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The precipitation hardening of a Cu-11Ni-19Zn-1Sn alloy has been studied by means of
Differential Scanning Calorimetry (DSC), High-Resolution Transmission Electron Microscopy
(HRTEM), and hardness measurements. The calorimetric curves, in the range of temperatures
analyzed, show the presence of one exothermic reaction followed by an endothermic one. The
exothermic DSC peak is due to the segregation of Cu2NiZn precipitates and it is associated to a
noticeable improvement of the mechanical properties of the alloy. The endothermic effect is
associated to the dissolution of the Cu2NiZn precipitates into the copper matrix for restoring the
starting Cu-11Ni-19Zn-1Sn homogeneous solid solution. The reaction mechanisms of these
processes have been proposed from the kinetic analysis of the exothermic and endothermic DSC
signals. The results obtained point out that tin plays a decisive role on the precipitation
hardening of the alloy, because age hardening is not observed in the case of a Cu-Ni-Zn ternary
alloy of similar composition.
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I. INTRODUCTION

THE industry is requiring materials microstructurally
stable with a high electrical and/or thermal conductivity
and a large corrosion resistance for manufacturing a
large number of devices such as welding electrodes,
high-performance switches, rocket nozzles, etc. Copper
is the most promising material for these applications
because of its high thermal and electrical conductivity,
although a considerable improvement of both mechan-
ical properties and the corrosion resistance would be
required for accomplishing the above requirements.[1,2]

It has been shown in the literature[3–5] that Cu-Ni-Zn
alloys with zinc weight percentages lower than 35 pct,
which form homogeneous solid solution with a-Cu
structure, are very good candidates for achieving the
above purposes because of their high wear and corro-
sion resistance. On the other hand, Zhou et al.[6,7] have
recently reported that the addition of a small percentage
of aluminum dramatically improves the mechanical
properties of the annealed alloy because the addition
of this metal promotes the formation of nanosized
precipitates of an ordered Cu2NiZn phase. It is note-
worthy to point out that the precipitation hardening

improves the electrical and mechanical properties of the
alloys, while the cold rolling strengthening leads to a
depletion of the electrical conductivity,[6] which explain
the large number of papers[8–13] concerning with the
strengthening of alloys by precipitation hardening. A
better insight in the precipitation hardening mechanism
of Cu-Ni-Zn-Al alloys has been very recently
achieved[14] from combined analysis of the annealing
process by means of High-Resolution Electron Micro-
scopy Transmission (HRTEM), microhardness mea-
surements, and Differential Scanning Calorimetry
(DSC). It is noteworthy to point out that DSC has
been successfully used in the literature[14–23] for discrim-
inating the successive phase transitions taking place as a
function of the annealing temperature of alloys.
Studying the influence that the substitution of alu-

minum for other metals has on the structural changes
undergone during the annealing of Cu-Ni-Zn-based
quaternary alloys would be of great interest for improv-
ing their mechanical properties. The scope of the present
work is to study the structural evolution of a
Cu-Ni-Zn-Sn alloy as a function of the aging temper-
ature by means of HRTEM, DSC, and microhardness
measurements.

II. EXPERIMENTAL

The Cu-Ni-Zn and Cu-Ni-Zn-Sn alloys used in this
work were prepared by melting the stoichiometric
mixtures of high-purity metals in an induction furnace
under argon atmosphere. The ingots obtained in this
way were annealed at 1123 K (850 �C) under argon
atmosphere for homogenization and then submitted to
successive cold rolling and annealing treatments for 1
hour at 1123 K (850 �C) until achieving plates with a
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thickness of 3 mm. These plates were finally heated for
24 hours at 1123 K (850 �C) and tempered by water
quenching at room temperature for preserving the a-Cu
structure of the homogeneous solid solution. The weight
percentage composition determined by chemical analysis
is Cu-11.3Ni-19.2Zn-1.1Sn (Cu-11Ni-19Zn-1Sn here
after). The same sample of Cu-11Ni-20Zn prepared
and structurally characterized by us in a previous
work[14] has been used as a reference material.

The DSC diagrams were obtained under an argon
flow of 100 cc/min with a DSC TA Instruments, model
Q 10, using pure electrolytic copper as a reference
material.

An FEI Tecnai ST F20 transmission electron micro-
scope that operates at 200 kV has been used for charac-
terizing the microstructure of the Cu-11Ni-19Zn-1Sn
sample.

The Vickers hardness was measured at room temper-
ature after annealing the sample at different tempera-
tures and/or times. The measurements of the VH
hardness were carried out with a Duramin-1/-2 Struers
microhardness durometer tester by applying a load of
1,9 N during 10 seconds on previously polished sample
disks. Each microhardness value was calculated as an
average of 10 measurements with a standard deviation
of approximately 2 pct.

III. RESULTS AND DISCUSSION

Figure 1 shows the DSC diagram obtained at a
heating rate of 0.167 K/s (0.167 �C/s) for the
Cu-11Ni-19Zn-1Sn alloy. The DSC of the ternary
Cu-11Ni-20Zn alloy has been also included in Figure 1
for a comparison in order to test the influence of the
addition of a small percentage of tin on the mechanical
properties of the Cu-Ni-Zn alloy. It is noteworthy to
point out that the same Cu-11Ni-20Zn sample here
reported was used by us in a previous paper[14] as a
reference in the study of the aging strengthening of a
Cu-12Ni-17Zn-1.7Al alloy. It was concluded that the
first exothermic peak of the Cu-11Ni-20Zn alloy in
Figure 1 was associated to the formation of the Ll0
phase of Cu2NiZn from the supersaturated
Cu-11Ni-20Zn a phase, while the second exothermic
DSC peak was associated to the Ll0 fi Ll2 phase
transition. The formation of nanocrystals of a Cu2NiZn
phase coherent with the starting a phase and embedded
into the alloy matrix was confirmed by HRTEM.[14]

Figure 1 points out that the two exothermic phase
transitions of the Cu-11Ni-20Zn alloy, associated to the
formation of the Ll0 and Ll2 coherent phases, respec-
tively, are not observed in the DSC trace of the
Cu-11Ni-19Zn-1Sn alloy. This behavior is quite different
to the one previously reported[14] for a quaternary alloy
with similar composition, but containing a small
amount of aluminum instead of tin. In such a case, the
two DSC peaks corresponding to the segregation of an
Ll0 phase coherent with the alloy matrix and the Ll0 fi
Ll2 phase transition, respectively, were clearly observed
besides an additional strong exothermic peak merging at
higher temperatures associated to the precipitation of

the Ll2 phase. The hardness measurements previously
reported[14] demonstrated that the strengthening of the
Cu-12Ni-17Zn-1.7Al alloy was mainly due to the
precipitation of the Cu2NiZn phase. These considera-
tions suggest that the addition of tin instead of
aluminum would promote the direct precipitation of
Cu2NiZn phase in a single step associated to the first
DSC exothermic peak of the Cu-11Ni-19Zn-1Sn sample
reported in Figure 1. This interpretation is supported by
the HRTEM picture shown in Figure 2 that was
obtained after annealing the sample at a temperature
of 525 K (252 �C), which is close to the temperature at
which the exothermic peak was over. This figure clearly
shows the formation of nanometrics precipitates similar
to those reported by Zhou et al.[6,7] for a Cu-10Ni-20Zn-
1.2Al alloy and Diánez et al.[14] for a Cu-12Ni-17Zn-
1.7Al alloy. However, it is noteworthy to point out
that the temperature of the DSC exothermic effect
associated to the precipitation of Cu2NiZn from
Cu-11Ni-19Zn-1Sn here found is around two hundred
degrees lower than the one reported for a quaternary
alloy with similar composition but containing aluminum
instead of tin.[6,7] This behavior explains that the aging
hardening temperature of Cu-Ni-Zn alloys is markedly
reduced if aluminum is replaced by tin in the compo-
sition of the quaternary alloy.
On the other hand, the DSC endothermic peak in

Figure 1 could be attributed to the solution of the
precipitates into the matrix. The fact that precipitates
were not observed in the TEM picture of the sample
annealed at 650 K (377 �C) (not shown) (similar to the
HRTEM picture of the starting sample) supports this
conclusion. These results suggest that the solvus tem-
perature for the formation of a supersaturated solid
solution with composition Cu-11Ni-19Zn-1Sn is con-
siderably lower than the one reported[14] for a quater-
nary alloy of similar composition but with aluminum
instead of tin. In fact, the DSC diagram reported for the
Cu-12Ni-17Zn-1.7Al alloy indicates that the solution of
the precipitates generated by aging does not occur below
900 K (627 �C) that was the maximum temperature
allowed by the DSC equipment used.
The values of the Vickers hardness, measured as a

function of the time at different annealing temperatures
shown in Table I, could allow testing the correlation
between the structural changes undergone during the
annealing treatment and the strengthening of the alloys.
The slight increase of hardness of theCu-11Ni-20Zn alloy
after annealing at 450 K (177 �C), which is in the
temperature range of the second exothermic phase
transition, shows the poor hardening response of the Ll2
phase generated at this temperature according with the
HRTEM study previously carried out by us on this
sample.[14] Itmust be pointed out that the value of 126HV
obtained for the hardness of Cu-11Ni-19Zn-1Sn-tem-
pered alloy is noticeably higher than the corresponding
one to the Cu-Ni-Zn ternary alloy, which demonstrates
that the addition of a small amount of tin to this alloy
clearly improves its mechanical properties. On the other
hand, the results reported in Table I clearly show that the
hardness as a function of the time increases by increasing
the annealing temperature from 450K to 525K (177 �C to
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252 �C), which are in the temperature range of the
exothermic DSC peak of the Cu-11Ni-19Zn-1Sn alloy in
Figure 1. The maximum value of 186 HV reached by the
aging hardening of this alloy is almost twice than the
attained by the Cu-11Ni-20Zn alloy, which remarks the
noticeable improvement of the mechanical properties of
the Cu-Ni-Zn alloy because of the addition of tin.
Moreover, the fact that the hardness increases as far as
the exothermic peak (Figure 1) is in progress suggests that
the improvement of the mechanical properties is due to
the Cu2NiZn nanophase precipitation shown in Figure 2
and allows us to confirm that the annealing temperatures
required for the aging hardening of Cu-Ni-Zn-Sn qua-
ternary alloys is considerably lower than those reported
for Cu-Ni-Zn-Al alloys.[14] Finally, the data included in
Table I point out that the annealing of the alloy at 675 K
(402 �C), at which the second endothermic DSC peak in
Figure 1 is over, leads to a dramatic decrease of the
Vickers hardness until reaching the value reported for the

tempered alloy. These results support that the endother-
mic effect is associated to the solution of the precipitates
previously formed for regenerating the starting
Cu-11Ni-19Zn-1Sn homogeneous solid solution. More-
over, it is demonstrated that the solvus temperature of this
alloy is considerably lower than the one reported[14] for a
Cu-Ni-Zn-Al alloy of similar composition inwhich the tin
has been replaced by aluminum.
It has been considered of interest to perform the

kinetic analysis of two solid-state reactions, respectively,
associated to the exothermic and endothermic DSC
peaks of the Cu-11Ni-19Zn-1Sn alloy shown in Figure 1
in order to get a deeper insight in the mechanism of the
transitions taking place along the aging treatment of this
alloy. The activation energy has been evaluated by the
Kissinger method[24] that allows determining this param-
eter from the temperature corresponding to the maxi-
mum rate of the DSC peaks recorded at different heating
rates without any previous assumption of the kinetic
model fitted by the reaction. It is noteworthy to point out
that this method was originally developed for ‘‘n order’’
reactions, but it has been demonstrated that it can be
generalized for the whole set of kinetic models proposed
in the literature for describing solid-state reactions.[25–28]

A set of DSC diagrams of the Cu-11Ni-19Zn-1Sn alloy
were obtained at heating rates ranging from 0.083 K/s to
0.667 K/s (0.083 �C/s to 0.667 �C/s) for performing the
kinetic analysis by the Kissinger method. The tempera-
tures at the top of the endothermic and exothermic DSC
curves, respectively, are plotted as a function of the
heating rate in Figure 3.
The Kissinger method is represented by the following

equation:

ln
b
T2
p

¼ � E

RTp
þ Constant; ½1�

where b is the heating rate, Tp is the temperature at the
maximum of the DSC peak at a given heating rate, R is
the gas constant, and E is the activation energy.
The slope of the plot of the left-hand side of Eq. [1] vs

the reverse of temperature would lead to the activation
energy. The Kissinger activation energies obtained from
the exothermic and endothermic DSC peaks, respec-
tively, are included in Table II.
The Kissinger method allows determining the real

value of the activation energy but not the kinetic model
obeyed by the reaction. The kinetic model could be
discerned from the kinetic analysis of a single DSC trace
according to the following equation that has been
obtained by integrating the Arrhenius equation accord-
ing with the Doyle approximation[29] that leads to errors
in the activation energy lower than 0.02 pct for E/RT
values that, like in our case, are higher than 100.[30] The
Doyle approximation can be represented by the follow-
ing equation:

ln g að Þ ¼ ln
AE

bR
� 5:330� 1:05

E

RT
; ½2�

where a is the reacted fraction at the temperature T, A is
the pre-exponential factor of Arrhenius, and g(a) is a

Fig. 1—DSC plots obtained for the Cu-Ni-Zn and Cu-Ni-Zn-Sn
alloys obtained at a heating rate of 0.167 K/s (0.167 �C/s). The same
W/g and temperature scales have been used for representing both
DSC plots.

Fig. 2—HRTEM picture of the Cu-Ni-Zn-Sn alloy annealed at 525
K (252 �C) showing Cu2NiZn precipitates.
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function depending on the kinetic model obeyed by the
reaction.

The activation energy and the pre-exponential factor
of Arrhenius would be obtained from the slope and the
intercept, respectively, of the plot of the left-hand side of
Eq. [2] vs the reverse of temperature, provided that the
g(a) function really obeyed by the reaction is selected for
performing the kinetic analysis. However, we must bear
in mind that it has been shown in the literature[28] that a
large number of different g(a) functions describing
solid-state reactions can fit Eq. [2] leading to strongly

different values of the activation energy depending on
the kinetic model selected for fitting Eq. [2]. Thus, the
kinetic analysis of a single DSC curve does not allow
discerning the real kinetic model without additional
information. The knowledge of the real value of the
activation energy, previously determined from the Kis-
singer method, would permit to discern the kinetic
model of the reaction. This is because only the g(a)
function corresponding to the kinetic model really
obeyed by the reaction leads to activation energy equal
to that determined from the Kissinger method.
The values of the reacted fraction, a, at a given

temperature were determined from the ratio between the
area enclosed until the corresponding temperature and
the total area of the DSC peak. The kinetic analysis of the
DSC exothermic peak (peak 1) of the Cu-11Ni-19Zn-1Sn
alloy from Eq. [2] is shown in Figure 4. The kinetic
function leading to the activation energy in good agree-
ment with the one determined from the Kissinger method
has been g(a) = [�ln(1 � a)]1/1.5. The value of the
pre-exponential factor obtained from the plot of
Figure 4 has been included in Table II together with the
value of the activation energy. This function is ascribed to
phase transitions taking place through an Avrami–Ero-
feev kinetic model with a coefficient n=1.5. This value of
the Avrami–Erofeev coefficient agrees with that to be
expected for processes that take place by instantaneous
nucleation of nuclei of any shape (needle, plates, spheres)
that growth through a diffusion process.[31,32] These
results suggest that the precipitates of Cu2NiZn were
generated by the growing of nuclei by a diffusion
mechanism. The fact that activation energy reported in
Table II is noticeably lower than the diffusion energies of
Ni intoCu (204 kJ mol�1), Zn intoCu (185Kj mol�1) and
Sn into Cu (196 kJ mol�1)[33] that would be attributed to
the extra energy stored by lattice defect generated during
the quenching of the alloy. These lattice defects would act
as germs for the formation and growth of nuclei. The
Avrami–Erofeev kinetic model here found for the precip-
itation of Cu2NiZn nanocrystals agrees with the mecha-
nism generally proposed for crystallization and phase
transitions in solid state.[31]

The kinetic analysis of the DSC endothermic peak
(peak 2 in Figure 1) following the same procedure
previously described has led to a kinetic model expressed

Table I. Vickers Microhardness as a Function of Time and Annealing Temperature

Alloy T (K) t (s) HV

Cu-Ni-Zn 450 (177 �C) 0 86 ± 2
7200 95 ± 3

14,400 102 ± 3
Cu-Ni-Zn-Sn 450 (177 �C) 0 126 ± 3

5400 146 ± 4
10,800 164 ± 4

525 (252 ºC) 0 126 ± 3
5400 166 ± 4

10,800 186 ± 5
675 (402 ºC) 0 126 ± 3

5400 131 ± 3
10,800 128 ± 3

Fig. 3—Peak temperatures of the exothermic (1) and the endother-
mic (2) DSC curves of the Cu-Ni-Zn-Sn alloy as a function of the
heating rate.

Table II. Kinetic Parameters and Kinetic Functions Obtained
from the Kinetic Analysis of DSC Curves

E (kJ mol�1) *lnA Kinetic Function

Peak 1 148 ± 2 20.5 ± 0.5 **[�ln(1 � a)]1/n

Peak 2 194 ± 3 23.7 ± 0.5 1 � (1 � a)2/3

*A in s�1, **n =1.5.
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by the function g(a) = 1� (1 � a)2/3 as shown in
Figure 4. The Arrhenius pre-exponential factor
obtained from this plot is included in Table II together
with the activation energy that agrees with the corre-
sponding Kissinger activation energy. The fitting of
these kinetic models means that the reaction rate is
proportional to the surface of the interphase between
the spherical particles of the precipitates and the alloy
matrix as would be expected for solid-state solution
processes.[34] Moreover, the fact that the activation
energy shown in Table II for the endothermic peak
should roughly agree with the diffusion energies of
nickel and zinc into copper suggests that the solution
process is controlled by the diffusion of nickel and/or
zinc from the surface of Cu2NiZn precipitates toward
the copper matrix. The kinetic analysis supports that the
first DSC peak of the Cu-11Ni-19Zn-1Sn alloy is
associated to the crystallization of Cu2NiZn precipi-
tates, while the second one is associated to the solution
of these precipitates, as previously concluded from a
comparison of DSC peak temperature and HRTEM
structural analysis.

IV. CONCLUSIONS

The combined analysis ofHRTEMobservations,DSC,
and microhardness measurements has pointed out that
the age hardening of a Cu-11Ni-19Zn-1Sn alloy takes
place through a mechanism that implies the precipitation
of Cu2NiZn nanocrystals. The poor hardening response
observed by aging a Cu-11Ni-20Zn alloy support that the
precipitation of Cu2NiZn nanocrystals is exclusively
induced by the addition of tin to Cu-Ni-Zn alloys leading
to a very large improvement of the mechanical properties
of the quaternary alloy. The kinetic model proposed from
the kinetic analysis of the exothermic DSC peaks of the
Cu-11Ni-19Zn-1Sn alloy is in agreement with that to be
expected for crystallization of precipitates, while the
kinetic law obeyed by the corresponding endothermic
peak is that would be expected for the solution of the
precipitates previously formed. The comparison of these

results with those previously reported by us for a
Cu-Ni-Zn alloy of similar composition but with alu-
minum instead of tin point out that both the annealing
temperatures required for age hardening and the solvus
temperature of the Cu2NiZn precipitates into
Cu-Ni-Zn-Sn alloys are considerably lower than those
found for Cu-Ni-Zn-Al alloys.
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Universidad de Chile is also greatly appreciated.

REFERENCES
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