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Abstract—It was found that deformation by the uniaxial compression scheme (while measuring mechanical
properties under isothermal conditions) at 600–800°C leads to a significant refinement of the grain structure,
which increases the strength and ductility of Cu–13.95 wt % Al–3.98 wt % Ni alloy, experiencing thermo-
elastic martensitic transformation and related shape memory effects. The structural and phase composition
features were studied using scanning and transmission electron microscopy and X-ray diffraction.
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Alloys based on the Ti–Ni and Cu–Al systems and
a number of others represent a class of materials with
shape memory effects (SMEs), which are caused by
thermoelastic martensitic transformations (TMTs)
[1]. It is known that special requirements of high long-
term reliability during operation under cyclic changes
in a fairly wide temperature range [2] are required for
the service characteristics of devices made of SME
alloys. However, despite the variety of developed
materials with the SME, even in the case of Ti–Ni
alloys with an unique complex of mechanical proper-
ties, only their binary compositions are widely used,
and in a narrow doping range (from 49.5 to 50.5 at %
Ni) [2]. Copper alloys of the Cu–Al, Cu–Al–Ni, and
Cu–Al–Zn systems are characterized by better ther-
mal and electrical conductivity and manufacturability,
as well as lower cost, in comparison with Ti–Ni, and
they have superior SME characteristics in the single-
crystal state [1–6]. At the same time, the overwhelm-
ing majority of nonferrous alloys with the SME,
including copper-based β alloys, in the usual polycrys-
talline state have extremely low ductility, cyclic
strength, and durability that does not allow the imple-
mentation of their inherent SME [1, 6, 8–12], in con-
trast to Ti–Ni [1, 2, 7].

One of the main specific reasons for the brittleness
of metastable copper β bcc alloys with respect to
TMTs is a high anisotropy of elastic moduli A =

C44/C ', close to 12–13 [13], in contrast to elastically
isotropic and ductile titanium nickelide alloys, for
which A = 1–2 [14]. When highly anisotropic elastic
stresses accumulate in alloys due to TMTs, they are
localized primarily at grain boundaries, drastically
weakening them, especially in coarse-grained (CG)
alloys [1, 6]. Other causes of severe embrittlement are
the high localization of impurities and precipitates of
excess phases at the grain boundaries and, as a rule,
coarse- and differently grained copper alloys [1, 6, 15,
16].

It is known that, due to the decrease in grain size, it
is possible to significantly increase the strength and
plastic properties of Ti–Ni [7] and Cu–Al–Ni [6, 9,
11, 16–18] alloys. To grind the grain structure in such
alloys, attempts have been made to use various alloy-
ing additives, methods of synthesis and processing:
heat treatment and forging [17, 18], thermal cycling
under load [4], and ultrafast casting of the melt [11,
16]. The methods of torsion under pressure and equal-
channel angular pressing have proven to be an effective
way to obtain fine-grain (FG) and ultrafine grain
alloys [7, 17–20]. In the present work, for Cu–Al–Ni
alloy with a TMT and SME, a new method of warm
controlled precipitation was used at temperatures
above the eutectoid decay boundary; for the first time,
we studied the features of microstructure formation,
118
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Fig. 1. Stress–strain curves of deformation of Cu–14Al–
4Ni alloy obtained by compression tests at (a) (1) 600,
(2) 700, and (3) 800°C and (b) under subsequent tension at
temperatures of (1) 20, (2) 700, and (3) 800°C after upset-
ting.
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mechanical properties, and destruction mechanisms
of the alloy after various external effects.

One of the most studied alloys, including in the
above-mentioned works [1–6, 8–13, 15–18], was
selected for study—Cu–13.95 wt %–Al 3.98 wt % Ni
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Table 1. Mechanical properties during uniaxial compres-
sion at temperatures of 600, 700, and 800°C

T, °C σu, MPa σy, MPA εst, % εf, %

600 1600 70 50 95
700 2000 50 20 70
800 2000 50 10 55
(Cu–14Al–4Ni), obtained from Cu, Al, and Ni with
a purity of 99.99%. The ingot was homogenized at
900 ± 25°C; then, at 950°C it was rolled into a bar with
a cross section of 20 × 20 mm. After repeated heating
at 950°C (10 min), the alloy was quenched in water at
room temperature. Uniaxial compression was carried
out in an Instron 8862 electromechanical measuring
system equipped with an electric furnace under iso-
thermal conditions at temperatures of 600–800°C on
standard cylindrical alloy samples with a diameter d0 =
7.5 mm and height h0 = 9.2 mm at a test speed of
1 mm/min. The spectral chemical composition and
phase composition were studied by X-ray diffraction
on the initial cast CG sample (with grain sizes up to
1 mm) and the resulting FG samples resulting from
precipitation. Microstructural studies were carried out
using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) with the equip-
ment of the Center for Collective Use of the Institute
of Metal Physics, Ural Branch, Russian Academy of
Sciences, after sample preparation by fine mechanical
grinding, chemical etching (for SEM), and finish
electrolytic thinning (for TEM).

In the course of testing the mechanical properties
in the process of isothermal compression in the auste-
nitic state at 600, 700, and 800°C, high mechanical
characteristics of the alloy were established (Fig. 1a,
Table 1). Starting from low stresses of yield strength σy
(less than 100 MPa), the alloy experienced uniform
deformation εst (up to 50% at 600°C), then, at the final
stage of plastic deformation up to destruction εf (up to
95%), it experienced strong deformation strengthen-
ing at high ultimate strength σu. It was found that,
during compression, specific processes of continuous
dynamic recrystallization take place under the impact
of load, which was first minimal at the steady-state
stage of uniform plastic f low and, then, increased
sharply (up to 2 GPa). As a result, this led to the for-
mation of an equal axis FG structure in the initial CG
alloy, the average dimensions of which turned out to
be an order of magnitude smaller than according to
SEM data and amounted to 300 and 100–120 μm after
precipitation testing at temperatures of 600 and 700—
800°C (Figs. 2a, 2b). Upon cooling to room tempera-
ture, TMT occurred with the appearance of thin-plate
martensite, usually with single-packet micromorphol-
ogy within grains (Fig. 2b) in the FG alloy. The exis-
tence of a pairwise twin structure of packet martensite
follows from the analysis of TEM data (Fig. 2c).
0

Table 2. Mechanical properties during tensile tests of alloy
at room temperature

Treatment σu, MPa σm, MPa δf, % εm, %

Quenching at 950°C 500 300 6 −
Precipitation at 700°C 1600 80 14 3
Precipitation at 800°C 1100 80 16 2
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Fig. 2. (a, b) SEM and (c) TEM images of the microstructure of alloy after hot upsetting at (a) 600 and (b, c) 700°C.

100 �m 100 �m 750 nm

(a) (b) (c)
The results of subsequent mechanical tests under
tension of alloy in a martensitic state are presented in
Fig. 1b. The characteristics of FG alloy after precipi-
tation were measured at 700 and 800°C, and CG alloy
was compared in the initial state after forging at 950°C
and quenching (Table 2). A unique feature of mechan-
ical behavior of FG alloy under tension after precipi-
tation was the appearance of a state of martensitic
nonelastic pseudofluidity, which was εm 2–3% at low
stress of the beginning of reorientation of twin marten-
sitic structure (σm < 100 MPa). When the load is fur-
ther increased, deformation takes place under condi-
tions of strong strengthening and finishing by the
destruction of samples at high σu after significant plas-
tic deformation for such alloys δf = 14–16% (curves 2,
3 in Fig. 1b). Curve 1 shows the low strength and plas-
tic properties of the initial CG alloy, on the other
hand.

A typical fractographic image of fractures after ten-
sile testing of the alloy is shown in Fig. 3. Despite
TEC

Fig. 3. Typical SEM image of a viscous–brittle fracture
surface after mechanical tensile tests of alloy subjected to
upsetting at a temperature of 700°C.

5 �m
a rather large plastic deformation and uniform elonga-
tion (14–16%), according to the type of fracture sur-
faces, it can be concluded that fracture occurred
simultaneously by viscous and quasi-brittle mecha-
nisms. On the fracture surface of discontinuous sam-
ples after precipitation, cup- and ridge-shaped zones
of viscous fracture and smooth chips and cracks were
visible, both at the grain boundaries and at the bound-
aries of dispersed martensite packets (Fig. 3). How-
ever, in this case, the linear dimensions of the f lat ele-
ments of the fracture surfaces were more than an order
of magnitude smaller than the grain sizes, which
implies that quasi-brittle fracture occurred primarily
along the interfaces of dispersed martensite packets.

Thus, in uniaxial compression in a testing machine
within the temperature range of 600–800°C, the plas-
ticization effect was found of the Cu–13.95 wt % Al–
3.98 wt % Ni alloy as a result of its dynamic recrystal-
lization into the austenite FG structure, which is
capable of developed plastic deformation. Subsequent
cooling to room temperature, without changing the
FG structure, led to the appearance of martensite of
single-packet morphology with a uniform distribution
of dispersed pairwise twin martensitic crystals over the
alloy volume, which ensured favorable accommoda-
tion of elastic bulk and shear stresses due to the TMT.
As a result, destruction of the FG alloy under uniaxial
tension occurred after significant hardening and plas-
tic deformation by viscous small-pit and viscous–brit-
tle (along the boundaries of dispersed packets) intra-
granular fracture mechanisms, which resulted in its
increased ductility and viscosity in the martensitic
state.
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