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The transformations of a Cu-10wt%Ni-5.5wt%Sn alloy as a function of the aging time in the range from
room temperature up to 600 °C have been followed by Differential Scanning Calorimetry (DSC). The
results obtained have shown that this alloy undergone two overlapping exothermic phase transitions
with DSC peaks at 208 °C and 305 °C, respectively, followed by an endothermic phase transformation
with a DSC peak at 526 °C. The structural analysis by TEM, ED, EDX and XRD of the intermediates phases
previously discriminated by DSC suggests that the first exothermic peak is associated to the spinodal
decomposition of the sample, while the second one is associated to the segregation of a DOy, (Cux.
Ni;_x)3Sn tetragonal phase coherent with the o-Cu structure of the starting alloy. The endothermic peak
has been associated to the precipitation of cubic DO3 nanocrystals from the DO,; phase previously
formed. The microhardness measurements carried out in combination with the structural character-
ization demonstrate that the aging hardening of the alloy under study is exclusively due to the formation
of the coherent DO, phase. The DO, — DOs transition leads to a dramatic drop of the hardness of the

alloy.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The industry is demanding materials exhibiting high strength at
high temperatures combined with high electrical and high thermal
conductivity. Due to its high electrical and thermal conductivity,
copper is a most promising metal for all of these applications. It has
the advantage of a low elastic modulus, which minimizes thermal
stresses in actively cooled structures [1,2] although its strength has
to be increased in order to meet the design requirements for high
temperature applications. The method generally used for
increasing the copper strength implies to prepare supersaturated
solid solution from melting a mixture of copper with small per-
centage of other metals followed by quenching at room tempera-
ture. The hardening is achieved by annealing at the proper
temperature for precipitating intermetallic phase. This behavior
explains the huge number of papers [3—8] available in literature
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dealing with the hardening of copper alloys in the Cu rich region.
Cu-Ni-Sn alloys have widely used in automotive and aerospace
industries and a large number of Cu-Ni-Sn alloys in the copper
reach region are available in the market with assigned code
numbers included in the Unified Numbering System (UNS)
managed jointly by ASTM and the International Society of Auto-
motive Engineers (SAE) [9]. The samples with composition Cu-
7.5 wt % Ni- 5 wt % Sn (UNS code C72650) and Cu-15 wt % Ni-8 wt %
Sn (UNS code C72900) are the most widely used because they
combine high electrical conductivity, corrosion resistance and
toughness required in the electronic industry for bearing, electronic
connectors, etc. [10]. It must be pointed out that the evolution of
the microstructure of the above Cu-Ni-Sn alloys as far as the aging
is in progress have been studied in literature [11—20] and it seems
to be generally accepted that these alloys undergo the following
successive transformations: 1) Spinodal decomposition, 2) Forma-
tion of a metastable y’-DOj; (CuxNij_x)3Sn tetragonal phase
coherent with the starting a-phase and 3) The precipitation of a y-
DOs fcc cubic structure from the DO», phase. A number of papers
have been focused on the study of the phase diagrams for
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stablishing the stability of the above phases as a function of the
composition and temperature [21—28]. It is noteworthy to remarks
that Cu-Ni-Sn alloys in the copper rich region are marketed as
spinodal decomposition hardened alloys [10] because it has been
concluded in a number of papers [19,29—31] that the hardening is
produced in the early stage of aging due to the decomposition of
the original a-supersaturated alloy in two phases Sn-rich and Sn-
lean, respectively, but with identical structure. However, there is
not agreement in literature concerning to the structural modifica-
tions undergone during the aging of these alloys that are really
responsible for the hardening. However, some authors [17,19] have
concluded that the hardening is associated to the formation of the
DOy phase rather than to the spinodal decomposition. However, it
is very difficult to show the presence of spinodal decomposition by
TEM because the reflections of the DO;, phase are very bright and
they mask the satellite side band and it has been suggested that
both the modulated and the DO»; phases would overlap in aged
samples [14,32]. Lopez-Hirata et al. [32] have studied by X-ray
Diffraction (XRD) the aging at 673 K of Cu-15wt%Ni-8wt% Sn alloys
and they have observed very week diffraction peaks closed to the
main (200) diffraction peak of the a-phase that they attributed to
spinodal decomposition sidebands. However, Sahu et al. [ 18] have
carried out a careful Rietveld structural analysis of an alloy with
identical composition and aged at the same temperature of 673 K
and they have not found any XRD peak that would be attributed to
sidebands, but an XRD peak corresponding to the diffraction of the
(311) planes of the y-DO3; phase appears at the 20 reflections
attributed to spinodal sideband by Lépez-Hirata et al. [32].

It is worth noting that most of the studies related with the in-
fluence of aging on the strengthening of Cu-Ni-Sn alloys have the
disadvantage that a parallel study of mechanical properties and
structural analysis was not carried out on the same samples. On the
contrary, the results obtained by studying the influence of aging on
the mechanical properties was explained by taking into account the
structural changes reported by other authors under similar aging
conditions. It has been shown in previous papers [33—38] that
Differential Scanning Calorimetry (DSC) could be a proper tool for
discriminating the successive steps taking place during the
annealing of alloys as a function of the temperature. The scope of
this work is to discriminate by DSC the different thermal effects
undergone by a Cu-Ni-Sn alloy at rising temperature combined
with microhardness measurements and structural analysis by XRD
and TEM in order to elucidate the phase transformations respon-
sible of the improvement of the mechanical properties by aging.

2. Experimental

The alloys were prepared by melting in an induction furnace
under inert atmosphere (Ar), from stoichiometric mixtures of high
purity copper, nickel and tin. The ingots were homogenized by
annealing at 800 °C during 24 h under argon atmosphere before
cooling to room temperature. Subsequently, the material was
submitted to successive cold-rolling treatments with intermediate
annealing of 1 h at 800 °C until reaching a thickness of 3 mm. After
the last annealing treatment the material was water quenched for
preserving the a-Cu structure of the homogeneous supersaturated
solid solution.

The X-ray diffractions diagrams (XRD) were recorded with a
PHILPS X'pert Pro equipped with an X'celerator detector and a
graphite diffracted beam monochromator. CuKe radiation and a
nickel filter were used. A voltage of 40 kV and an intensity of 40 mA
were employed. The lattice parameters were determined by fitting
the XRD pattern by means of the Rietveld method using the FullProf
software.

A DSC TA Instruments, model Q 200, that allow a maximum

temperature of 700 °C was used. The DSC diagrams were recorded
at a heating rate of 10 °C/min under a nitrogen flow of 100 cc/min.

A simultaneous TG-ATD TA Instruments, model 600, that allows
to reach temperatures up to 1509 °C, was used for recording the
DTA curves at temperatures higher than 700 °C. The DTA traces
were obtained under nitrogen atmosphere at a heating rate of
10 °C/min.

TEM, ED and EDS analysis were performed in a 200 kV micro-
scope (Philips CM200) with a supertwin objective lens and a LaB6
filament (point resolution ~ 0.3 nm) and an EDAX analysis system to
measure the chemical composition. The specimens for TEM
observation were prepared by cutting discs of 3 mm in diameter
from the sample sheets and they were later thinned by dimple
(0.5 pm) and ion milling until 100 nm.

Microhardness measurements were performed at room tem-
perature in a high Futur-Tech FM-700 microdurometer employing a
load of 2 N during 15 s. Each microhardness value was calculated as
an average of 10 microhardness indentations.

3. Results and discussion

Fig. 1a shows the XRD diagram of the as quenched disc of Cu-
10Ni-5.5Sn alloy. It can be observed that the sample is consti-
tuted by a homogeneous supersaturated alloy with «-Cu structure
covered by a surface layer of CuNiO4Sn that is easily removed after a
gently polishing as shown in Fig. 1b. The Rietveld analysis of the
XRD diagram of the polished sample has shown that the best fitting
is obtained by considering preferred orientations through the (100)
lattice planes as shown in Fig. 2. The lattice parameter determined
from Rietveld refinement (Table 1) is a = 3.6406 A in good agree-
ment with the value expected for an alloy of this composition
[13,18].

Fig. 3 shows the TEM and ED observation for the starting
quenched sample. The sample wash thinned by ion milling
bombardment of only one side of the disc in order to get infor-
mation of the bulk and the surface composition. TEM micrograph of
Fig. 3 shows the formation of large number of dislocations that
could be generated from the quenching of the sample from 800 °C.
The Electron Diffraction Pattern (EDP) of the supersaturated alloy
shows two phases, one with the microstructure of a-Cu single
crystals of the phase oriented along the [011]c, zone axis (dot EDP),
which agree with the crystal orientation forecasted from XRD
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Fig. 1. XRD diagrams of the as prepared homogeneous Cu-10Ni-5.55n alloy: a) as
prepared; b) after gently surface polishing.
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Fig. 2. Fitting of the XRD diagram of the starting simple by assuming (100) preferring
orientations.

Table 1
Vickers microhardness (Hv) and lattice parameters (a) of the Cu-10Ni-5.5Sn alloy as
a function of the annealing temperature.

Annealing temperature (°C) Hv a(A)

As prepared 117 (+8) 3.6406 (0.010)
200 128 (+5) 3.6430 (0.002)
250 146 (+5) 3.6316 (0.002)
300 256 (+8) 3.6334 (0.007)
350 312 (+6) 3.6246 (0.005)
450 303 (+7) 3.6164 (0.001)
550 176 (+12) 3.6176 (0.009)
750 118 (+10) 3.6366 (0.001)
800 121 (x11) 3.6409 (0.003)

Fig. 3. TEM micrograph and the corresponding EDP of the Cu-10Ni-5Sn alloy before
aging.

Rietveld analysis. The second phase corresponds to CuNiO4Sn with
nanocrystalline structure (ring EDP, JPDF file 004-836) that would
be associated to the surface oxidation layer originated during the

tempering of the sample layer according with the XRD results
previously reported and disappears after polishing. It is noteworthy
to point out that the results that will be shown from now were
obtained from polished samples in which the surface layer of
CuNiO4Sn was removed.

Fig. 4 shows the DSC obtained under flow of nitrogen at a
heating rate of 10 °C/min. No weight change of the sample was
observed along the DSC experiments, which indicate that no
oxidation took place and the sample preserved its metallic
brightness. Fig. 4 clearly shows two exothermic peaks at 208 °C and
305 °C as well as an endothermic peak at 560 °C that must be
associated to phase transformations undergone by the sample
during the heating cycle. Similar results were previously reported
by Lourenco and Santos [39] by studying the aging hardening of a
Cu-9wt%Ni-6wt%Sn alloy. They observed two overlapping
exothermic peak at temperatures lower than 400 °C associated to
an increase of the hardness and an endothermic peak at tempera-
tures ranging from about 440 °C to 530 °C, depending of the pre-
vious aging treatment of the sample, that was associated to a
drastic hardness diminution. These authors concluded that the
hardening was due to the precipitation of a y-DOs, while the
endothermic peak was attributed to the redissolution of the equi-
librium y-DOs3 precipitates previously formed for regenerating the
starting o-supersaturated solution, although neither XRD nor TEM
structural analyses were reported for confirming these conclusions.
However, it must be pointed out that the thermodynamic stabili-
zation of the supersaturated solution would require temperatures
in the range 700—800 °C, according to the Cu-Ni-Sn isopleths
calculated by Zhao and Notis from the ternary phase diagrams for
compositions around 10% of nickel [ 14,15]. The solvus temperatures
proposed by Louren¢o and Santos [39] are in strong disagreement
with the values expected from the phase diagrams and, therefore, a
structural analysis in combination with DSC and microhardness
measurements would be required for understanding the aging
hardening mechanism of Cu-Ni-Sn alloys.

Fig. 5 shows the TEM micrograph and the EDP of a sample
annealed at 200 °C for two hours that is in the range of the peak
temperature of the first endothermic peak shown in Fig. 4. The XRD
diagram recorded for this sample was quite similar to the one
included in Fig. 1b and no sideband were observed. The EDP shows
the microstructure of a single crystal of the o copper phase oriented
along [011]cy. Moreover, the lattice parameter determined from
Rietveld fitting, included in Table 1, does not show the diminution
with regards to the starting sample that would be expected if a
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Fig. 4. DSC of the Cu-10Ni-5.5 Sn obtained under flow of nitrogen at a heating rate of
10 °C/min.
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100 nm

Fig. 5. TEM micrograph and the corresponding EDP along [011]Cu of the Cu-10Ni-5Sn
aged at 200 °C.

phase segregation would take place. However, the invariance of the
lattice parameter associated to the first exothermic peak would be
compatible with a spinodal phase transition, provided that it im-
plies the decomposition of the supersaturated solid solution into
Sn-rich and Sn-lean phases with identical a-copper structure. It has
been shown [14] that it is very difficult to observe in these alloys
the sidebands typical of modulated structure, but the TEM picture
reported in Fig. 5 point out the formation of parallel strips that
would be attributed to the generation of a modulated structure.
Thus, the first DSC exothermic peak in Fig. 4 could be interpreted by
assuming that a spinodal decomposition of the Cu-10Ni-5.5Sn alloy
has taken place leading to a modulated structure that maintains the
same [011] zone axis orientation reported for the starting super-
saturated solid solution.

Superstructure diffraction spots were observed in the Electron
Diffraction patterns obtained for the sample annealed by two
hours at 350 °C that is inside the temperature range of the sec-
ond DSC exothermic peak. Thus, several lattice sections were
obtained varying the g vector in order to identify the source and
crystal structure if the superlattice present in the sample. Four of
these EDPs regions and their corresponding schemes are shown
in Fig. 6, where the black dots belong to the cubic a-Cu subcell
(Fm3m) and the color dots to superstructure diffractions. The
analysis of the superstructure maxima in the [001]c, zone axis
show the following different features: {%» 1 O}cy and {1 0 O}cy
positions elongated along (0 k 0) reciprocal direction (red spots);
{1 % 0}cy and {0 1 O}, positions elongated along (h00)cy
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Fig. 6. TEM and EDPs results corresponding to the Cu-10Ni-5.55n alloy aged at 350 °C. The ED patterns along four different zones axis show superstructure maxima related with

DO2,- (Cu,Ni)3Sn phase.
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Fig. 7. (a) TEM micrograph and the corresponding EDP along [011]Cu of the Cu-10Ni-5Sn alloy after aging at 550 °C. (b) EDX analysis taken from two areas with different Sn
composition. The arrow show the area of the acicular precipitate at which an enrichment of nickel and tin has been observed.

reciprocal direction (blue spots) and {1 1 O}¢, positions that
appear without elongation (green spots). The elongation of the
diffraction maxima indicates that the superstructure is disor-
dered in the respective reciprocal directions. Moreover, the four
order superlattice along {2 4 O}c, reflexions expected for the
DO»; structure [11] has been observed as well. On the other hand,
the [011]cy, [111]cy and [2 1 1]cy zone axis show superstructure
diffraction maxima in {0—1 1} positions that are elongated along
the (0 h h)cy reciprocal direction (brown marked) in addition to
the positions marked in red previously described. In the [2 1 1]cu
zone axis appears the scattered dot at {-'; 0 1}¢, indicating again
the four order superstructure along (204)c, characteristic of the
DOy, structure. Taking into account that this phase have a
composition (CukNij_x)3 Sn with a structure AsB, all the super-
structure maxima can be indexed according to a tetragonal
supercell described by the stacking of atoms on the {240}cy
planes of the Cu fcc lattice where every four planes contain only

B atoms in good agreement with the results previously reported
by Barburaj et al. [11].

The ED structural analysis previously reported suggests that the
second peak of the DSC diagram of Cu-10%Ni-5.5Sn alloy shown in
Fig. 4 is associated to the formation of a (CuyNij_x)3 Sn DO, phase.
It is clear that the formation of this phase would necessary imply
the segregation of Cu and Sn from the supersaturated solid solution
leading to a decrease of the lattice parameter that would approach
to the lattice parameter of a-copper. Thus, the lattice parameter for
the bulk sample has been determined from Rietveld fitting of the
XRD of the sample annealed at 350 °C. The result included in Table 1
point out a clear diminution of the lattice parameter, supporting
that a segregation of nickel and/or Sn for generating the DO>, phase
has taken place.

Finally, a TEM study of a sample withdrawn from the DSC after
reaching a temperature of 550 °C was carried out for characterizing
the phase transition associated to the third endothermic peak in
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Fig. 4. The TEM picture and ED pattern shown in Fig. 7 point out that
the superstructures of the DO,, phase coherent with the alloy
matrix have disappeared at the time that precipitation of elongated
particles are observed (marked with an arrow on Fig. 7). The ED
pattern taken along the [110] axis of the a-Cu cell in the area of the
precipitated particle included in Fig. 7 shows a fcc cubic structure
that would be on agreement with the structure expected for the y-
DO3 precipitates proposed in literature [11,14,18,40]. The EDX
elemental analyses carried out in the matrix and in the area closed
to the precipitate are also shown in Fig. 7.

The results included in Fig. 7 point out that Ni and Sn were
present in the matrix, but their concentrations were higher near
the marked particle, which again supports that the formation of -
DOs precipitates could be the phase transition associated to the
endothermic peak reported in Fig. 4. It is noteworthy to take into
account that Lourenco and Santos [39] have attributed the endo-
thermic peak to the redissolution of DOs precipitates although
these authors did not carried out a structural characterization for
confirming this hypothesis. The determination of the lattice
parameter of the sample annealed at 550 °C would contribute to
the correct assignation of the endothermic peak in Fig. 4. This is
because the redissolution of previously segregated phases would
lead to an increase of the lattice parameter until recovering the
value of the homogeneous solid solution. The value of the lattice
parameter a determined from Rietveld fitting of the XRD diagram of
the sample annealed at 550 °C is included in Table 1. It can be
observed that a noticeably increase of the lattice parameter for
recovering the starting value a = 3.6406 A have not been not taken
place. This behavior suggests that the endothermic peak is not
really associated to a redissolution process, but to the precipitation
of y-DOj3 crystal from the previously formed DO, coherent phase.

The above conclusion would be also supported by taking into
account that, according with the phase diagrams of the system Cu-
Ni-Sn [14,15], the solvus temperature for the formation of super-
saturated solid solution with composition around Cu-10Ni-5.55n is
in the range 700—800 °C. The maximum temperature allowed by
the DSC equipment here used is 700 °C. Thus, a high temperature
DTA apparatus has been used for obtaining additional information
regarding to the solvus temperature of this alloy. Fig. 8 shows that
the DTA obtained under inert atmosphere for the sample previ-
ously annealed until 550 °C clearly display a strong exothermic
peak at 767 °C that is in the temperature range expected for the

Exothermic Up

767 °C

AT (a.u.)

500 600 700 800
T (°C)

Fig. 8. DTA obtained under flow of nitrogen at a heating rate of 10 °C/min for a Cu-
10Ni-5.5 Sn sample previously annealed at 550 °C.

solvus temperature of a Cu-10Ni-5.5Sn alloy at which the homo-
geneous solid solution is thermodynamically stable. Moreover the
lattice parameter determined from the Rietveld fitting of the XRD
diagram of the sample withdrawn from the DTA equipment after
being heated up to 800 °C, shown in Table 1, reproduces again the
value expected for the homogeneous solid solution. This result
demonstrates that the redissolution of the precipitates really occur
at temperatures higher than 700 °C.

It is noteworthy to point out that an overall enthalpy equal to
—20.8 J/g has been determined for the two overlapping exothermic
peaks, while an enthalpy equal to 6.8 j/g has been calculated for the
endothermic peak. In summary, the total enthalpy evolved from the
starting supersaturated solid solution until overpassing the tem-
perature of the last endothermic peak in Fig. 4 is equal to —14 J/g.
Thus, the overall precipitation process, taking place in three suc-
cessive steps, is exothermic as would be expected, provided that the
homogeneous solid solution is not thermodynamically stable in the
range of temperatures shown in Fig. 4. The fact that the DOy, — -
DO3 phase transition, associated to the last DSC peak in Fig. 4, is
endothermic clearly shows that the DO,; phase is more stable than
the y-DOs phase. These results confirm the proposal of author
authors [12,14] that consider that the stabilization of the meta-
stable DO,, phase takes place because of the similar lattice sizes of
this phase and the fcc phase of the supersaturated solid solution
that minimizes the strains during the fcc— DO, transition. How-
ever, it has been reported here by the first time that an increase of
the enthalpy of the system is required for overcoming the large
lattice mismatch associated to the DO2; — y-DOs3 conversion.

Finally, the HV hardness have been measured for a set of sam-
ples annealed at different temperatures in the range of the suc-
cessive thermal effects observed in the DSC shown in Fig. 4 in order
to discern which of the phases generated along the heat treatment
leads to the aging hardening of the sample. For this purpose a set of
different samples were placed in the DSC equipment and submitted
to a heating rate of 10 °C/min and withdrawn from the device after
reaching temperatures previously selected along the peaks corre-
sponding to the successive phase transformations observed by DSC.
The values of HV obtained at different temperatures are included in
Table 1 together with the corresponding values of the lattice pa-
rameters as determined from Rietveld fitting. These results
demonstrate that the initial hardness of the starting Cu-10Ni-5.55n
alloy is maintained in the temperature range of the first DSC peak,
but a dramatic increase of the hardness, accompanied by a dimi-
nution of the lattice parameters, takes place as far as the second
DSC peak is in progress. This hardness increase is followed by a
drastic drop of this parameter as soon as the annealing temperature
reaches the zone at which the endothermic DSC peak in Fig. 4 is
taking place. These results clearly show that the aging hardening of
Cu-10Ni-5.55n is not a direct consequence of the spinodal decom-
position but it is due to the subsequent formation of a (Cux.
Ni;_x)3Sn DO, phase coherent with the a- Cu structure of the
supersaturated solid solution.

4. Conclusions

The calorimetric study of alloy by DSC together with the study of
the structural changes and the mechanical properties changes
associated to the phase transitions undergone by a Cu-10wt%Ni-
5.5wt%Sn, as reported by DSC, supports the following conclusions:

1. The DSC analysis of the homogeneous Cu-10wt%Ni-5.5wt%Sn
alloy allows to discriminate the following successive phase
transitions: a-Cu — y’-DO,, — DOs taking place as a function of
the annealing temperature.
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2. The endothermic character of the y’-D0O2; — DOs3 phase clearly
demonstrates the higher thermal stability of the metastable y’-
D03, coherent phase, embedded into the a-Cu framework, with
regards to the DOj3 precipitates.

3. The study of the mechanical properties of the Cu-10wt%Ni-
5.5wt%Sn after undergoing every one of the above described
phase transformations suggest that the noticeably aging
improvement of the mechanical properties rest solely on the
formation of the y’-DO,;, phase.

4. The results here reported clearly show that DSC could be a
powerful tool for discerning the transformations undergone by
the alloys as a function of the temperature that would help to
determine the connections between the transitions observed
and the changes of properties associated to them.
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