting of technological alloys

and in thermal treatments design.

The aim of this work is to study the solidification path of

dilute Al–Cu alloys by showing the presence of a precip-

itation of a second phase even for low composition alloys,

in such a way that a change in the expected solidification

path takes place.

Experimental setup

The alloys used were melted from purity elements in a SiC

crucible under Ar atmosphere. The cylindrical preingots

were poured into a graphite mold. These cylinders were

then used in the cooling curves, by melt and solidification

at different cooling rates at the time the temperature–time

recordings were taken.

The solidification setup consists of a 1.5 KW electric

furnace, with an electronic temperature controller that

permits linear ascending or descending temperature ramps

from 0.1 to 10 K/min. The samples of approximately 5 to

10 g were located in the furnace, melted, and solidified at

controlled cooling rates. The temperatures of furnace and

samples were taken with calibrated K thermocouples and

Table 1 Heat Capacity of Aluminum as a function of temperature

[17]

T [K] 373 473 573 673 933–1173

CP
S,L [J/Kg K] 938 984 1030 1076 1080

furnace THCs
Sample and 

sample
Electric coil

isolation
Thermal Control THC

Fig. 1 Schematic setup used for the cooling curves determination
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measured simultaneously with a NI-USB 9211A interface

connected to a personal computer. The schematic setup

used to obtain cooling curves can be seen in Fig. 1.

After solidification, the samples were metalographically

observed by optical microscopy. For such a purpose, they

were cut and mechanically and electrolytically polished by

using traditional methods, and revealed by chemical etch-

ing [8].

Results and discussion

The upper part of Fig. 2 shows a typical cooling curve

obtained for Al–4 wt%Cu at a cooling rate of 10

K/min = 0.16 Ks-1. Over this curve it is possible to

observe that as the temperature decreases, a first change

appears due to the initial formation of a phase. Note that

the derivative curve shown at the lower part of the same

figure, shows a clear variation at this point, indicating the

start of the nucleation. This curve was obtained numeri-

cally from T-t data collected during the experience. As

freezing progresses, the temperature stabilizes at the liq-

uidus temperature Tliquidus. After that, a cooling zone starts,

reaching the external heat extraction curve, and finally, an

isothermal, eutectic reaction is noted.

It is important to note that, for compositions below the

maximum solubility limit, a homogeneous a phase is

expected, at least for small enough cooling rates. However,

the microsegregation present in front of the formed solid

causes liquid inhomogeneities, in such a way that, in some

sites, it could promote an initial formation of the second

phase, h in this case. This formation could be evident in

the change of derivative curve behavior, after the initial

a-formation stage, where a second transformation arises.

In Fig. 3, dT
dt is represented as a function of the tem-

perature for solidification at different cooling rates. The

derivative dT
dt is used to evaluate Eqs. 1–3. This represen-

tation is useful to compare the solidification behavior at

different cooling rates. Please remember that solidification

proceeds from right to left in these figures, as temperature

decreases during the solidification process. In this figure it

can be seen that the fundamental aspect of the curves look

similar at different cooling rates, and the main differences

are related to the change in the values of Tliquidus and

Tsolidus. The first appears as almost constant temperature or

plateau in the temperature–time plot, meaning that it looks

constant in the derivative. It is possible to observe an

important change in the derivative at the beginning of

nucleation, occurring at approximately the same temper-

ature for all the cooling rates under study, reaching

different values of liquidus temperature. This behavior

suggests that nucleation starts with different rates but at

the same temperature. As solidification proceeds, the

derivative reaches a local minimum at solidus temperature.

Finally, there is evidence of the isothermal eutectic reac-

tion of the remaining liquid. The range of solidification

is between the beginning of nucleation and this eutectic

transformation.
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Fig. 2 Cooling curve

of Al–4%Cu, 0.16 Ks-1
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The excerpt of Fig. 3 shows the zone where the solidi-

fication of the samples starts with a higher level of detail.

In this figure it is clear that the jump in the derivative

begins at a similar temperature, independently of the

cooling rate. This jump is an effect of latent heat liberation

during nucleation events, but the nucleation rate depends

on the solid fraction, which varies with cooling rate. The

result is different slopes of the dT
dt in the plot, as can be seen

in the figure. When the solidification of a phase is com-

pleted, a decreasing in dT
dt is expected, because the term

responsible for nucleation in Eq. 2 disappears. However, as

can be seen in Figs. 2 and 3, another thermal event appears

below the main transformation. This effect was more evi-

dent at high cooling rates because the maximum is shifted

to higher temperatures as cooling rates decrease, overlap-

ping with the contribution of the a nucleation. This effect

could be promoted by nucleation in the liquid ahead of the

interface due to supercooling. These nuclei could be

responsible in many cases for equiaxed grain formation.

When solidification proceeds under small cooling rates

conditions, only the formation of the a phase is detected. In

all cases, these processes enclose rich liquid in the inter-

dendritic spacing, that finally solidify with an eutectic

reaction, in such a way that it is not possible to avoid the

formation of the second phase. Figure 4a shows the

microstructure of a sample solidified at a rate of 0.16 Ks-1.

It is possible to observe the typical structure of a phase

dendrites trapping interdendritic a ? h eutectic. At lower

cooling rates the structure does not change fundamentally,

but it can be noted that the quantity of trapped eutectic is

lesser, as Fig. 4b shows.

A subsequent analysis using a minor composition of

Al–2.5%Cu, allowed us to find a general similar qualitative

behavior. A first arrest appears clearly in T–t curve and is

due to the solidification of the a phase, as Fig. 5 shows. As

solidification continues, the eutectic transformation of

remaining intercellular liquid is almost imperceptible in

this curve. The lower part of the same figure shows the

derivative dT
dt as a function of time. This representation

shows well-defined changes both at the start of solidifica-

tion, and also at the end, where a minimum can be

observed. This is not the actual equilibrium solidus tem-

perature, because a small remaining rich liquid is trapped

between a cells or dendrites. By representing the derivative

as a function of temperature, as shown in Fig. 6, these

effects are more evident. When solidification starts, the

liberation of latent heat appears at one temperature,

showing that the plateau in T–t curve is more plane due to a

lesser composition, the solidification of a is almost iso-

thermic in the first stage. The eutectic reaction can also be

800 850 900

T
sample
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-0,2

-0,1

0

0,1

s
K( td/

Td
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)
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-0,1

-0,05

0
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-1

0.055 K s
-1
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-1

0.166 K s
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Fig. 3 dT
dt in function of sample temperature and cooling rate, Al–

4%Cu

Fig. 4 Typical micrograph of a dendrites and a ? h interdendritic

eutectic, for Al–4%Cu cooled at a 0.16 Ks-1 ; b 0.033 Ks-1
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seen, shown as a second peak. By decreasing the cooling

rate the eutectic reaction is less evident, as finally disap-

peared at the cooling rate of 0.016 Ks-1. After this last

reaction, the baseline of the derivative reaches the cooling

rate externally imposed. Figure 7 shows the microstructure

of the samples solidified at different cooling rates. In the

first micrograph at 0.05 Ks-1 the cellular microstructure

appears well defined, as cellular walls are clearly visible. In

some of the walls, a quantity of interdendritic liquid had

finally solidified forming eutectic composition. In the

second at 0.016 Ks-1, cellular walls are less evident, but it

is still possible to see some evidence of eutectic compo-

sition in the structure forming nodes.

As an application example, the solid fraction for the

Al–2.5%Cu alloy is calculated and represented in Fig. 8,

which shows that the solid fraction grows quickly after

solidification begins, reaching an asymptotic value close to

1 at the eutectic temperature. In the cases where the

solidification ends with a final eutectic reaction, a small

vertical shift appears at such temperature. In our case, the

smaller cooling rate of 0.016 Ks-1 does not show evidence

of eutectic reaction. In the same figure, a standard Scheil

calculus for fs is included, showing a similar behaviour to

the higher cooling rates.

Conclusions

Controlled solidification experiences were carried out to

study the path of solidification of Al–Cu alloys with com-

position below maximum solubility limit. The thermograms

achieved show that for the greater composition alloy under

study, another nucleation event appears simultaneously

with the first solidification stage. This effect is more evident

at a greater cooling rate of solidification and could evidence

equiaxed grain formation in the liquid ahead the interface.
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Fig. 5 Cooling curve of Al–

2.5%Cu at 0.033 Ks-1
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In general, solidification starts with cellular or dendritic

microstructure of the a phase, enclosing rich interdendritic

liquid, and then finally forming a second h phase and then

a ? h eutectic. However, in the samples of small cooling

rate, there is no evidence of eutectic reaction in the cooling

curves, although it appears in small quantities in the

microstructure. In this case, the heat associated with this

reaction maybe small compared to the measuring noise.
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