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CueNieSi alloys have been widely applied in electronic and electrical industries. The precipitation
behavior of some of the CueNieSi alloys is still not well understood. In this study, the precipitation
behavior of the Cu-3.0Ni-0.72Si alloy aged at 600 �C for different times was investigated by transmission
electron microscopy, atom probe tomography and phenomenological theory of precipitation crystal-
lography. A new orientation relationship (OR) between the precipitates and the Cu matrix was found in
the over-aged condition and a coarsening mechanism of the metastable precipitates was put forward.
The two- and three-dimension invariant line theories were successfully applied in interpreting the
evolution of the ORs and the morphologies in the Cu/d-Ni2Si (Cu/d) system. At the early stage of aging,
the fine metastable d’-(Cu, Ni)2Si precipitates are coherent with the Cu matrix, with a quasi-Bain OR of
(110)Cujj(100)d0 and [001]Cujj[001]d0 , and four pairs of parallel conjugate planes: (111)Cujj(301)d0,
(111)Cujj(301)d0, (111)Cujj(021)d0, and (111)Cujj(021)d’. The precipitates have a d-Ni2Si structure, with some
Ni atoms substituted by Cu atoms. During growth, the core region of the metastable d’-(Cu,Ni)2Si pre-
cipitate transforms into stable d-Ni2Si, with a quasi-NW OR of (111)Cujj(021)d and [110]Cujj[100]d, while a
layer of metastable d’- (Cu, Ni)2Si still exists around the core. With prolonging aging time, the d-Ni2Si
precipitates with the OR of (111)Cujj(021)d and [110]Cujj[100]d grow two-dimensionally to form a plate-
like shape, while those with the OR of (111)Cujj(301)d and [110]Cujj[010]d grow one-dimensionally to
form a fiber-like shape.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

CueNieSi alloys have been widely used in electronic and elec-
trical industries, e.g., semiconductor lead-frames, electrical con-
tacts and connector components, due to the combination of high
strength and high electrical conductivity [1e6]. The combined high
strength and high conductivity of CueNieSi alloys are attributed to
the precipitation of nanoscale particles during aging.
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Understanding and optimization of the aging process to control the
precipitation process are therefore the key to improve the overall
property of any CueNieSi alloy.

A large amount of research has been carried out in the last few
decades to investigate the precipitation behavior of CueNieSi al-
loys. It is well accepted that the main stable precipitate is the d-
Ni2Si (d) intermetallic compound [4,6e10], especially in the
CueNieSi alloys with Ni content less than 5wt%, although b-Ni3Si
[11], g-Ni5Si2 [12], (Cu, Ni)3Si [7], Cu3Ni5Si2 [13] and Ni3Si2 [13] also
exist in the alloys. The d phase was first identified in a quasi-binary
section of the ternary CueNieSi phase diagram [14] and the crystal
structure of pure d-Ni2Si was determined as the orthorhombic
system with a Pbnm space group (ad¼ 7.06Å, bd¼ 4.99Å,
cd¼ 3.72Å) [15]. Teplitskiy et al. [16] suggested that the d pre-
cipitates in CueNieSi alloys with low Ni and Si contents had a disk-
like shape, lying on {110}Cu planes, which was confirmed by Cho
et al. [17] and Jia et al. [18] in the Cu-1.5Ni-xSi (in wt%) alloys. The
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sequence of formation of the d precipitates in the Cu-2.4Ni-0.7Si-
0.4Cr (wt%) alloy at 450 �C was summarized by Hu et al. [4] as
follows: supersaturated solid solution / d1-Ni2Si / d1-Ni2Si
(rotated) / d2-Ni2Si, while Lee et al. [13] suggested that the pre-
cipitation sequence in a torsion-deformed Cu-2.9Ni-0.6Si alloy
was: Cu3Ni5Si2 / Ni3Si2/ stable Ni2Si. The orientation relation-
ship (OR) between the matrix and the d phase was first reported as
[001]Cu jj[001]d and (110)Cujj(100)d [19,20]. Hu et al. [4] reported
that the first precipitate formed (d1-Ni2Si) had this OR, but it
rotated slightly during aging and subsequently transformed into
the d2-Ni2Si precipitate, which had the OR of [110]Cujj[010]d and
(111)Cujj(301)d. An additional OR of ð110ÞCu

������ð211Þd and
½112�Cu

����½324�d has also been found in the Cu-8.0Ni-1.8Si-0.15Mg
alloy [21]. Formation of a fiber-shaped d-Ni2Si phase (discontinuous
precipitates) in the over-aging stage, with the OR of [110]Cujj[010]d
and (111)Cujj(301)d, was recently reported [5,22e24].

Whilst the research to date has provided valuable information
on the precipitation behavior in CueNieSi alloys, there are still a
number of issues to be resolved. First, there exist different views on
the composition, structure and coarsening mechanism of the pri-
mary precipitates. Early work considered that the primary phases
are formed from a modulated structure of Si-rich and Si-poor re-
gions due to the spinodal decomposition and the precipitate is an
ordered (Cu, Ni)3Si with the DO22 structure [7]. Recent transmission
electron microscopy (TEM) studies have shown that the primary
precipitate had a d-Ni2Si structure, about 3e4 nm in diameter
[4,18]; however, no information on the atomic level elemental
distribution was available to confirm the result. Lee et al. [13]
observed Cu3Ni5Si2 particles (~4 nm) by atom probe tomography
(APT), but no structure information was given. The roles of Si, Ni
and Cu in the growth process of the precipitates are still not clear.
Second, the majority of the work on the morphology of the d par-
ticles considered the broad interface, without much consideration
of the details of the edge facets, and observed edge-on habit in-
terfaces [4,18]. In fact, the edge facets are locations where stress
concentration is more likely to occur under loading. The morpho-
logical evolution of the precipitates is important for understanding
the age hardening effect. In addition, the details of the interface,
including the shape of and the defects on the major planes of the
d particles, can also affect the stress state and accordingly the
strength of the alloy, but they have hardly been studied. Third, the
nature of the ORs between the precipitates and the matrix is not
fully understood yet. Although several ORs have been observed in
CueNieSi alloys, new ORs may exist. Furthermore, the ORs are
closely related to the nucleation, growth and morphological evo-
lution of the precipitates and therefore have a strong influence on
the strength [25]. Mechanistic understanding of the relationship
between the OR and the morphology of the precipitates is
important.

In this study, the precipitation behavior of the Cu-3.0Ni-0.72Si
(wt.%) alloy was investigated by employing spherical aberration
corrected transmission electron microscopy (ACTEM), high reso-
lution transmission electron microscopy (HRTEM), atom probe to-
mography (APT) and the phenomenological theory of precipitation
crystallography. The microstructures, morphologies, compositions
and ORs of the precipitates at the initial and late aging stages were
examined in detail. The evolution of the ORs was analyzed and a
new OR was found at the late stage of aging. The elemental dis-
tribution in the precipitates at different aging stages was analyzed
by APT at the atomic level, enabling the proposition of a new
metastable transition and coarsening mechanism of precipitates.
The evolutions of the ORs and the morphologies of the precipitates
were interpreted by the two-dimensional invariant line (2DIL) and
the three-dimensional invariant line (3DIL) theories.
2. Materials and experimental methods

2.1. Preparation of specimens

The Cu-3.0Ni-0.72Si alloy was melted in a medium-frequency
induction furnace and a 35mm-thick ingot was cast in an iron
mold under a N2 atmosphere. After homogenization at 960 �C for
4 h, the ingot was hot rolled at 850 �C into a plate by an 85%
reduction. The test specimens were cut from the hot rolled plate,
solution-treated at 980 �C for 4 h, followed by water quenching and
then aging at 600 �C for different times.

2.2. Microstructural characterization

The specimens for TEM observations had a diameter of 3mm
and were first ground mechanically to a thickness of around 80 mm
and then electro-polished by a Struers Tenpol-5 twin-jet unit, using
a mixed solution of nitric acid and methyl alcohol, with a voltage of
10 V and a temperature of around �35 �C. A Gatan 691 dual-mill
precision ion polishing system (PIPS) was also used wherever
necessary. The TEM and HRTEM observations were conducted on a
Tecnai G2 F20 and Titan G2 60e300, respectively.

The specimens for APT observations had dimensions of
0.5� 0.5� 20mm3 and were prepared by the standard two-step
electro-polishing procedure. APT observations were performed on
a LEAP 4000 HR, under a temperature of 50 K, a pulse repetition
rate of 200 kHz and a pulse voltage fraction of 15%. The standing
voltage on the needle specimen was varied automatically in order
to maintain an evaporation rate of 5 ions every 1000 pulses. The
background vacuum level of the analysis chamber was kept at less
than 10�8 Pa. The detection efficiency of the instrument was 36%.
The reconstruction and quantitative analysis of the APT data were
carried out using the IVAS 3.6.12 software.

3. Results and discussion

3.1. Evolution of microstructure and OR during aging

Fig. 1a shows the variation of the hardness of the Cu-3.0Ni-
0.72Si alloy aged at 600 �C, with approximate boundaries be-
tween different aging stages indicated. The hardness increased
significantly with aging time up to 5min (under-aging stage) and
reached a plateau from 5 to 30min (peak-aging stage). The hard-
ness decreased gradually with increasing aging time further (over-
aging stage). It is well accepted that the increase in hardness in the
under-aging stage can be attributed to the formation of primary
precipitates and the decrease in the over-aging stage to the growth
of the precipitates. To investigate the evolution of the precipitates,
the specimens aged for 30 s and 8 h were chosen as representative
conditions for clearly under-aging and over-aging stages,
respectively.

Fig. 1b and c shows the bright-field TEM images of the Cu-3.0Ni-
0.72Si alloy aged at 600 �C for 30 s and 8 h, respectively, viewed
along the zone axis of [001]Cu. Ultrafine precipitates, with an
average size of about 5 nm, were distributed uniformly and densely
in the specimen aged for 30 s (Fig. 1b). These precipitates coarsened
dramatically to larger sizes of 50e100 nm after 8 h aging, with a
much lower density of distribution (Fig. 1c). For convenience, the
precipitates in the specimens aged for 30 s and 8 h are designated
as nascent precipitates (NPs) and ripe precipitates (RPs),
respectively.

The morphology and crystallographic characteristics of the NPs
are shown in Fig. 2. Fig. 2a, c and e show the typical HRTEM images
viewed along [110]Cu, [110]Cu and [112]Cu, respectively. The Fast
Fourier Transform (FFT) patterns corresponding to the HRTEM



Fig. 1. (a) Variation of hardness with aging time for the Cu-3.0Ni-0.72Si alloy aged at 600 �C. Bright-field TEM images of the alloy aged for (b) 30 s and (c) 8 h, viewed along [001]Cu.

Fig. 2. HRTEM images and their corresponding FFT patterns of the Cu-3.0Ni-0.72Si alloy aged at 600 �C for 30 s: (a) HRTEM image taken from <110>Cu, showing a single NP with
edge-on habit planes (100)djj(110)Cu (pink dashed lines); (b) FFT pattern of (a), revealing the beam direction being [110]Cujj[010]d; (c) HRTEM image taken from <110>Cu, showing a
single NP with the habit plane perpendicular to the beam direction; (d) FFT pattern of (c), revealing the beam direction being [110]Cujj[100]d; (e) HRTEM image taken from <112>Cu,
showing two NPs with habit edge-on planes (100)djj(110)Cu (pink dashed lines); (f) FFT pattern of the red dash-line framed region in (e); (g) FFT pattern of the white dash-line
framed region in (e), revealing the beam direction being [112]Cujj[012]d. (h) Schematic three-dimensional illustration of a NP showing its shape and ORNP. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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images in Fig. 2a, c and e are shown in Fig. 2b, d, f and g. Fig. 2h
illustrates the morphology of a NP and its OR with the Cu matrix,
which is labelled as ORNP in this paper for simplification.

The NPs have a disk-like shape, with a large diameter-thickness
ratio (~5 nm in diameter and ~2 nm in thickness). The disc planes of
the NPs lie on the {110}Cu planes with a high coherency (Fig. 2a, c
and e) and no sharp precipitate/matrix interfaces exist around the
edges of the disc planes (Fig. 2c). There are lobe-shaped strain fields
distributed around the disc planes (Fig. 2a and e). However, no
interfacial defects, including dislocations and structure ledges, can
be observed, because of the high coherency between the two
phases (Fig. 2c).

The FFT results show that the NPs possess a d-Ni2Si crystal
structure, as evidenced by the superlattice spots of the d-Ni2Si
phase. The ORs between the NPs and the Cu matrix can be
expressed as [110]Cujj[100]d, [110]Cujj[010]d, and [002]Cujj[002]d,
consistent with the results in Refs. [4,18]. There is a significant
structure detail, which has not been reported in the literature to
date, that the spots of four pairs of conjugate planes ({301}d/{111}Cu,
{021}d/{111}Cu) are coincident (pink circles in Fig. 2b and d). It
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indicates that the corresponding conjugate planes are parallel in
this under-aging stage, due to the high coherency between the NPs
and the Cu matrix. Fig. 2f and g, with the zone axes of exactly
[112]Cujj[012]d, also confirm that the corresponding conjugate
planes, (111)Cu/(021)d, are parallel. To sum up, the OR between the
NPs and the Cu matrix is (110)Cujj(100)d and [001]Cujj[001]d, with
four pairs of parallel conjugate planes: (301)djj(111)Cu,
(301)djj(111)Cu, (021)djj(111)Cu and (021)djj(111)Cu.

The morphology and crystallographic characteristics of the RPs
are shown in Fig. 3. Fig. 3a, c and e show the typical HRTEM images
viewed along [110]Cu, ½110�Cu and [112]Cu, respectively. Fig. 3f, g and
h show enlarged HRTEM images of selected areas in Fig. 3e. Fig. 3b
and d are the FFT patterns corresponding to Fig. 3a and c, respec-
tively, while Fig. 3i shows an inversed FFT image of Fig. 3h. Fig. 3j
illustrates the morphology of a RP and its OR with the Cu matrix,
which is labelled as ORRP in this paper.

Similar to the NP, the RP also has a structure of d-Ni2Si. The
morphology of the RPs, however, is considerably different from that
of the NPs. After 8 h aging, the RPs became large, about 100 nm in
length. The RPs have a plate-like shape, with a large diameter-
thickness ratio (60e100 nm in diameter and 5e10 nm in thick-
ness), suggesting a much larger growth rate along the radial di-
rection than the thickness direction. The habit plane of the RPs is
still the (100)d plane (F1), but its edge is made up of several parallel
facets (Fig. 3c) rather than an indistinctive edge-on interface as in
the case of the NPs. Two groups of characteristic facets, (021)d and
(021)d, have been found among more than 10 RPs examined in this
work. In the HRTEM image taken along the [112]Cu zone axis
Fig. 3. HRTEM images and their corresponding FFT patterns of the Cu-3.0Ni-0.72Si alloy age
with edge-on habit planes (100)djj(110)Cu (pink dashed lines); (b) Selected-area electron diffr
TEM image taken from <110>Cu showing a single RP with a habit plane perpendicular to the
direction being ½110�Cu

����½100�d; (e) HRTEM image taken from <112>Cu showing a RP with
revealing the beam direction being [112]Cujj[012]d; HRTEM images of (f) pink, (g) green and
and (600)d spots. (j) Schematic three-dimensional illustration of a RP showing its shape and
referred to the Web version of this article.)
(Fig. 3e), both the (100)d plane (F1) and the (021)d plane (F2) are
edge-on, while the other planes (F3) are stepped facets composed
of F1 and F2 (Fig. 3g). This observation helps to explain the oval or
round shape of the habit planes reported in the previous works
[4,16,19]. In addition, many interface defects, such as periodic
interface dislocations (Fig. 3i), appeared around the RP, with a
reduced range of strain fields. These interfacial structural ledges
and dislocations can relieve interfacial stress and reduce the
interface energy.

The OR of the RPs is quite different from the NPs. Fig. 3b shows
two separate pairs of conjugate spots ({111}Cu/{301}d), indicating
that the {301}d planes are no longer parallel to the conjugate
{111}Cu planes and have an angle of about 2.52�. For the other two
pairs of conjugate planes ({111}Cu/{021}d) observed along the
½110�Cu

����½100�d direction (Fig. 3d), the (111)Cu plane and the (021)d
plane have a 2.46� deviation instead of remaining parallel to each
other, although the (111)Cu plane is still parallel to the (021)d plane.
A deviation angle of 1.23�, which is half of the angle between the
(111)Cu plane and the (021)d plane, also exists between the (002)Cu
plane and the (002)d plane. Fig. 3e, with the axis zone of [112]Cu,
also shows that the [012]d is equivalent to the beam direction,
indicating [112]Cujj[012]d exactly.

The results above show that the RPs have a crystallographic
rotation (Rs) of 1.23� around the [110]Cujj[100]d direction, which is
different from the NPs. The OR between the RPs and the matrix can
be expressed as: (111)Cujj(021)d, [110]Cujj[100]d, with
ð111ÞCu∦ð301Þd ð111ÞCu∦ð301Þd, and ð111ÞCu∦ð021Þd. The pre-
cipitates are still lying on the (110)Cu plane, but a slight
d at 600 �C for 8 h: (a) Bright-field TEM image taken from <110>Cu showing a single RP
action patterns of (a) revealing the beam direction being [110]Cuejj [010]d; (c) Bright-field
beam direction; (d) FFT pattern of the red line framed region in (c) revealing the beam
edge-on habit planes (100)djj(110)Cu (pink dashed lines), with the inset FFT pattern

(h) luminous yellow framed areas in (e); (i) Inversed FFT images of (h) masking (220)Cu
ORRP. (For interpretation of the references to colour in this figure legend, the reader is
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crystallographic rotation around the normal direction of the habit
plane has occurred during the transition from under-aging to over-
aging.

The HRTEM images and the corresponding FFT patterns in Figs. 2
and 3 showed that the crystal structure of the precipitates formed
in the Cu matrix at the initial stage of aging is d-Ni2Si and changes
little during aging. The lengths of the principal axes of the Cu/
d system, however, have changed from the under-aging state to the
over-aging state (Table 1). The differences in lattice parameter be-
tween the precipitates and the Cu matrix increase as the d pre-
cipitates grow larger. The lattice parameters of the RPs are closer to
the lattice parameters of a pure, strain-free powder obtained by
Toman [15], compared to those of the NPs.
3.2. Compositional change and growth mechanism

Fig. 4 shows the tomographies and compositions of the NP and
RP in the Cu-3.0Ni-0.72Si alloy on an atomic level obtained by APT,
revealing elemental distributions of Cu, Ni and Si. Fig. 4a shows the
tomographies of NPs, with the boundaries delineated as iso-
concentration surfaces containing 40 at% (Ni, Si). Fig. 4b shows the
compositional profiles plotted through one cross section of a single
NP, while the inset shows elemental distributions of Cu, Ni and Si in
the analyzed volume as indicated in Fig. 4a. Fig. 4c shows the to-
mography of a RP, highlighted by double-layer isoconcentration
surfaces. The inner surface (smooth surface) encompasses the re-
gion containing 95 at% or more (Ni, Si), while the outer surface
(mesh surface) encloses the region containing 33 at% or more (Ni,
Si). Fig. 4d shows the compositional profiles of Cu, Ni and Si through
one cross section of the RP.

The NP apparently contains Cu atoms across the whole NP and
the Cu concentration decreases rapidly from the surface towards
the core region of the NP. In the core region of the NP, the Si con-
centration does not change much, while the concentrations of Cu
and Ni are approximately complementary to each other. As the
atomic ratio of (Cu,Ni) to Si is close to 2, the NP can be identified as a
metastable d’-(Cu, Ni)2Si phase (d0).

The RP has two distinctive regions separated by the inner iso-
concentration surface (Fig. 4c), as indicated by the two inner ver-
tical dashed lines (Fig. 4d). The core region (I) contains Ni and Si
with a Ni/Si ratio of 2:1, showing a stable d-Ni2Si phase. The outer
region (II) is a 2-nm-thick layer around the core where Si ap-
proaches saturation and the concentrations of Cu and Ni are com-
plementary to each other, indicating a metastable d’-(Cu, Ni)2Si
phase at the interface between the RP and the Cu matrix.

According to the APT results above, a reasonable growth
mechanism of the precipitates, i.e. the coarsening from a NP to a RP
as illustrated in Fig. 5, can be put forward. At the initial stage of
aging, the metastable phase d’-(Cu,Ni)2Si with a d-Ni2Si crystal
structure, namely the NP, is formed on the {110}Cu planes. The
lattice parameters of the NP are dependent on the Cu content of the
NP. A high Cu content leads to lattice parameters closer to those of
the Cu matrix. The lattice mismatch between the NP and the Cu
Table 1
Lengths of the principal axes in the Cu/d system at different aging stages (unit Å)a.

Principal directions Cu matrix NPs RPs Toman's data [15]

½100�d=
�
3
2
3
2
0
�
Cu

7.668 7.09e7.36 7.01e7.08 7.06

½010�d=½110�Cu 5.112 5.01e5.10 4.93e5.02 4.99

½001�d=½001�Cu 3.615 3.64e3.67 3.67e3.72 3.72

a The lattice parameter of the Cumatrix is 3.615Å. The length of the principal axis
of d was obtained from the HRTEM images, using aCu¼ 3.615Å as the internal
standard.
matrix is reconciled by the coherent strain fields near the interface.
Due to the coordination of the composition and strain field at the
interface, the metastable phase d’-(Cu,Ni)2Si has a high coherency
with the Cu matrix, resulting in a parallel relationship among the
four pairs of conjugate planes. With prolonging aging time, the
metastable d0 phase grows as the Si content reaches the saturation
concentration and the Cu atoms in the metastable d0 phase are
continuously being substituted by external Ni atoms. When the
precipitate reaches a critical size, the core of the metastable
d0 phase turns into a stable d-Ni2Si precipitate. This d-Ni2Si core has
a relatively large difference in lattice parameter with the Cu matrix,
resulting in an interface stress. When the accumulation of the
interface stress reaches a critical stage, it is released by the for-
mation of interface defects, leading to a slight crystallographic
rotation and the reduction of strain fields.

3.3. Interpretation of OR evolution by 2DIL theory

The high coherency in the Cu/d system at the initial stage of
aging results in the parallel relations of four pairs of conjugate
planes. For a diffusion transformation, however, the lattice pa-
rameters change constantly during aging due to changing
elemental and stress conditions. Nonetheless, one pair of conjugate
planes, (111)Cu/(021)d, keeps the parallel relationship. The 2DIL
theory, which has been proved to be an efficient approach to pre-
dict the OR transformation between two phases [25,26], is applied
here to interpret the OR evolution between the precipitates and the
Cu matrix.

In the 2DIL theory, the OR transformation is determined by
lattice distortion and a rigid rotation on a certain plane to reduce
strain energy by forming an invariant line, although the real pro-
cess is actually affected by many factors such as composition, stress
state and interface defects. The transformation from ORNP to ORRP
can be described by a rotation around the normal direction of the
habit plane and can be treated as a 2DIL problem on the habit plane.
The rotation angle, q, to satisfy the 2DIL condition can be calculated
by Ref. [25]:

cos q ¼ ð1þ abÞ=ðaþ bÞ (1)

where a ¼ ½001�d
½001�Cu ¼

cd
aCu (>1) is an expansion along the [001]Cu di-

rection and b ¼ ½010�d
½110�Cu

¼ bdffiffiffi
2

p
aCu

(<1) is a contraction along the ½110�Cu
direction, making the d-Ni2Si lattice coincident with the Cu matrix
lattice.

The lattice correspondence between the d precipitate and the Cu
matrix, with the OR of (110)Cu jj(100)d and [001]Cu jj[001]d, is
schematically illustrated in Fig. 6a. Fig. 6b shows a continuum
representation of the lattice strain of Fig. 6a. The circle (Cu plane) is
transformed into an ellipse (d plane) and a small rotation (q) pro-
duces an invariant U.

According to the geometrical relationship (110)Cu jj(100)d and
[001]Cu jj[001]d, the rotation angle, s, to obtain the measured OR,
[110]Cu jj[100]d and (111)Cujj(021)d, can be calculated by:

s ¼ ArcTan
� ffiffiffi

2
p .

2
�
� ArcTanðbd=2cdÞ (2)

The difference between s and q signifies the angular deviation
between themeasured OR and the predicted OR. Fig. 6c is a contour
map showing the angular deviation (s-q) for different combina-
tions of bd and cd. It is shown that the maximum possible angular
deviation between the measured OR and the predicted OR is quite
small (�0.3�) when the lattice changes from NP to RP. As the most
probable path of the evolution of bd and cd during aging is the
diagonally downwards from left to right (showed in Fig. 6c by



Fig. 4. Atom probe analysis showing the tomography and composition of the NP ((a) and (b)) and RP ((c) and (d)). The vertical dashed lines show the positions of the iso-
concentration surfaces.

Fig. 5. Schematic diagram showing the coarsening of precipitates in Cu-Ni-Si alloys.

J. Yi et al. / Acta Materialia 166 (2019) 261e270266
arrow), the angular deviation between the measured OR and the
predicted OR is less than 0.1�. In other words, the prediction of the
2DIL theory matches the experimental results very well.
It is interesting to point out that the above rotation trans-
formation of the OR in the d/Cu system is similar to the Bain-to-NW
transformation in bcc/fcc systems (transformation from the Bain



Fig. 6. (a) Schematic illustration of the lattice correspondence between the d precipitate and the Cu matrix with OR (110)Cu jj(100)d and [001]Cu jj[001]d. Cerulean: average positions
of Ni/Si atoms. Earthy yellow: positions of Cu atoms. (b) Continuum representation of the lattice strain of (a). The circle (Cu plane) is transformed into an ellipse (d plane) and a small
rotation of q produces an invariant U. (c) A contour map showing the angular deviation (s� q) for different combinations of bd and cd (the arrow represents a probable path of the
evolution of bd and cd from the nascent precipitate (NP) to the ripe precipitate (RP) during aging). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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and Dunkirk [27] OR to the Nishiyama [28]eWassermann [29] OR).
Fig. 7a is a composite stereogram showing the four pairs of con-
jugate planes in bcc/fcc systems, with the Bain OR of {111}f/{110}b
(the subscripts f and b represent fcc and bcc, respectively) [27].
Rotating one pair of conjugate planes by 9.74� around [110]f or
½110�f leads to the NWOR [28]. Similarly, the four pairs of conjugate
planes in the d/Cu system ({111}Cu/{301}d and {111}Cu/{021}d) can
also be displayed on a composite stereogram in the same reference
Fig. 7. Composite stereograms of (a) Bain OR in bcc/fcc systems and (b) quasi-Bain OR in the
respectively.
frame ([001]Cu is equivalent to [001]f), as shown in Fig. 7b. A rota-
tion around [110]Cu or ½110�Cu can make one pair of conjugate
planes parallel, achieving a similar distribution as in Fig. 7a. The
ORNP in the d/Cu system can be treated as a quasi-Bain OR, while the
ORRP as a quasi-NW OR. Fig. 7b shows that the angle differences
between the conjugate planes in the d/Cu system are about 3�

smaller than that in the bcc/fcc system, indicating that a small
rotation could result in a transformation from the quasi-Bain OR to
d/Cu systems, showing that rotations around the axes lead to NWOR and quasi-NWOR,
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the quasi-NWOR. In other words, the difference in thermodynamic
energy between the quasi-Bain OR and the quasi-NW OR in the d/
Cu system is smaller than that between the Bain OR and the NWOR
in the bcc/fcc system. This can explain the fact that the quasi-Bain
OR between the NPs and the Cu matrix in the d/Cu system has been
observed, while the Bain OR has never been observed in conven-
tional bcc/fcc systems.

As shown in Fig. 7b, there are two types of the quasi-NW OR:
{111}Cuk{021}d and {111}Cuk{301}d. Each quasi-NW OR in the d/Cu
system can be derived by either the clockwise or counterclockwise
rotations because of the chiral symmetrical relationship. In other
word, the transition from the ORNP to the ORRP can follow two
paths. Jia et al. [18] reported that there are six d variants for each
quasi-Bain OR. As a consequence, there would be 12 variants of
plate-shaped d lying on the {110}Cu planes in a crystalline Cu grain
during the transition from the ORNP to the ORRP at the over-aging
stage. Table 2 lists the 12 d variants each calculated for the three
different zone axes or beam directions.
3.4. Interpretation of morphology evolution by 3DIL theory

The 3DIL theory is a phenomenological theory of phase-
transformation crystallography capable of explaining morpholog-
ical features of precipitates when a measured OR is given [30e34].
It is more accurate than the 2DIL theory in mathematically
describing the morphology of the precipitates during trans-
formation. Fujii et al. [31] and Luo & Dahmen [32] successfully
explained the morphologies of the Cr precipitates in Cu/Cr systems
using the 3DIL theory. They obtained the invariant line and habit
plane by solving the eigensystems of the transformation matrix.
Specifically, the eigenvector with the least eigenstrainwas regarded
approximately as the invariant line. The habit plane was formed by
the invariant line and another eigenvector with a small eigenstrain.
The cross products of the eigenvectors were used to predict some of
the major facets of the precipitates [30e32,35].

We can apply the 3DIL theory to the Cu/d system to explain the
morphological features of the precipitates. Although the Cu/d sys-
tem is not a typical fcc/bcc system, we can borrow the concepts
from the fcc/bcc system, namely Bain correspondence, Bain
distortion and Rs rotation (Rs is the rotation matrix) to determine
the transformation matrix. The terms generalized Bain correspon-
dence and generalized Bain distortion are used here to extend these
Table 2
Calculated zone axes of the 12 variants of precipitates for beam directions of [110]Cu, [11

Variant [110]Cu

P1 ½110�Cu
������½100�d; ð111ÞCu������ð021Þd ½100�d

p2 ½110�Cu
������½100�d; ð111ÞCu������ð021Þd ½100�d

p3 ½101�Cu
������½100�d; ð111ÞCu������ð021Þd ½0:362 0:530 0:9

p4 ½101�Cu
������½100�d; ð111ÞCu������ð021Þd ½0:362 0:494 0:9

p5 ½011�Cu
������½100�d; ð111ÞCu������ð021Þd ½0:362 0:494 0:9

p6 ½011�Cu
������½100�d; ð111ÞCu������ð021Þd ½0:362 0:530 0:9

p7 ½110�Cu
������½100�d; ð111ÞCu������ð021Þd ½0 1:024 0:034�d

p8 ½110Cu
�����½100�d; ð111ÞCu�����ð021Þd ½0 1:024 0:034�d

p9 ½101Cu
������½100�d; ð111ÞCu������ð021Þd ½0:362 0:494 0:9

p10 ½101Cu
�����½100�d; ð111ÞCu�����ð021Þd ½0:362 0:530 0:9

p11 ½011�Cu
����½100�d; ð111ÞCu����ð021Þd ½0:362 0:530 0:9

p12 ½011�Cu
������½100�d; ð111ÞCu������ð021Þd ½0:362 0:494 0:9

**Lattice parameters used for calculations: aCu¼ 3.615Å, ad¼ 7.06Å, bd¼ 4.99Å, cd¼ 3.7
concepts to non-fcc/bcc systems.
Fig. 8 is schematic illustrations of the precipitation crystallog-

raphy in the Cu/d system based on the 3DIL model, using the OR of
(111)Cujj(021)d and [110]Cujj[100]d as an example. The phase
transformation with the ORNP can be mathematically decomposed
into generalized Bain correspondence (B) (Fig. 8a), generalized Bain
distortion (D) (Fig. 8b) and Rs rotation (Fig. 8c).

The generalized Bain distortion matrix in the Cu matrix refer-
ence frame can be expressed as:

DCu ¼ B�1,Dd,B (3)

where B is the generalized Bain matrix and Dd is the generalized
Bain distortion matrix in the d reference frame, and they are:

B ¼
2
4 1=3 1=3 0
�1=2 1=2 0
0 0 1

3
5 (4)

and

Dd ¼

2
666666664

ad
1:5

ffiffiffi
2

p
aCu

0 0

0
bdffiffiffi
2

p
aCu

0

0 0
cd
aCu

3
777777775

(5)

According to the geometrical relationship shown in Fig. 8b and
given the lattice parameters of aCu¼ 3.615 Å, ad¼ 7.06Å,
bd¼ 4.99Å and cd¼ 3.72Å, the rotationmatrix can be expressed as:

Rs ¼
2
4 0:99985 0:00015 0:01746

0:00015 0:99985 �0:01746
�0:01746 0:01746 0:99970

3
5 (6)

Given the relationship and values in Eqs. (3)e(6), the phase
transformation matrix can be obtained as:

A ¼ Rs,DCu ¼
2
4 0:94820 �0:02756 0:01796
�0:02756 0:94820 �0:01796
�0:01704 0:01704 1:02873

3
5 (7)

Table 3 lists the calculated eigensystems (eigenvectors,
1]Cu and [112]Cu**.

[111]Cu [112]Cu

½0:724 0:018 0:971�d ½0:724 0:036 1:943�d
½0:724 0:018 0:971�d ½0:724 0:036 1:943�d

54�d ½0:724 0:018 0:971�d ½1:086 0:494 0:988�d
88�d ½0:724 0:018 0:971�d ½1:086 0:530 0:954�d
88�d ½0:724 0:018 0:971�d ½1:086 0:530 0:954�d
54�d ½0:724 0:018 0:971�d ½1:086 0:494 0:988�d

½0 1:006 1:005�d ½012�d
½0 1:042 0:938�d ½0 1:060 1:909�d

88�d ½0 1:006 1:005�d ½0:362 1:518 1:022�d
54�d ½0 1:042 0:938�d ½0:362 1:554 0:920�d
54�d ½0 1:042 0:938�d ½0:362 1:554 0:920�d
88�d ½0 1:006 1:005�d ½0:362 1:518 1:022�d

2Å.



Fig. 8. Schematic illustrations of the 3DIL precipitation crystallography model in the Cu/d system: (a) generalized Bain correspondence, (b) generalized Bain distortion and (c) Rs
rotation resulting in the ORRP.

Table 3
Eigenvectors, eigenvalues, eigenstrains and eigenplanes calculated by the 3DIL theory for several selected precipitates.

Precipitates Lattice
parameters

ORs Eigenvectors Eigenvalues Eigenstrains Eigenplanes

In Fig. 9a ad¼ 7.06
bd¼ 5.02
cd¼ 3.67

½110�Cu
��½100�dð111ÞCu���ð021Þd X1¼ ½112�Cu 1.004 0.4% F1 ¼ X1� X2 ¼ ð110ÞCu

X2¼ ½1 1 0:96�Cu 0.993 �0.7% F2 ¼ X1� X3 ¼ ð111ÞCu
X3¼ ½110�Cu 0.921 �7.9%

In Fig. 9b and
c

ad¼ 7.06
bd¼ 4.99
cd¼ 3.72

½110�Cu
��½100�dð111ÞCu���ð021Þd X1¼ ½112�Cu 1.012 1.2% F1 ¼ X1� X2 ¼ ð110ÞCu

X2¼ ½1 1 0:94�Cu 0.993 �0.7% F2 ¼ X1� X3 ¼ ð111ÞCu
X3¼ ½110�Cu 0.921 �7.9% F4 ¼ X2� X3 ¼ ð1 1 2:11ÞCu~3.69�

measuredð1 1 1:84ÞCu
In Refs. [5,22

e24]
ad¼ 7.06
bd¼ 4.99
cd¼ 3.72

½110�Cu
��½010�dð111ÞCu��ð301Þd X1’¼ ½112�Cu 0.994 �0.6% X10 � X30 ¼ ð111ÞCu

X2’¼ ½110:89�Cu 0.953 �4.7% X10 � X20 ¼ ð110ÞCu
X3’¼ ½110�Cu 0.976 �2.4%

2DIL
prediction

ad¼ 7.06
bd¼ 4.99
cd¼ 3.72

½110�Cu
��½100�dð111ÞCu���ð0 2 0:996Þd with 0.095�

away from ð021Þd

V1¼½1 1 1:49�Cu 1.004 0.4% V1� V2 ¼ ð110ÞCu
V2¼½1 1 1:28�Cu 1.000 0%

V3¼½110�Cu 0.9206 �7.94%
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eigenvalues, eigenstrains and eigenplanes) of the phase trans-
formation matrix for the OR of (111)Cujj(021)d and [110]Cujj[100]d,
corresponding to the RPs shown in Fig. 9. For both the RP in Fig. 9a
and the RPs in Fig. 9b and c (they have slightly different input lattice
parameters), the strains along the eigenvectors X1 and X2 are small
and so does the angle between them. X3 is perpendicular to X1 and
X2 and has a large strain. From the least-strain point of view, the
plane containing X1 and X2, the (110)Cu plane, can easily develop
into the habit facet F1, with the X3 being the thickness direction.
Indeed, Fig. 9 shows that F1 is the habit plane, F2 is the major facet
on the edge of the habit plane, and F4 is close to themeasured plane
ð1 1 1:84ÞCu, with a small difference of 3.69�. These eigenplanes can
also be observed in Fig. 3.

Table 3 also lists the calculated eigensystems of the phase
transformation matrix for the OR of (111)Cujj(301)d and
[110]Cujj[010]d, corresponding to the precipitates reported in the
previous works [5,22e24]. The phase transformation matrix for the
Fig. 9. Bright-field TEM images showing RPs in the Cu-3.0Ni-0.72Si al
OR was also determined using Eqs. (3)e(7) using values specific to
the OR. The results show that the strains for the eigenvectors X10,
X20, X30 are �0.6%, �4.7% and �2.4%, respectively, for the OR of
(111)Cujj(301)d and [110]Cujj[010]d. Only X10 has a small strain, while
X20 and X30 have relatively large strains. This means that it is much
easier for the precipitate to grow along X10 than along X20 and X3’.
This prediction agrees well with the observations in the previous
works [5,22e24] that the discontinuous d precipitates with the OR
of (111)Cujj(301)d and [110]Cujj[010]d lie on the (111)Cu planes and
exhibit a fiber-like shape rather than a plate-like shape.

Actually, the lattice parameters of the precipitates change
continuously during aging because of the diffusion nature of the
phase transformation. Accordingly, the eigenvector with the
smallest strain changes as well. Comparing with Fig. 9a and b, the
precipitate's growth path can be inferred from the observations of
precipitates of different lattice parameters showed in Table 3.
When the lattice parameters of precipitate deviate from the those
loy, viewed along (a) <1 1 0>Cu, (b) <1 1 0>Cu and (c) <1 1 1>Cu.
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of the standard powder (Fig. 9a), the precipitate can grow much
easily along the X1 direction, because it has the smallest strain,
leading to the formation of the F2 facet. When the lattice param-
eters of precipitate become similar to those of the standard powder
(Fig. 9b), the direction for the easiest growth changes to X2, and the
F4 facet is formed.

For comparison, the OR predicted by the 2DIL theory was also
used to calculate the eigenvectors V1, V2 and V3 and they are also
listed in Table 3. Apparently, an eigenvector strictly satisfying the
invariant line condition was obtained due to the self-consistency of
the 2DIL model. However, the 2DIL model cannot used to examine
the facets except for the habit plane. The 3DIL theory is needed to
interpret the precipitate morphology.

4. Conclusions

1. The main precipitates of the Cu-3.0Ni-0.72Si alloy at the early
stage of aging are fine metastable d’-(Cu,Ni)2Si precipitates
coherent with the matrix. The d’- (Cu,Ni)2Si precipitates have a
d-Ni2Si structure, with a portion of the Ni atoms substituted by
Cu atoms. During growth, the core region of the metastable d’-
(Cu,Ni)2Si precipitate transforms into stable d-Ni2Si, while a
layer of metastable d’- (Cu,Ni)2Si still exists around the core.

2. The evolution of the ORs between the precipitates and the
matrix in the Cu/d system is similar to the Bain-to-NW trans-
formation in conventional fcc/bcc systems. The OR between the
metastable NP (d’- (Cu,Ni)2Si) and the Cu matrix is a quasi-Bain
OR, (110)Cujj(100)d0 and [001]Cujj[001]d0, with four pairs of par-
allel conjugate planes, (301)d’jj(111)Cu, (301)d’jj(111)Cu,
(021)d’jj(111)Cu, and (021)d’jj(111)Cu. With the growth of the
metastable NP to the stable RP (d-Ni2Si), the quasi-Bain OR turns
into a quasi-NW OR, (111)Cujj(021)d and [110]Cujj[100]d, with
ð111ÞCu∦ð301Þd, ð111ÞCu∦ð301Þd, and ð111ÞCu∦ð021Þd. Twelve
chiral d-Ni2Si variants formed under this new quasi-NWOR. The
conventional OR of [110]Cujj[010]d and (111)Cujj(301)d is another
type of the quasi-NW OR.

3. The RPs have a plate-like morphology. The broad facets are the
habit plane (100)d and there are two pairs of flat facets, (021)d
and (021)d, at the edges of the habit plane.

4. The transformation from ORNP to ORRP can be successfully
explained by the 2DIL model. The relationship between the
morphologies and the ORs in the Cu/d system can be well
interpreted by the 3DIL model. The precipitates with the OR of
[110]Cujj[100]d and (111)Cujj(021)d tend to grow two-
dimensionally to form a plate-like shape, while those with the
OR of [110]Cujj[010]d and (111)Cujj(301)d tend to grow one-
dimensionally to form a fiber-like shape.
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