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Abstract
A novel method using diﬀerential scanning calorimetry (DSC) has been developed to quantify the interface kinetics in a solid/
liquid diﬀusion couple. The Ag–Cu binary eutectic system is investigated by heating an assembly of Ag base metal and Ag–Cu eutectic foil to 800 C and holding. The fraction of liquid remaining after various isothermal hold periods is measured by comparing the
melting endotherms with the solidiﬁcation exotherms. Detailed analysis of the results show the per cent liquid remaining is inversely
proportional to the square root of isothermal hold time; however, eﬀects of the base metal cause an apparent loss of 25% of the
liquid immediately after heating. The fundamental understanding of the eﬀects of bi-phase diﬀusion couple geometry is advanced
to manifest the mechanisms resulting in the error. Further carefully devised experiments reveal that primary solidiﬁcation during
cooling is not included in the enthalpy of solidiﬁcation measured by the DSC. Furthermore, baseline shift across the melting endotherm increases the measured melting enthalpy. These eﬀects combine to systematically underestimate the fraction of liquid remaining. Development of a modiﬁed temperature program and application of an appropriate correction can remedy these eﬀects. The
experimental results compare well with a prediction generated by an analytical model. Successful quantiﬁcation of these phenomena
has broadened the knowledge of DSC operational characteristics in the solid/liquid diﬀusion couple treatment, which can now be
applied to other material systems.
 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Metallurgical interactions that take place between a
liquid and solid phase in metal alloys are fundamental
in many materials processing operations. These include:
soldering and brazing, where a molten ﬁller metal wets a
solid metal substrate [1]; homogenization of castings via
partial melting [2]; metallurgical coating operations such
as aluminizing or galvanizing, where a solid alloy part is
dipped in a molten metal bath [3]; composite fabrication
by inﬁltration techniques, where a liquid metal matrix
penetrates a solid skeleton network under pressure or
*
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by capillary action [4]; and liquid phase sintering of
powder compacts [5,6]. In all these cases the solid and
liquid phases are metallurgically dissimilar and a diﬀusion couple develops at the solid/liquid interface. The
metallurgical interactions at this interface can be dissolution of soluble elements and/or the formation of
homogeneous or intermediate phases. In either case,
the phases that form are critical to the processing operation. For example, in soldering and brazing these metallurgical interactions determine the strength of the joint
formed between dissimilar materials and the reliability
of components assembled from them [1]. In metallurgical coating operations these interactions determine not
only the adhesion of the coating but also the wear or
corrosion resistance of the coated part [7]. Thus, it is
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desirable to have an accurate measure of the reaction
kinetics.
The investigation of phase formations occurring in
a solid/liquid diﬀusion couple have traditionally been
completed by performing the coating and/or joining
operation followed by cooling or quenching and metallurgical examination of the phases formed at the
interface. Metallographic techniques have been subject
to a great deal of measurement error since the solid/liquid interface is usually not planar but scalloped.
Thus, manual measurements of the width of the solidiﬁed layer are largely subjective. Furthermore, only a
small portion of the solid/liquid interfacial area is often measured. MacDonald and Eagar [8] have shown
that experimental set-up can also be a source of significant error. The apparent overall reaction kinetics can
be increased by the loss of liquid from a joint interface, either by squeezing or through wetting of the
sides of the base metal. Therefore, a method of characterizing the process kinetics of a solid/liquid diﬀusion couple that is not subject to these experimental
errors is required.
Previous work has been successful in applying diﬀerential scanning calorimetry (DSC) to the quantiﬁcation
of solid/liquid phase interactions in a powder mixture
analogous to transient liquid phase sintering (TLPS)
[9]. The amount of eutectic liquid remaining in a TLPS
mixture at the eutectic temperature, TE, was quantiﬁed.
This was done by cooling the samples from TE after various hold times and measuring the enthalpy of the eutectic solidiﬁcation peak. The reduction in the magnitude
of the enthalpy of solidiﬁcation was then related to the
amount of liquid remaining.
The primary diﬀerence between solid/liquid diﬀusion
couples developed in a powder mixture and that on a
planar front relates to the geometry of the two problems. It is anticipated that these geometrical diﬀerences
will have a large impact on the way in which DSC must
be used to quantify the metallurgical reactions taking
place at a planar interface. In powder mixtures the liquid phase is present in relatively high weight fractions
(5–50 wt.%) and the liquid comes into contact with a
high solid surface area during processing. In a planar
geometry the liquid is present in a much smaller weight
fraction (i.e., <0.1 wt.%) and should only come in contact with the faying surface of the solid for correct interpretation of the problem. The large mass of solid
substrate in a planar type geometry may alter the heat
ﬂow characteristics in the DSC, which need to be accounted for.
Therefore, the primary objectives of this investigation
are: to develop a methodology using DSC that would be
capable of quantifying the metallurgical reactions taking
place between solid/liquid diﬀusion couples, and to explain the eﬀects of a planar geometry on the measured
results.

2. Experimental set-up
The problem of interest is a bi-phase diﬀusion couple
involving a solid base metal and liquid phase separated
by a deﬁnite interface. Furthermore, we consider the
case where the liquid phase is present as a thin ﬁlm on
a semi-inﬁnite solid substrate. This diﬀusion couple
yields a typical moving boundary problem as described
in Fig. 1. For the purposes of a solid/liquid diﬀusion
couple, the simplifying assumptions made in the construction of Fig. 1 include: local equilibrium at the solid/liquid interface; a semi-inﬁnite solid phase; and no
concentration gradient in the liquid phase. The latter
assumption has been shown in the literature to be reasonable [10].
A more complicated binary alloy problem can also be
envisioned where a series of intermediate phases could
form between the liquid phase and solid base metal.
Similarly, over time these intermediate phases will grow
with diﬀusion into the base metal, leading to a reduction
in the liquid present. Yet another similar problem could
be deﬁned where the diﬀusion couple involves a ternary
(or multi-component) composition. In this case diﬀusion
into the base metal by two solute atoms can lead to a
shifting liquid composition as well as a reduction in
the liquid phase [11]. However, the scope of the current
investigation is that of a simple bi-phase binary diﬀusion
couple.
In order to develop a DSC methodology capable of
studying the various solid/liquid diﬀusion couple problems described above, a simple Ag–Cu binary eutectic
was selected for an ideal model system. Pure Ag was selected for the solid phase (base metal) and a Ag–Cu alloy for the liquid phase. The binary equilibrium phase
diagram shows the system is a simple binary with a eutectic at 780 C and 28 wt.% Cu, and that no stable

Fig. 1. A diﬀusion couple and moving boundary problem in a simple
solid/liquid system. After a time step, DT, the interface has moved DX.
The solid and liquid concentrations, CS and CL, respectively, are
expected to obey the phase boundaries on the equilibrium phase
diagram shown in Fig. 2.
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intermetallics will form [12]. Furthermore, Ag can be
considered inert up to the process temperature; thus,
the formation of contaminants (e.g., oxides) which could
inhibit isothermal solidiﬁcation is not expected to be signiﬁcant on the surface of the solid.
Right cylinders with a diameter of 5 and 3 mm thickness were prepared using 99.95% pure Ag obtained from
Alfa Aesar. The faying surface was ground ﬂat with
1200 grit paper and cleaned ultrasonically with acetone
before processing. The liquid phase was added in the
form of a thin foil with a Ag–Cu eutectic composition:
Ag–28 wt.% Cu. The foil was obtained from Lucas Milhaupt and had a purity of 99.9%. The interlayer thickness was 25 lm and it was cleaned ultrasonically with
acetone before joining. In order to interpret dissolution
eﬀects and the resultant shift in liquid compositions, a
24-wt.% Cu foil corresponding to the liquidus composition at the hold temperature was also studied. This foil
was not commercially available and was fabricated by
casting from high purity powders. The cast ingot was
then rolled to a thin foil in a series of steps, each step followed by a recovery anneal.
The side of the cylinder was coated with an alumina
lubricant to prevent the liquid from wetting any surface
of the cylinder other than the faying surface. A diﬀusion
couple was placed in an alumina crucible for heating in
the DSC as shown in Fig. 3. The foil that will melt upon
heating through the eutectic temperature is placed at the
bottom of the crucible so that the liquid zone will be as
close as possible to the measuring thermocouples in the
DSC. This ensures maximum sensitivity of the measurement system. In the reference crucible, a plain Ag slug
was added to ensure that the thermal properties of both
cells were similar. Thus, the only diﬀerence between the
sample and reference cells is the presence of the melting
point depressant rich foil.
Interface movement is expected to obey the mass balance given by Eq. (1):
ðC L  C S Þ

d
o
o
X ðtÞ ¼ DS C S  DL C L ;
dt
ox
ox

ð1Þ

where CL and CS are the respective liquid and solid concentrations at the solid/liquid interface, X(t) is the position of the interface, and DS and DL are the solute
diﬀusivities in the solid and liquid, respectively.
Upon heating above the eutectic temperature, the foil
will melt and wet the substrate. Additional heating
above the eutectic will cause the interface in Fig. 1 to
move to the right as the liquid tracks along the Gibbs
phase boundaries on the equilibrium diagram schematic
for a binary eutectic shown in Fig. 2. This dissolution of
the base metal results in widening of the liquid layer until the maximum liquid width is reached at the peak temperature. If the temperature is held, the solidus and
liquidus concentrations at the interface will be constant
as predicted by the tie line in Fig. 2. Inspection of Eq. (1)

3073

Fig. 2. Equilibrium phase diagram for a simple binary eutectic system.
The solidus (CS) and liquidus (CL) concentrations at the interface are
given by the phase boundaries (CaL and CLa) at the process
temperature.

Fig. 3. A typical cross-section of the experimental set-up within the
DSC sample carrier. The Ag cylinder is coated with a ceramic stop-oﬀ
and placed on a disc of foil.

indicates that diﬀusion of solute from the liquid into the
solid phase results in solid/liquid boundary movement to
the left in Fig. 1 and a resulting reduction in the amount
of liquid phase. This mechanism of epitaxial growth of
the solid is commonly termed isothermal solidiﬁcation
[13].
A Netzsch 404C diﬀerential scanning calorimeter was
used for the experiments. A dynamic nitrogen atmosphere was used in the DSC for all trials. A typical thermal cycle of a DSC trial is given in Fig. 4. The initial
heating rate was 40 C/min (segment A). At 700 C,
the heating rate was reduced to 10 C/min for enhanced
measurement resolution and reduced thermal lag in the
temperature range of interest (segment B). The hold
temperature was 20 C above the eutectic temperature
of 780 C (i.e., 800 C). This superheating was the minimum needed to completely resolve the melting peak of
the initial liquid on the DSC trace. The isothermal hold
time at the bonding temperature was varied from zero to
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Fig. 4. The temperature program for a typical DSC trial and the
corresponding DSC trace. The isothermal hold time (segment C) is
varied.

the time required for isothermal solidiﬁcation to near
completion (segment C). The cooling cycle was opposite
the heating cycle (segments D and E).
2.1. Analysis method
The DSC heat ﬂow results that correspond to the
sample temperature program are shown by the solid line
in Fig. 4. On the DSC trace the exothermic direction is
down, thus a peak represents an endothermic phase
change such as melting, and a trough represents an exothermic phase change such as solidiﬁcation. The segments of the heat ﬂow curve marked a–d are baseline
shifts (hysteresis) due to alterations in the heating rate.
Eq. (2) gives the temperature diﬀerence (DT) between
the reference cell (Trm) and the sample cell (Tsm),
DT ¼ T rm  T sm ¼ R

dT
ðC s  C r Þ;
dt

ð2Þ

where R is the thermal resistance, and Cs and Cr are the
heat capacities of the sample and reference cells, respectively [14].
A change in the heating rate (dT/dt) results in a shift
in DT corresponding to the observed hysteresis shifts in
the DSC trace. The heating and cooling segments at
10 C/min (B and D), which pass through the melting
temperature of the Ag–Cu eutectic foil (i.e., 780 C) are
the segments used to quantify isothermal solidiﬁcation.
Athermal segments of the DSC trace can also be plotted as a function of heat ﬂow versus temperature (see
Fig. 5). Integration of the melting endotherm (heating
segment peak, i.e., 448 mJ) or solidiﬁcation exotherm
(cooling segment peak, i.e., 126 mJ) gives the total enthalpy of the thermal event. Since the composition of
the liquid is constant throughout the isothermal solidiﬁ-

Fig. 5. The DSC results plotted as a function of temperature. The
integral of the exotherm (cooling segment) and endotherm (heating
segment) is shown.

cation stage, the speciﬁc heat of formation of the liquid,
Dhf will remain unchanged. Note that the peak temperature used in these experiments must be suﬃciently higher
than the solidus temperature so that the DSC trace returns to baseline allowing the area under the endotherm
to be measured.
A baseline value for the enthalpy of formation (Dhf)
as measured for the Ag–Cu eutectic foil alone was 116
and 114 mJ/g for melting and solidiﬁcation, respectively,
for a foil with a mass of 5.3 mg. The small diﬀerence between these measurements is attributed to variation in
the measurement system and is expected. DHs is the enthalpy measured from the solidiﬁcation exotherm in a
DSC diﬀusion couple experiment. Since the mass of liquid involved in solidiﬁcation is given by DHs/Dhf;
where Dhf is constant, the enthalpy of formation can
be used as a reference to determine the amount of liquid
remaining (and thus interface position) in a solid/liquid
diﬀusion couple after an isothermal hold period. Eq. (3)
gives this relationship:
% Liquid remaining ¼ 100 

DH s
;
Dhf m

ð3Þ

where m is the mass of the original eutectic foil.
2.2. Inﬂuence of base metal on measurements
The ratio of foil mass to base metal mass is less than
one per cent and, since the large solid mass is not involved in the phase change, the inﬂuence on thermal
characteristics should be determined. Therefore, an
experimental method was devised to determine the melting endotherm in the presence of the base metal, but in
the absence of metallurgical interaction. In this case, an
Al2O3 diﬀusion barrier was applied to the base metal
surface in contact with the eutectic foil to prevent metal-
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Table 1
DSC measurements of enthalpy of formation of Ag–Cu foil with and
without the presence of base metal
DSC type

Average melting
onset (C)

Average initial
enthalpy (mJ/g)

Average ﬁnal
enthalpy (mJ/g)

Foil only
Foil with
base metal

775
776

116
85

114
85

An Al2O3 diﬀusion barrier was used to prevent interaction between the
liquid and base metal.

lurgical interactions and the Dhf measured. The results
are shown in Table 1. Clearly, the base metal acts as a
heat sink in the measurement cell and, by conduction,
reduces the total heat of formation measured by the
DSC from 115 to 85 mJ/g.
The mass of the base metal varies slightly from sample to sample, so the heat sink eﬀects are expected to
vary as well. Thus, it is considered more accurate to
determine the percentage of liquid remaining by taking
a ratio of the solidiﬁcation exotherm (DHs) to the initial
melting endotherm (DHm) as measured in each DSC
trial, given by Eq. (4) in this manner, the heat ﬂow inﬂuence from the base metal is constant during melting and
solidiﬁcation,
% Liquid remaining ¼ 100 

DH s
:
DH m
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increased isothermal hold time as the solid/liquid interface advances into the liquid phase. The per cent liquid
remaining is inversely proportional to the square root of
isothermal hold time as shown in Fig. 6. The coeﬃcient
of determination (R2) for the linear regression ﬁt applied
to the data in Fig. 6 is 0.992. This infers good precision
of the measurement system. By extrapolating the trend
line forward to zero per cent liquid remaining, the time
required for the completion of isothermal solidiﬁcation
can be found (i.e., 15.5 h). Conversely, the trend line
can be extrapolated back to the start of the isothermal
hold period. Examination of Fig. 6 reveals that the trend
line does not intersect the liquid remaining axis at unity,
but instead at 75%. This result is counter-intuitive; furthermore, it makes a comparative measure of the interface kinetics impossible.

ð4Þ

3. Preliminary results and problem
The enthalpy measurements of the bi-phase diﬀusion
couple experiments are given in Table 2 with the per cent
liquid remaining calculated using Eq. (4) [15]. As expected, the amount of liquid remaining decreases with

Fig. 6. Per cent liquid remaining as a function of the square root of
isothermal hold time.

Table 2
Results of DSC experiments with a eutectic Ag–Cu foil
Isothermal
hold time (h)

Square root
time (h1/2)

Foil mass
(mg)

Melting
onset (C)

Initial enthalpy
(mJ), DHm

Final enthalpy
(mJ), DHs

% Liquid
remaining

0
0.017
0.17
0.25
0.33
0.33
0.5
1
2
3
4
5
6
8
10
12
14

0.00
0.13
0.41
0.50
0.58
0.58
0.71
1.00
1.41
1.73
2.00
2.24
2.45
2.83
3.16
3.46
3.74

5.30
5.20
5.20
5.10
5.10
5.30
5.14
5.20
5.19
5.20
5.19
5.21
5.27
5.11
5.25
5.17
5.18

777
777
777
777
777
778
777
776
777
777
777
777
777
777
778
777
776

514
499
460
418
468
495
385
341
408
449
482
460
448
407
510
445
440

351
337
293
269
297
302
244
204
195
192
184
150
126
82
68
20
16

68.23
67.58
63.73
64.44
63.42
60.91
63.49
59.77
47.88
42.72
38.20
32.62
28.22
20.13
13.25
4.51
3.56
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The loss of 25% of the initial liquid formed during
very short isothermal hold times may be due to transient
eﬀects at the beginning of isothermal solidiﬁcation. Due
to the nature of the DSC experiments (i.e. required heating and cooling rates), the actual time above the eutectic
temperature is over 3 min when the nominal isothermal
hold time is zero. Thus, measurement data to verify the
non-linearity of the results could not be collected. A review of relevant literature did not provide a physical
explanation for this; therefore, the apparent loss of liquid is more likely an artifact of the experiment.
The DSC data generated by the diﬀusion couple
experiments can be exploited to provide a physical
understanding of the aberration in the results.

4. Results and discussion
4.1. Inﬂuence of eutectic foil thickness
The DSC diﬀusion couple experiments were repeated
with thicker liquid widths and no isothermal hold time.
The results given in Table 3 show that roughly the same
fraction of liquid remains regardless of the initial liquid
width. The increase in the fraction of liquid remaining
from 5.30 mg (initial eutectic foil mass) to 10.3 mg is
likely due to time dependant dissolution of the base metal. With the thicker foil, there is more dissolution during heating. Hence, with thicker foils, the dissolution
may not be instantaneous as it is assumed with the thin
foil, resulting in less liquid measured upon melting.
Also, any interface movement that occurs during the
3-min above the eutectic represents a larger fraction of
the thinnest foil, which agrees with the measurements.
If there was a transient eﬀect at the beginning of the isothermal solidiﬁcation process, the absolute width of liquid consumed would be independent of the initial
liquid width. This elucidates the argument that the
apparent liquid loss is due to the measurement system
and not physical interaction between the phases.

quid solidiﬁed as primary Ni was aﬀected by the
cooling rate. Campbell and Boettinger [17] later conﬁrmed this in the Ni–Al–B system. In the DSC experiments the cooling rate is 10 C/min during cooling
from the process temperature (800 C) to the eutectic
temperature (780 C). Thus it is expected that some primary a-phase solidiﬁcation will occur.
Metallurgical examination of the interface of a DSC
diﬀusion couple after cooling from an isothermal hold
period shows a ﬁne lamellar eutectic structure. The base
metal adjacent to the interface shown in Fig. 7 has
undergone a solid-state transformation upon cooling below the solvus temperature following solidiﬁcation. This
cellular precipitation in the Cu-saturated base metal has
obscured the underlying solidiﬁcation structure [18,19].
The scalloped interface; however, provides some evidence that epitaxial solidiﬁcation has occurred in a cellular mode. Thus, it is likely that athermal primary
solidiﬁcation has occurred at the solid/liquid interface.
Upon cooling from the isothermal hold temperature,
heterogeneous nucleation of a-phase occurs almost
immediately at the solid/liquid interface. The primary
phase then grows into the liquid, rejecting solute as
the temperature decreases. This would lead to an expected exothermic peak on the DSC trace; however, it
is conspicuously absent in all results. Conversely, after
the required undercooling below TE, eutectic solidiﬁcation is initiated. This releases a sharp burst of energy,
resulting in a very well deﬁned exothermic peak with a
clear onset temperature that is separated from the primary solidiﬁcation event (e.g., well illustrated in the
cooling trace of Fig. 6). Therefore, it appears the measured exothermic energy (Ôﬁnal enthalpy, DHsÕ in Table 2)
includes only the eutectic fraction of the solidiﬁed
liquid.
Fig. 8 provides an explanation of diﬀusion couple
melting and solidiﬁcation along with the corresponding
DSC trace segment. During heating the endothermic
peak on the DSC trace begins at the onset of eutectic foil
melting. In the absence of any thermal lag, the melting
endotherm of a eutectic phase should appear as a single,

4.2. Inﬂuence of primary solidiﬁcation
During the TLP bonding of Ni using a Ni–P interlayer, Saida et al. [16] found that the fraction of the li-

Table 3
Results of multi-thickness DSC study
Foil
mass (mg)

Melting
onset (C)

Initial enthalpy
(mJ), DHm

Final enthalpy
(mJ), DHs

% Liquid
remaining

5.30
10.3
14.8
20.7
25.9

777
778
779
778
779

514.3
884.3
1411
1806
2317

350.9
702.4
1085
1423
1844

68.2
79.4
76.9
78.8
79.6

Fig. 7. Optical micrograph of the interface showing the solidiﬁed
eutectic and the cellular precipitation adjacent to the interface.
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sition of 24% Cu (liquidus at 800 C) was prepared and
subjected to the same DSC heating cycle. Similar to the
experiments of Table 1, an Al2O3 barrier was placed between the foil and Ag base metal to prevent metallurgical interaction; the resulting DSC trace is given in Fig. 9.
Fig. 10 illustrates a parallel experiment where the foil
was of the normal eutectic composition. The ﬁrst observation from Fig. 9 is that the cooling segment shows two
exothermic peaks. The ﬁrst peak is due to the primary
a-phase solidiﬁcation, while the second (larger) peak
represents the enthalpy of the eutectic solidiﬁcation.
The solidiﬁed microstructure, shown in Fig. 11, diﬀers
from the solidiﬁcation structure of the diﬀusion couple
(Fig. 7), both starting with the same liquid composition.

Fig. 9. DSC trace of Ag–24% Cu foil with a diﬀusion barrier between
liquid and base metal to prevent metallurgical interaction. Two heating
and cooling cycles are shown.

Fig. 8. Schematic of phase change and corresponding DSC trace
segment: (a) heating above TE, and (b) cooling from TP through TE.

narrow and sharp peak. However, the presence of the
Ag base metal will tend to increase thermal lag and
the endotherm appears as a broadened peak. During
this elapsed time the eutectic liquid wets with the faying
surface of the base metal and, as the sample is heated
from TE to TP, dissolution of the base metal Ag will increase the liquid formed. As a result it is argued that at
least part of the energy of dissolution is included in the
measured endothermic energy (Ôinitial enthalpy, DHmÕ in
Table 2).
The calculation of Ôper cent liquid remainingÕ in Table 2
requires calculation of DHs/DHm, and since the exothermic energy includes only the eutectic fraction of
solidiﬁed liquid, Eq. (4) will report lower than actual
values. To conﬁrm the eﬀect of the primary solidiﬁcation
phenomenon further, a hypoeutectic foil with a compo-

Fig. 10. DSC trace of eutectic foil with a diﬀusion barrier between
liquid and base metal to prevent metallurgical interaction. Two heating
and cooling cycles are shown.
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Fig. 11. Solidiﬁed microstructure of Ag–24% Cu cooled at 10 C/min.

The primary a-phase (white) is clearly shown in the eutectic matrix; the solidiﬁcation structure is distinguished
by the dendritic nature and is indicative of a solidiﬁcation process requiring nucleation. This is consistent with
the fact that the measured onset temperature of the primary phase solidiﬁcation exotherm in Fig. 9 was 786 C
(i.e., 14 C undercooling). This provides further evidence
that primary solidiﬁcation is occurring in the diﬀusion
couple of Fig. 5 but in an epitaxial manner such that
the exothermic energy associated with it is not visible
on the DSC trace. It is also worth noting that the second
solidiﬁcation peak in Fig. 9 has a very similar shape (i.e.,
a sharp onset) and onset temperature as the eutectic foil
of Fig. 10. Both these peaks are also very similar in
shape and onset temperature as the solidiﬁcation peak
from the diﬀusion couple of Fig. 5. This conﬁrms that
the solidiﬁcation peaks that are observed in the diﬀusion
couple experiments of Fig. 6 and measured in Table 2
(i.e., ﬁnal enthalpy) are due only to the solidiﬁcation
of the eutectic.
The second observation is that the shape of the melting endotherm for the oﬀ-eutectic foil does not indicate
separate melting peaks for the eutectic and primary
phase that it contains. (i.e., these melting events overlap). This shows that in the case of the eutectic/Ag diﬀusion couple, if melting due to dissolution of the base
metal was taking place during heating it would not show
as a separate peak in a trace such as Fig. 6. Therefore, it
can be concluded that the endothermic energy measured
from the initial melting peak may include dissolution of
the base metal.
The above arguments indicate that the measured
solidiﬁcation exothermic energy, DHs, includes only
the solidiﬁcation of the eutectic fraction remaining in
the sample and not the entire liquid. Conversely the
melting endothermic energy, DHm, may contain not only
the initial eutectic but also some dissolution. Therefore,
calculating the per cent liquid remaining by Eq. (4)
yields a systematic underestimation of the liquid fraction
present after an isothermal hold time.

From the DSC trace of Fig. 9 the exothermic energy
from the solidiﬁcation of eutectic phase can be determined (i.e., 73 J/g), and compared to the value obtained
from the parallel trace for eutectic foils only from Fig. 10
(i.e., 101 J/g). This reveals that, for the hypoeutectic liquid, the endothermic energy of the eutectic portion is
approximately 72% of the total endothermic energy
due to solidiﬁcation of the liquid remaining (note; however, that the primary and eutectic exotherms overlap
in Fig. 9, which will decrease the measured enthalpy, possibly as much as 10%). This agrees with the measurement
of area fraction of a-phase Ag in the microstructure of
Fig. 11, measured using image analysis software to be
25%. Therefore, it can be suggested that the exothermic
energies for the ﬁnal enthalpy in Table 2 represents only
75% of the total liquid remaining in the sample after a
speciﬁc hold time, and that the apparent loss of 25%
of the liquid at zero hold time in Fig. 5 is the fraction
of primary solidiﬁcation.
Interestingly, the problem of liquid loss at short hold
times has been found in the literature, but not explored.
Venkatraman et al. [20] noticed that the fraction of liquid remaining did not extrapolate to unity in their
study of isothermal solidiﬁcation in electroplated Au–
Sn layers on Cu. The investigators oﬀered that the lack
of experimental data at short hold times along with a decrease in the isothermal solidiﬁcation rate due to solute
saturation was responsible; however, it is possible that
the primary solidiﬁcation of a fraction of liquid was
missed. If the data were adjusted to account for the primary solidiﬁcation, the experimental results would likely
agree more closely with the modeled results [21].
4.3. Inﬂuence of interface development and baseline shift
It is now quite certain that epitaxial primary solidiﬁcation during cooling from temperatures above the eutectic is not measured by the DSC, and a correction
factor to take this into account results in the desired effect. However, the concept of this correction relies on
the assumption that the initial melting endotherm measures the complete dissolution process expected when
the eutectic liquid is in perfect contact with the faying
surface of the Ag base.
Inspection of the melting endotherm reveals some
interesting trends. The melting endotherm of the hypoeutectic 24% Cu foil (Fig. 9) shows a tail which is indicative of additional, prolonged melting and consistent
with what would be expected with dissolution of the primary phase. Comparison with the endotherm from a
typical diﬀusion couple does not yield a similar result.
Therefore, there is some question as to the extent of dissolution taking place during initial heating, and the fraction of which is included in the melting endotherm. The
corollary is that the eﬀect of primary solidiﬁcation alone
does not completely explain discrepancies in Fig. 5. This
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can be further explored by an investigation of the baseline shift in the DSC trace.
A shift in the baseline across a peak of a phase transformation under constant heating is an indication of a
change in the speciﬁc heat of the sample, which is expected to occur with a change of phase (i.e., in the current case, the melting of the eutectic foil). The
magnitude of the observed shift (Fig. 12) is greater than
what is expected for the melting of the foil. Furthermore, the dramatic baseline shift in Fig. 12 occurs only
on the initial heating segment and not on the cooling
segment. There is also no dramatic shift on subsequent
heating segments when a re-melt schedule is used. Thus,
the baseline shift observed on the ﬁrst cycle is not attributed to a change in the speciﬁc heat of the melting foil
only.
It is argued that in this work, the cause of the shift in
the DSC trace baseline is due to changes in the thermal
coupling of the crucible and the sample before and after
melting. This can be described with reference to Fig. 13.
Before melting, there are two interfaces between the Ag
base metal and the crucible: the crucible/foil interface
and the foil/base metal interface. During initial heating,
these interfaces are unbonded, mechanical interfaces
with a certain thermal contact resistance. Upon melting,
the foil wets and bonds to the base metal and, while
there are still two interfaces between the base metal
and the crucible, the thermal coupling of the metallurgical solid/liquid interface is much better for heat conduction. The thermal resistances across these interfaces are
part of the thermal characteristics of the DSC cell and as
shown by Eq. (2), a change in the thermal resistance, R,
will result in a DSC trace baseline shift that is unrelated
to the hysteresis discussed in Fig. 4.
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Fig. 13. Eﬀects of melting on the thermal contact resistance in the
DSC sample cell: (a) inital heating cycle and (b) subsequent heating
cycles.

Since the nature of these interfaces change during initial heating they cause the observed baseline shift. However, once these interfaces develop a stable coupling as
in Fig. 13(b), their inﬂuence is constant. This results in
the much lower baseline shift observed in subsequent
solidiﬁcation and remelt peaks. This phenomenon is
even more evident in the multi-thickness results of
Table 3. The diﬀerent foil masses were created by stacking the foils; which in turn, resulted in more interfaces in
between the diﬀusion couple stack-up and the crucible.
As the number of interfaces increased, the baseline shift
increased in magnitude see Table 4. Therefore, it can be
concluded that the large baseline shift that is observed
on the ﬁrst heating segment is due to the eﬀect of thermal coupling between the sample and the crucible; this
induces error in the measurement of the melting endotherm and may contribute to the apparent fraction of liquid lost in the DSC results of Fig. 6.

Table 4
Average baseline shift in DSC trace melting endotherm for diﬀusion
couples with a stack of foils added to increase liquid width

Fig. 12. DSC trace of Ag–Cu solid–liquid diﬀusion couple endotherm
showing baseline shift on ﬁrst cycle heating cycle only.

Number of foils

Number of interfaces

Average DC (J)

1
2
3
4
5

2
3
4
5
6

10.8
22.2
24.3
37.9
35.5
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4.4. Correction methodology
An experimental procedure aimed at eliminating the
thermal coupling artifact in the heating segment was designed. The sample was heated up to 800 C, then immediately cooled through the freezing range before it was
heated again to 800 C. This preliminary cycle is used
to remove the baseline shift eﬀects from the initial heating segment and to establish a stable thermal interface.
The short time of the ﬁrst segment will have a minimal
eﬀect on the process kinetics. The results showed that
the baseline shift during the initial melting segment increases the enthalpy measured from the DSC trace.
The average ratio of initial to secondary melting enthalpies was 1.24.
An ensuing heating and cooling cycle was appended
to the temperature program after the isothermal hold
period. This provided an additional set of enthalpies
with which to compare the solidiﬁcation enthalpy after
the isothermal hold period. The isothermal solidiﬁcation
kinetics can be determined using the additional data.
There are now six enthalpies collected from each DSC
diﬀusion couple experiment as shown in the sample temperature program of Fig. 14. The enthalpies M1 and S1
refer to the melting and solidiﬁcation enthalpies, respectively, during the ﬁrst heating and cooling cycle. Likewise, M2 and S2 refer to the melting enthalpy before
and solidiﬁcation enthalpy after the isothermal hold period. Finally M3 and S3 are the enthalpies of the ﬁnal
heating and cooling cycle.
The additional thermal peaks with the modiﬁed temperature program can be used to further analyze the
process kinetics. Fig. 15 shows the results of the DSC
diﬀusion couple experiments using the modiﬁed temperature program. The dataset S2/M1 is comparable to the
original experimental results; however, the ratio S2/M2
eliminates the baseline shift eﬀect, and shows only the ef-

Fig. 14. Modiﬁed DSC temperature program with preliminary and
ensuing heating cycles.

Fig. 15. DSC results using the modiﬁed temperature program.

fect of primary solidiﬁcation (i.e., underestimate the
fraction of liquid remaining). Furthermore, similar
peaks can be compared, as shown in Fig. 16. The ratios
S2/S1 and M3/M2 are the fractions of liquid remaining,
taken from the solidiﬁcation exotherms and melting
endotherms, respectively, before and after the isothermal hold period. Fitted lines nearly pass through 100%
at zero hold time as the experimental artifacts have been
eﬀectively removed from the measurement system.
The eﬀects of primary solidiﬁcation can be interpreted from the data by taking a ratio of solidiﬁcation
enthalpy to an adjacent melting enthalpy (e.g., S1/M2,
S3/M3, or S2/M3). The average ratio values are about
0.91. From this data it can be deduced that the amount
of liquid as measured by the solidiﬁcation exotherm is
about 9% less than that measured by the melting endo-

Fig. 16. Same as Fig. 15 except using ratios of similar peaks (e.g., S2/S1
or M3/M2).
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therm for a given amount of liquid. This fraction is due
to the combined eﬀects of dissolution and primary
solidiﬁcation.
The original per cent liquid remaining data can be
corrected for initial shift and primary solidiﬁcation
using the respective average ratios. Multiplication of
the original enthalpy ratio as measured by the average
initial shift (e.g., M1/M2, or 1.24) and the primary solidiﬁcation (e.g., M3/S2, or 1.10) adjusts the data to account for the experimental artifacts. The correction
factor is 1.36, and when applied to the original DSC results gives the per cent remaining shown in Fig. 17. The
ratio S2/M1 is also corrected in Fig. 15. This corrected
fraction of liquid remaining extrapolates back to unity
at the vertical axis. The interface kinetics have now been
accurately characterized and can be compared to other
experimental setups such as diﬀerent temperatures, foil
thickness, or material systems.
The data collected from the DSC experiments can be
comparatively examined using the time for isothermal
solidiﬁcation to be complete as predicted by extrapolation. An interface rate constant, n, describes the isothermal solidiﬁcation kinetics and is independent of initial
foil composition and maximum liquid width (Eq. (5)).
This rate constant can be predicted using the analytical
model given by Eq. (6). The variables needed for Eq. (6)
are the partition coeﬃcient, k, and the diﬀusivity, D. The
liquidus composition at 800 C as predicted by the equilibrium phase diagram is 24 wt.% (34.9 at.%), and the
solidus composition is 7.8 wt.% (12.6 at.%) [12]. Thus,
the partition coeﬃcient (based on at.%) is 2.8. Selection
of an appropriate value for the diﬀusivity of Cu in Ag is
somewhat more diﬃcult. Published values range from
7.0 · 1010 cm2/s (for 6.6 at.% Cu) to 4.9 · 1010 cm2/s
(for 1.8 at.% Cu) [22]. The analytical model assumes a

Fig. 17. DSC diﬀusion couple results corrected to extrapolate to unity
at the abscissa.
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constant diﬀusivity; however, the composition changes
from 12.6% at the solid–liquid interface to 0% away
from the interface. If the highest diﬀusivity is selected
(7.0 · 1010 pcm2/s), the predicted rate constant is
0.126 lm/ s, which compares exceptionally well with
the measured values:
X ðtÞ
n ¼ pﬃ ;
t

ð5Þ

 2
rﬃﬃﬃﬃ
n
exp
4D
D
1
 :
n ¼ 2ðk  1Þ
p erfc pn ﬃﬃﬃ

ð6Þ

2 D

The time required for isothermal solidiﬁcation as
measured from the DSC diﬀusion couple experiments
p is
15.5 h, and the interface rate constant is 0.126 lm/ s,
identical to that predicted by the analytical solution.
The isothermal solidiﬁcation time measured using the
modiﬁed temperature program ranges from 15.2 to
16.2 h, depending on the method used. This corresponds
to an interface
p rate constant in the range of 0.127 to
0.123 lm/ s.

5. Conclusions
Interface kinetics in a binary (Ag–Cu) solid/liquid diffusion couple have been accurately quantiﬁed by comparing the endothermic melting peaks and exothermic
solidiﬁcation peaks on DSC traces generated from diﬀusion couples held at an elevated temperature for varying
lengths of time. A novel methodology has been developed to characterize the mechanisms that induce error
in the results. Experimental work has shown:
1. The presence of a relatively large mass of solid in the
DSC crucible, acting as a heat sink, signiﬁcantly
aﬀects the measured enthalpy, reducing the heat measured on both melting and solidiﬁcation.
2. Epitaxial primary solidiﬁcation of a-phase during
cooling from temperatures above the eutectic is not
measured by the DSC resulting in a systematic underestimation of the liquid fraction remaining after an
isothermal period.
3. A dramatic baseline shift across the ﬁrst endothermic
peak is a result of a change in the thermal contact
resistance across the foil/base metal interface as the
foil melts and wets the faying surface. Using a modiﬁed temperature program can eliminate this baseline
shift, which induces error in the measurement of the
initial melting endotherm.
4. Diﬀusion couple results from the modiﬁed temperature program experiments show that the eﬀect of
primary solidiﬁcation is a 9% underestimation in the
fraction of liquid remaining. Correction of the origi-
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nal data for primary solidiﬁcation and the eﬀect of
baseline shift by a factor of 1.36 improves the agreement with modiﬁed temperature program results.
5. Interface kinetics predicted by the analytical model
agree well with the experimental results. For the
Ag–Cu system at 800 C
p the predicted interface rate
constant is 0.126 lm/ s whereas thep
measured values range from 0.127 to 0.123 lm/ s.
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