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ABSTRACT

The method for the deconvolution of overlapping DSC peaks here proposed has been used by the first
time for the quantitative determination of the enthalpies associated to the phase transitions undergone
during the aging of an alloy. They have been determined the enthalpies evolved along the first and the
second overlapping DSC traces of Cu-10 wt%Ni-5.5 wt%Sn alloy, which are associated, respectively, to the
spinodal decomposition of the alloy and the segregation of a DO2; (CuxNij-x)3Sn tetragonal phase. The
fraction of the DO, phase (responsible of the aging hardening of this alloy) has been successfully
determined from DSC as a function of the annealing treatment, while TEM and XRD failed for this
purpose. It has been demonstrated that a threshold higher than 50% of crystallization of the DO, phase
is required for achieving a significant increase of the hardness as a function of the crystallization per-
centage. These results suggest that microcalorimetric measurement can be a powerful tool to establish
quantitative relationships between the mechanical, electrical or functional properties of alloys and their

structural changes undergone by aging.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There is currently a great industrial interest in developing ma-
terials with both a large thermal/electrical conductivity and a very
high toughness. Metal alloys that can be strengthened by aging are
the best candidates for this purpose, which explain the large
number of papers on this topic appeared in recent literature [1-7].
The improvement of the mechanical properties of the alloys by
aging is due to the formation of new phases during the annealing
treatment that hinder the atomic movement of the bulk. The
structural characterization of these phases is generally carried out
by combining Transmission Electron Microscopy (TEM) or High
Resolution Electron Microscopy (HRTEM) with Electron Diffraction
(ED). It is noteworthy to point out that TEM and ED have lead very
often to a successfully identification of the phases responsible of
the hardening by aging. However, these methods do not allow a

* Corresponding author. Instituto de Ciencia de Materiales de Sevilla (C.S.I.C.-
Univ. Sevilla), C. Américo Vespucio 49, Sevilla, 41092, Spain.
E-mail address: jmcriado@icmse.csic.es (J.M. Criado).

http://dx.doi.org/10.1016/j.jallcom.2016.10.060
0925-8388/© 2016 Elsevier B.V. All rights reserved.

quantitative determination of the percentage of the new phases
formed as a function of the aging time. Moreover, X-ray diffraction
generally cannot be used for this purpose because the percentages
of the new phases formed in the bulk alloy are too low for being
detected by this procedure [8,9]. Differential Scanning Microcalo-
rimetry (DSC) has been successfully used in literature [10—16] for
discriminating the successive phase transitions taking place as a
function of the aging temperature. Esmaeili et al. [17] have used
enthalpies measurements from DSC for estimating the relative
volume of precipitates formed by aging an Al-Mg-Si-Cu alloy
AA6111 in order to get a quantitative relationship between this
parameter and the strengthening of the alloy by aging. They [17]
calculated the relative volume of precipitates from the total
enthalpy corresponding to the whole set of overlapping DSC peaks
associated to the successive phase transitions undergone by the
AAG6111 alloy. The discrimination of the real enthalpies evolved by
every one of the individual processes that are overlapping would
allow a quantitative determination of the enthalpy change associ-
ated to the phase transition really responsible of the alloy
strengthening.
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Cu-Ni-Sn alloys in the copper reach region of the ternary phase
diagram are widely used in the electronics, automotive and aero-
space industry [18] because they combine high electrical conduc-
tivity, corrosion resistance and hardness. It has been shown in
literature [19—23] that these alloys undergo a dramatic improve-
ment in their mechanical properties by aging at temperatures
ranging from 200 °C up to 400-450 °C. This behavior has been
attributed either to a spinodal decomposition of the alloy in two
phases; Sn reach and Sn lean, respectively, or to the (CuxNi;_x)3Sn
DO;; phase grown from the Sn reach one resulting from the spi-
nodal decomposition. We have shown in a paper recently published
in this journal [24] that DSC allows discriminating the annealing
temperature regions of the spinodal decomposition and the
segregation of the DO,, phase coherent within the alloy matrix
with composition Cu-10 wt%Ni-5.5 wt%Sn. Fig. 1 has been
composed for summarizing the results previously reported [24] by
us for the transformations undergone by this alloy as a function of
the annealing temperature. This figure clearly shows the two
overlapping peaks associated to the spinodal decomposition and
the segregation of the DO,, phase, respectively, as well as the
Electron Diffraction Patterns associated to both structures as shown
in Ref. [24]. They agree with the fcc structure expected for a spi-
nodal decomposition and the tetragonal lattice corresponding to
the (CuxNij_x)3Sn DOy, phase, respectively. It is noteworthy to point
out that the DO, phase was observed from TEM analysis of the
samples annealed at temperatures ranging from 200 °C to 450 °C,
which suggest that no metastable phases different to the DO, one
were formed along the second DSC peak in Fig. 1. Moreover, the
values of the Vicker microhardness that were measured in Ref. [24]
at the temperatures marked with arrows on Fig. 1 clearly demon-
strated that the improvement of the mechanical properties of this
alloy by aging lies exclusively on the formation of a DO»; phase.

Cu-Ni-Sn alloys could be a proper system for checking the power
of DSC for discriminating the enthalpies associated to overlapping
phase transitions. A DSC analysis of previously annealed samples
could allow determining the relationship between the crystalliza-
tion fraction of the phase responsible of the strengthening of the
alloy and its corresponding hardness, leading to a better under-
standing of the hardening mechanism.

The scope of the present work is determining the correlation
between the enthalpy of the DOy, transition phase of Cu-10 wt%Ni-
5.55n samples submitted at different aging treatments and the
hardness of the sample.
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Fig. 1. DSC, Electron Diffraction patterns (EDP) associated the phase formed in the first
and second DSC step, respectively, and microhardnes measured at the annealing
temperatures marked with arrows.

2. Experimental

The starting alloy was prepared by melting a stoichiometric
mixture of copper, nickel and tin of high purity in an induction
furnace under argon atmosphere and submitted to the successive
annealing and cold rolling treatments for achieving complete ho-
mogenization before being water quenched at room temperature
for preserving the a-Cu structure of the homogeneous supersatu-
rates solid solution, as described in Ref. [24].

A Differential Scanning Calorimeter from TA Instruments, model
Q 200 was used. The DSC diagrams were recorded under a flow of
nitrogen of 100 cc/min. A disc of pure copper was used as reference
material for minimizing the deviation of the base line. The base line
was recorded using pure copper both as reference and sample
material under the same experimental conditions used for
recording the DSC plot to be corrected.

Vicker microhardness measurements were carried out at room
temperature in a Futur-Tech FM-700 microdurometer employing a
load of 2 N during 10 s. Each microhardness value was calculated as
an average of 5 indentations.

3. Results

It is evident that the enthalpy calculated from the DSC of an aged
sample would be associated to the fraction of the new phase that
was not yet segregated from the alloy during the annealing treat-
ment. Thus, a comparison with the transition enthalpy of the cor-
responding sample that has not been annealed would allow
determining the fraction of the phase responsible of the hardening
that has really crystallized during the annealing treatment.

The enthalpy associated to a given DSC curve can be directly
determined for the total area enclosed between the curve and the
base line according with the following expression:

t
dAH
AHfl/Tdthf 1)
0

4H being the reaction enthalpy; t, the time; d4H/dt, the varia-
tion of the enthalpy per unit time, represented by the heat flow in
the DSC diagrams, and A is the area enclosed by the DSC curve.

Equation (1) applies if the DSC plot were represented as a
function of the time. However, the standardized procedure of
representing these diagrams implies to plot the evolved energy per
unit time as a function of temperature. Thus, if we take into account
that DSC are recorded at a constant heating rate § = dT/dt, Equation
(1) becomes:

AH:At:% 2)

where Aris the area of the DSC peak if represented as a function of
the temperature.

The value of 4H determined from Equation (2) must be inde-
pendent of the heating rate used for obtaining the DSC plots. Thus, a
set of DSC traces of the non-annealed Cu-10 wt%Ni-5.5Sn alloy have
been recorded at heating rates ranging from 10 °C/min up to 40°C/
min in order to check the accuracy of the enthalpies determined
from calorimetric measurements. The results obtained are shown
in Fig. 2.

The calculation of the enthalpies associated to the two over-
lapping phase transitions observed in Fig. 2 would require the
previous deconvolution of the corresponding two overlapping
exothermic peaks. It has been demonstrated in previous papers
[25—27] that the Fraser-Suzuky function allows the deconvolution
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Fig. 2. Experimental DSC curves (dots) obtained at heating rates of 10 °C/min (a), 15 °C/min (b), 20 °C/min (c¢) and 30°C/min (d) for the non-annealed Cu-10%Ni-5.5%Sn alloy and
plots resulting from the deconvolution of the two overlapping peaks by means of Fraser-Suzuki functions whose overlay fits the experimental DSC curves (solid line).

of overlapping thermal analysis peaks with a great precision
because it is not associated to a predefined symmetry (like Gauss
Pearson VII, etc., functions) and, therefore, it can fit the real curves
whatever would be their shape, which is strongly dependent on the
phase transition kinetics. The results obtained for the deconvolu-
tion of the overlapping DSC peaks by means of the Frazer-Suzuky
function are also shown in Fig. 2 together with the regression co-
efficients obtained.

It is noteworthy to point out that the enthalpies obtained from
Equation (2) for the first and second DSC peaks, after considering
the corresponding areas resulting from the deconvolution shown in
Fig. 2, are independent of the heating rate used, which corroborate
the validity of the deconvolution method here used. The enthalpy
determined from the first DSC peak attributed to the spinodal
decomposition of the Cu-9wt% Ni- 5.5 wt% Sn alloy has been equal
to 7.7 + 0.2 J/g, while the enthalpy of the second DSC peak corre-
sponding to the formation of a (CuxNi;ix)3Sn coherent with the
alloy matrix has been equal to 13.1 + 0.3 J/g.

DSC would allow determining the phase percentage that has
crystallized during the annealing treatment of the alloy. This is
because the enthalpy determined from the DSC of the aged sample
should be proportional to the phase fraction that had not yet
crystallized during the previous annealing treatment and, there-
fore, will crystallize during the subsequent DSC run. Thus, the
microcalorimetric analysis would allow determining the relation-
ship between the crystallized fraction and the measured hardness
of the alloy provided that the new phase formed is responsible of
the improvement of the alloy mechanical properties.

Fig. 3 shows the DSC obtained for the Cu-9wt%Ni-5.5%Sn after
being submitted to different aging treatments. It can be observed
that the first DSC peak, attributed to the spinodal decomposition,
disappears by annealing the sample at temperature higher than
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Fig. 3. DSC diagrams recorded at a heating rate of 10°C/min for Cu-10%Ni-5.5%Sn
samples previously annealed for 2 h at temperatures of 200 °C (a), 250 °C (b),
300 °C (c) and 350 °C (d), respectively, and at 450 °C for 45 min.

200 °C. Thus, the DSC peaks recorded on Fig. 3 would correspond to
the crystallization of the DO,, phase that had not yet crystallized
along the aging treatments and, therefore, crystallizes after the
subsequent DSC run. The percentage of the DO;; phase that had not
yet crystallized during the annealing treatment would be obtained
from the ratio between the enthalpy determined from the area of
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the DSC curve of the sample aged at the temperature T, AHt, and the
total enthalpy determined from the non-annealed sample, AH;
(=13.1 J/g). The percentage, W%, of the DO,, phase crystallized
after aging the alloy at the temperature T is given by the following
equation:

Wr(%) = ( —i—';:) -100 (3)

It is noteworthy to point out that the temperature of the DSC
peaks shown in Fig. 3 increases by increasing the previous
annealing temperature of the sample. This behavior can be
explained if we take into account that, for kinetic reasons, the DSC
plots moves to higher temperatures as far as the initial conversion
increases. The Wt values obtained after aging the Cu-10 wt%Ni-
5.5 wt%Sn alloy for 2 h at temperatures ranging from 200 °C to
450 °C are included in Table 1 together with the corresponding
values measured for the Vicker hardness.

The plot of the Vicker hardness as a function of the percentage of
DO,; phase crystallized because of the aging treatment is shown in
Fig. 4. These results clearly show that the strengthening of the Cu-
10 wt%Ni-5.5 wt%Sn is not directly proportional to the percentage
of DOy, phase crystallized, but it is necessary to reach a threshold
higher that 50% of crystallization before achieving a dramatic in-
crease of the hardness as a function of the crystallization percent-
age. In order to explain this behavior it would be necessary to
consider the possible influence on the alloy hardness of both the
crystal size and the relative volume fraction of the DO,; phase
segregated as a function of the annealing treatment. It has been
shown in literature [28,29] that the aging strengthening of alloys
could be promoted by the segregation of nanosized particles,
leading to an improvement of the mechanical properties as the

Table 1
Vicker microhardness (Hy), Enthalpies (AH,) calculated from Fig. 3 and crystalliza-
tion percentages (Xt) of the DO,; phase as a function of annealing temperature (T).

T(°C) AHr (J/g) Wr (%) Hy

Non-annealed?® 13,1 + 0.3 0 117 £ 8
200 11,0 + 0.1 16+2 128 +5
250 57 +02 56 + 3 146 + 5
300 34+02 74+5 256 + 8
350 1,303 90+6 312+6
450° 0 100 303+7

2 AHt = AH; for the starting sample prepared by quenching.
b No DSC peak was observed in this case.
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Fig. 4. Relationships between the microhardness of Cu-10%Ni-5.5%Sn alloy and the
fraction of the DO,;, phase segregated after several annealing treatments.

crystal size decreases. Thus, in the case of a significant influence of
the DO,, crystal size on the alloy strengthening, the hardness
values obtained at lower annealing temperatures should be higher
than the expected just from the contribution of the DO;; relative
volume fraction, contrarily to the behavior reported in Table 1 and
Fig. 4. This is because the crystal growth rate increases exponen-
tially with the temperature and, therefore, smaller crystal sizes of
the DO, phase would be generated at lower temperatures. Thus,
the relationship found between the Vicker hardness and the rela-
tive volume fraction of the DO,; phase cannot be explained by
assuming a contribution of the crystal size to the hardness. These
considerations suggest that the correlation between the hardness
of the Cu-10 wt%Ni-5.5 wt%Sn alloy and the annealing temperature
is exclusively due to the contribution of the percentage of DOy;
phase segregated from the alloy bulk. This conclusion would be
supported by the results obtained by us from the study of precip-
itation hardening of a set of copper alloys in the copper reach re-
gion of the corresponding phase diagrams. It was reported [11,30]
that the maximum value attained by the hardness of the alloy was
independent of the annealing temperature in the temperature
range at which the formation of the phase responsible of the aging
hardening occurs. It can be concluded from these results that the
mechanical properties of these alloys [11,30] were not influenced
by the crystal size of the precipitates. This conclusion can be sup-
ported by considering that the crystal size growth rate increases by
increasing the annealing temperature and/or time, while the
maximum concentration of the segregated phase is only depending
on the alloy composition. On the other hand, it is noteworthy to
point out that the Vicker microhardness measured after annealing
the Cu-10 wt%Ni-5.5 wt%Sn sample for 80 min was equal to 310 + 9.
The good agreement between this value and the one reported in
Table 1 for the sample annealed for 2 h show that the alloy hardness
is independent of the annealing time in the above time range,
which supports the lack of influence of the crystal size of the DO,
phase on the hardening response.

The results obtained could be explained by considering that the
interaction between neighbor DO,; nanocrystals embedded into
the bulk a-Cu phase would be required either for hindering the
atomic movement or for the anchorage of the dislocations that
would be generated during the quenching for obtaining the Cu-10%
Ni-5.55n supersaturated solid solution. Thus, a DO;, concentration
threshold would be required for achieving the crystal interaction.

Finally, it is noteworthy to point out that, although the new
phases formed as a function of the annealing temperature of an
alloy can be identified by TEM or HRTEM, it is not possible the
quantitative determination of the crystallized fraction from these
techniques. Moreover, X- ray diffraction seldom can be used for this
purpose because, like occurs in our case [24], the percentage of the
new phases formed is generally too low for being detected from
XRD.

4. Conclusions

The deconvolution method of DSC peaks here outlined has
allowed to determine the enthalpies of the two overlapping
exothermic peaks of the Cu-10 wt%Ni-5.5 wt%Sn alloy, associated to
the spinodal decomposition of the alloy and the segregation of a
DO, phase (responsible of the strengthening of the alloy),
respectively. A correlation between the percentage of crystalliza-
tion of the DO, phase and the strengthening of the alloy has been
obtained from enthalpies and hardness measurements as a func-
tion of the annealing time. A crystallization threshold higher than
50% is required for significantly improving the mechanical prop-
erties of the alloy.
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