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The phase transformations behavior in a Cu-8.0Ni-1.8Si alloy after different thermal treatments was
investigated using transmission electron microscopy. DO, ordering, discontinuous precipitation and
continuous precipitation were observed in the alloy. To establish the time-temperature-transformation
diagram, samples with different thermal treatments were characterized by transmission electron
microscopy. On the basis of SADP analysis, crystal orientations between the copper based matrix

and B-Ni3Si and 8-NiySi precipitates were determined as: (110)cy//(110)g//(211)5, [112]co//[112]g//
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1. Introduction

Copper-matrix alloys are widely used for connector appli-
cations because of their high electrical conductivity and high
strength [1-3]. The main copper alloy systems whose tensile
strength exceeds 1000 MPa are Cu-Ni-Sn[4,5], Cu-Ti[6] and Cu-Be
[7]. Cu-Ni-Sn and Cu-Ti alloys have been developed recently as
substitutes for the toxic Cu-Be alloys. However, their electrical
conductivity is less than 17% IACS (International Annealed Cop-
per Standard), which is much lower than that of Cu-Be alloys (for
example, the electrical conductivity of QBe2 has a typical value
of 25% IACS). There is a need to develop new alloy with better
combination of strength and electrical conductivity. Alloying is an
effective method to conduct new Cu-based materials with high
strength and good electrical conductivity [8,9]. Cu-Ni-Si-based
alloys with high solute concentrations have super high strength
and good conductivity, which has a good prospect for substitut-
ing for toxic Cu-Be alloys [10]. However, most previous studies
on the phase transformation investigated the precipitation pro-
cess for the Cu-3.1Ni-1.4Si alloys with low solute concentrations
[11]. At least four different kinds of precipitation products have
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been observed by different investigators: DO,; ordered structure
[10,12], B-Ni3Si precipitates [13], 8-Ni,Si precipitates [14-18], and
v-Ni5Si; precipitates [19]. Thus, to say the least, the overall trans-
formation kinetics of Cu-Ni-Si alloys appears to be as complex as
other ternary copper alloys [20]. The aging treatment process for
the Cu-Ni-Si alloys with high solute concentrations has not been
studied systematically up to now. For the Cu-Ni-Si alloys with low
solute concentrations, most previous studies on the phase transfor-
mations usually investigated the precipitation process at only one
temperature or at most a few temperatures. Therefore, a study of
the phase transformation behavior for a Cu-Ni-Si-based alloy with
high solute concentrations in a wide temperature range has been
carried out in this paper.

2. Experimental details

A Cu-8.0Ni-1.8Si (wt%) alloy ingot was prepared using a medium-
frequency induction furnace. Pre-specified quantities of Cu and Ni blocks
were first melted in the furnace. Cu-Si master alloys of the required quan-
tities were then added into the furnace, producing a chemical composition
of the Cu-8.0Ni-1.8Si alloy. The melting and casting operations were car-
ried out in a N, atmosphere to prevent the alloy from oxidizing. After
surface defects were removed, the ingot was homogenized at 930°C for
24h in a N;+H; atmosphere and subsequently rolled at 900°C in a N
atmosphere, reducing the ingot thickness from 20mm to 4mm. In our pre-
vious research, we have investigated the solution-treatment temperature for
Cu-8.0Ni-1.85i-0.65n-0.15Mg alloy systematically and the results indicate that
965 °C is a suitable solution-treatment temperature for high solute concentrations
Cu-Ni-Si alloys [10]. Therefore, the resultant strip was solution-treated at 965 °C
for 6h in a N, +H, atmosphere followed by quenching into isothermal bath with
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Fig. 1. Samples aged at 450 °C for different times. (a) 15 min, bright field micrograph; (t_J) 15 min, SADP of [1 0 0]cy, zone axis;(c) 15 min, SADP of [1 1 0]¢, zone axis; (d) 15 min,
SADP of [1 1 1]y zone axis; (e) 60 min, bright field micrograph; (f) 60 min, SADP of [1 1 2]¢, zone axis; (g) 60 min, SADP of [2 2 1], zone axis; (h) 48 h, bright field micrograph;
(i) 48 h, bright field micrograph; (j) 48 h, SADP of [1 0 0]c, zone axis.

different temperatures (450°C, 550°C, 650°C and 750°C) for various times for thinning operation with incidence angle of 4°. The microstructures of the foil
isothermal treatment, followed by aging at 450°C for 8 h, and then water-cooling samples were observed using a Tecnai G 20 TEM with an operation voltage of
to room temperature. Specimens for TEM were prepared by argon ion-beam 200kV.
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Fig. 1. (Continued)

3. Results and discussion

Fig. 1 shows the microstructure evolution of phase transforma-
tion of the solution treated samples aged in a salt bath at 450°C
for different times, followed by water-cooling. When the samples
were kept at 450°C for 15 min, a few precipitates can be seen in
Fig. 1a. The corresponding select area diffraction patterns (SADP)
are presented in Fig. 1b, c and d. The super-lattice diffraction spots
between (000)c, and (2 2 0)c, appeared clearly in Fig. 1b, between
(000)c, and (002)¢y in Fig. 1c and between (000)¢, and (42 2)cy
in Fig. 1d (at the position of (2 1 1)), which means that the order-
ing occurred at early stage of the aging process. From Fig. 1d, it
can be distinguished that the type of the ordering is DO,, ordering
because the typical (21 1)c, reflection is unique to DOy, ordering
[12]. However, the L1, ordering cannot be clarified in this test alloy
because all the L1, super-lattice reflection overlaps with some of
the DOy, super lattice reflections.

When increase the keeping aging time to 60 min, precipitates
can be found in bright-field micrograph, as shown in Fig. 1e. The
corresponding SADPs are shown in Fig. 1f and g. The electron
beam axis of the SADP of Fig. 1f is parallel to [112]¢,; and that
of Fig. 1g is parallel to [22 1]¢cy. There were two kinds of precipi-
tates, which can be indentified as 8-NiSi and B-Ni5Si. The 8-Ni;,Si

structure was found by Toman [20] to have structural parameters of
a=0.703 nm, b=0.499 nm and c¢=0.372 nm. The [3-Ni3Si structure
was a simple cubic lattice with a=3.51 nm [21-23]. From the anal-
ysis in Fig. 1f, the crystal orientations between the cupper based
matrix and (3-Ni3Si and S-NiZSi precipitates were determined as:
(110)cy//(110)//(211)5, [112]cu//[112]g//[324]5.

When increase the keeping aging time further to 48 h, i.e. the
samples undergoing overaging treatment, the precipitates in the
bright-field micrograph (Fig. 1h) grew bigger than those in Fig. 1e.
Two variants of precipitates grew vertically (Fig. 1i). According to
the analysis of SADP in Fig. 1j, the two kinds of precipitates can
be expressed as 3-Ni,Si and &'-Ni,Si precipitates, which have the
same crystal structure. Between the bigger precipitates, there were
a mass of nano-scale particles (Fig. 1i). From the SADP in Fig. 1j,
four kinds of diffraction spots can be distinguished. They came
from the electron diffractions of Cu-matrix, 3-Ni3Si and 8-Ni,Si
and &’-Ni, Si precipitates, respectively. The orientation relationship
between the precipitates and Cu-matrix, according to the analy-
sis of Fig. 1j, which can be expressed as that: (022)c,//(022)g
(100)3, (022)cy (022)g//(100)y; [100]cu//[100]g//[001]y]]
[001]s,

The structure of specimens isothermal treated at 550°C for
10s and 30s, immediately followed by aging at 450°C for 8h
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Fig. 2. Sample aged at 550°C for different times. (a) 10, bright field micrograph; (b) 30s, bright field micrograph; (c) 10s, SADP of [00 1]c, zone axis; (d) 30s, SADP of
[001]cy zone axis; (e) 10's, SADP of [1 1 0]c, zone axis.

are shown in Fig. 2. A well-developed discontinuous precipitation reaction was already complete in this specimen. The discontinu-
structure can be seen in Fig. 2. The whole specimen had a cellu- ous precipitation microstructure in the alloy can be seen clearly in
lar structure, which indicates that the discontinuous precipitation Fig. 2a and b. The corresponding SADPs from the matrix area in this
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Fig. 3. Bright field micrograph and select area diffraction pattern of Cu-8.0Ni-1.8Si alloy quenched to 650°C and 750°C and isothermally treated for different times. (a)
650°C for 30, bright-field micrograph; (b) 650°C for 300s, bright field micrograph; (c) SADP of (a), whose beam direction is along [112]cy; (d) 750°C for 30, bright field

micrograph.

specimen are shown in Fig. 2c, d and e, respectively. According
to the SADPs (Fig. 2c, d and e), the discontinuous precipitates
were [3-Ni3Si phase particles. From Fig. 2d and e, slight split-up of
the diffraction spots of (110)g and (001)g occurred. The discon-
tinuous precipitation formed the lamellar structure. The lamellar
cellular structure grew bigger with increasing the isothermal time
(Fig. 2a and b). The discontinuous precipitation in the Cu-Ni-Si
alloy with high solute concentration was observed for the first
time.

Fig. 3a shows the micrograph of Cu-8.0Ni-1.8Si alloy quenched
into 650°C for 30s and 300s, immediately followed by aging at
450°C for 8 h. There were two kinds of precipitates in the bright
field micrograph (Fig. 3a). The bigger ones appeared with dimen-
sions of 100 nm (in length) x 30 nm (in thickness). The smaller ones
in Fig. 3a were only 5-6nm in size. Fig. 3b presents the micro-
graph of Cu-8.0 Ni-1.8 Si alloy quenched into 650 °C for 300 s. Two
kinds of precipitates grew bigger than those in Fig. 3a. The big-
ger precipitates grew to dimensions of 300 nm (in length) x 90 nm
(in thickness). The smaller precipitates also grew bigger and their
dimensions are between 8 and 10 nm. Fig. 3¢ shows SADP of Fig. 3a.
According to Fig. 3¢, the two kinds of precipitates were determined
to be B-Ni3Si phase [11,23] and 8-Ni,Si phase [24,25].

Fig. 3d presents the micrograph of Cu-8.0 Ni-1.8 Si alloy
quenching into 750°C for 30s, followed by aging at 450 °C for 8 h.
The bigger [3-Ni3Si precipitates have a dimensions of 400 nm (in
length) x 50 nm (in thickness), and the size of small 8-Ni,Si pre-
cipitates is about 7-8 nm (Fig. 3d), which is bigger than that in
Fig. 3a.

The results for the phase transformation research can be sum-
marized by the time-temperature-transformation diagram as
shown in Fig. 4. Three curves were constructed for DO,; order-
ing, discontinuous precipitation (cellular structure) and continuous
precipitation (8-Ni,Si), respectively. When the supersaturated
solid solution (SSS) of Cu-8.0Ni-1.8Si alloy was aged at low
temperature of 450°C, the phase transformations were rich and
interesting. It is clearly seen that DO,, ordering took place
at the early stage of the decomposition process as a sepa-
rate precipitation, and then continuous precipitation occurred
[26]. When the alloy was isothermal treated at 550°C for a
short time, discontinuous precipitation occurred along the grain
boundary in the alloy. When the aging temperature reached
higher than 600 °C, continuous precipitation appeared in the alloy
directly without ordering. It is clear that the higher aging tem-
perature, the earlier decomposition occurs. These experimental



3622 Q. Lei et al. / Journal of Alloys and Compounds 509 (2011) 3617-3622

800
\
. e ® °
\
700 4 \
7 \\. ® ®
—~ 7 \‘_‘
E’\i 600 - "/ -\__‘
W Ty
g Q_ o0 o e e
g —— N
3 5004 - b
3 5
& /A @ ®
e M
400 - A Ordermg e
® Continuous precipitation Y
(O Discontinuous precipitation
1 10 100 1000 10000

Time (s)

Fig. 4. TTT diagram for the Cu-8.0Ni-1.8Si alloy obtained by TEM characterization.
Symbols of “a, ® and O” in the TTT diagram represent the ordering, continuous
precipitation (8-Ni,Si) and discontinuous precipitation (cellular structure), respec-
tively.

results were similar to the research results presented by Zhao
[27].

4. Conclusions

The phase transformations behavior of Cu-8.0Ni-1.8Si alloy
during aging at different heat treat conditions after solution treat-
ment has been studied. The main conclusion remarks can be
summarized as follows:

After solution treatment, followed by different conditions of
isothermal treatment and aging process, DO, ordering, discontin-
uous precipitation (cellular structure) and continuous precipitation
(8-NiySi) occurred in the alloy.

Two kinds of precipitates of (3-Ni3Si and 8-Ni,Si were deter-
mined by the TEM characterization in the alloy. Crystal orientations
between the cupper based matrix and the (-Ni3Si and 3-
Ni,Si precipitates were determined as: (110)cy//(110)g//(21 s,
[112]cu//[112]g//[324]5.

When the samples were overaging treated at 450°C for
48h, four kinds of phases (Cu-matrix, [-Ni3Si, 6-NiSi and
d’-Ni,Si) were distinguished in the samples and the orienta-
tion relationship between Cu-matrix and precipitates can be

expressed as: (022)cu//(022)g//(100)5, (022)cy//(022)3(100)g,
[100]cy[100]g[001]5//[001]5.

A detailed TTT diagram for the isothermal decomposition of the
Cu-8.0Ni-1.8Si alloy was established based on extensive TEM char-
acterizations.
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