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In this review the precipitation phenomenon and age-hardening response in
Cu–Ti alloys founded on the Ukrainian and Russian authors investigations
mainly was discussed. At that point, it was especially underlined that a
mechanism of the early stage of the decomposition was not as spinodal one
(American authors point of view) but more likely as a nucleation of fine-
scale coherent precipitates of the metastable α′-phase (Cu4Ti). The kinetics
of the continuous and discontinuous (cellular) precipitation; the morpholo-
gy of the metastable α′-phase and stable β-phase precipitation; an influence
of the external effects (plastic and ultrasonic deformation, external pres-
sure, radioactive irradiation) on these processes; the nature of the high
age-hardening response in Cu–Ti alloys and the reversion phenomenon was
considered. It was postulated that these alloys could replace the beryllium
bronze successfully according to their mechanical properties.

Âèêîíàíî îãëÿä îðèã³íàëüíèõ äîñë³äæåíü óêðà¿íñüêèõ òà ðîñ³éñüêèõ
àâòîð³â, ÿê³ â³äíîñÿòüñÿ äî âèâ÷åííÿ ÿâèùà âèä³ëåííÿ ³ çì³öíåííÿ ïðè
ñòàð³íí³ Cu–Ti ñïëàâ³â. Ïðè öüîìó îñîáëèâî ï³äêðåñëåíî, ùî ìåõàí³çì
íàâ÷àëüíèõ ñòàä³é ðîçïàäó íå º ñï³íîäàëüíèì (òî÷êà çîðó àìåðèêàíñü-
êèõ àâòîð³â), à ñêîð³øå ÿâëÿº ñîáîþ çàðîäêóâàííÿ äèñïåðñíèõ ÷àñòèíîê
êîãåðåíòíî¿ ìåòàñòàá³ëüíî¿ α′-ôàçè (Cu4Ti). Â îãëÿä³ òàêîæ ðîçãëÿíèò³
çàêîíîì³ðíîñò³ ê³íåòèê³, ìîðôîëîã³¿ íåïåðåðâíîãî òà ïðåðèâ÷àòîãî
(êîì³ðêîâîãî) ðîçïàäó, ìîðôîëîã³ÿ âèä³ëåííÿ ìåòàñòàá³ëüíî¿ α′- ³
ñòàá³ëüíî¿ β-ôàç; âïëèâ çîâí³øíèõ ÷èíèê³â (ïëàñòè÷íî¿ òà óëüòðîçâóêî-
âî¿ äåôîðìàö³¿, çîâí³øíüîãî òèñêó, ðàä³îàêòèâíîãî îïðîì³íþâàííÿ) íà
ö³ ïðîöåñè; ìîæëèâ³ ìåõàí³çìè íàäçâè÷àéíîãî çì³öíåííÿ ñòàð³þ÷èõ
Cu–Ti ñïëàâ³â òà ÿâèùå çâîðîòó ì³öíîñò³. Çðîáëåíî âèñíîâîê, ùî ïî
ñâî¿õ ìåõàí³÷íèõ âëàñòîâîñòÿõ ö³ ñïëàâè ìîæóòü ç óñï³õîì çàì³íèòè áå-
ðèëüîâó áðîíçó.

Ïðîâåäåí îáçîð ðåçóëüòàòîâ ïðîöåññîâ ñòàðåíèÿ Cu–Ti ñïëàâîâ, ñîïðîâî-
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æäàþùèõñÿ èõ íåîáû÷íî âûñîêèì óïðî÷íåíèåì, îñíîâàííîé â îñíîâíîì
íà èññëåäîâàíèÿõ óêðàèíñêèõ è ðîññèéñêèõ àâòîðîâ. Ïðè ýòîì îñîáî
ïîä÷åðêíóòà ìàëàÿ âåðîÿòíîñòü ñïèíîäàëüíîãî ìåõàíèçìà â ýòèõ ñïëà-
âàõ (òî÷êà çðåíèÿ àìåðèêàíñêèõ àâòîðîâ). Ïîëó÷åííûå ýêñïåðèìåíòàëü-
íûå äàííûå óêàçûâàþò íà áîëüøóþ âåðîÿòíîñòü çàðîäûøåîáðàçîâàíèÿ
äèñïåðñíûõ çàðîäûøåé ìåòàñòàáèëüíîé êîãåðåíòíîé α′-ôàçû (Cu4Ti). Â
îáçîðå ðàññìîòðåíà êèíåòèêà è ìîðôîëîãèÿ íåïðåðûâíîãî è ïðåðûâèñòî-
ãî (ÿ÷åèñòîãî) âûäåëåíèÿ ìåòàñòàáèëüíîé α′- è ñòàáèëüíîé β-ôàç; âëèÿ-
íèå âíåøíèõ âîçäåéñòâèé (ïëàñòè÷åñêîé è óëüòðàçâóêîâîé äåôîðìàöèè,
âíåøíåãî äàâëåíèÿ è ðàäèîàêòèâíîãî îáëó÷åíèÿ) íà ýòè ïðîöåññû; âîç-
ìîæíûå ìåõàíèçìû âûñîêîãî óïðî÷íåíèÿ ñîñòàðåííûõ Cu–Ti ñïëàâîâ è
ÿâëåíèå âîçâðàòà òâåðäîñòè. Ñäåëàí âûâîä, ÷òî ïî ñâîèì ìåõàíè÷åñêèì
ñâîéñòâàì ýòè ñïëàâû âïîëíå ìîãóò çàìåíèòü áåðèëëèåâóþ áðîíçó.

Key words: an aging, modulated structure, coherency, satellites, precipita-
tion, decomposition reversion.
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1. Introduction

It is well known that since the 20-th years of the XX century the
age-hardened alloys have been found a wide application in various
kind of the human business. For example, they are needed for man-
ufacturing the various engineering materials, particularly alu-
minum for aircraft industry, hard magnets, refractory materials
etc. Here we would like to make the accent on age-hardened alloys
with both high elastic and electrical conductivity properties. At the
present time the champion among these alloys is the beryllium
bronze [1]. This material has very high strength properties after
aging (U.T.S. = 1300–1500 MPa; Y.S. = 1000–1100 MPa;
E.L. = 900–1000 MPa but δ = 1–3%). Along with that it possesses
good electrical conductivity properties (1/ρ = 12.5⋅10−4 Om−1cm−1)
that makes the beryllium bronze as large-scale product for the
springs, elastic conducting contacts, elastic diaphragms and others
elastic elements manufacturing. In spite of these unique mechanical
properties this material has a very big shortcoming — it production
connects with large ecological danger since the gasiform beryllium
oxide formed at that is very toxic. Moreover, the beryllium bronze
is very sensitive to the heat treatment regimes, a deviation from
that leads often to the spoilage. Along with that, the utilizing tem-
perature of Cu–Be has not to exceed 150°C since higher it the creep
process takes place.

The all this forces to sick new high strength materials with good
electrical conductivity. Such materials could be copper–titanium
alloys with high age-hardening response [2]. The age hardening of
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these alloys containing 1–5 wt.% Ti has been known since the 1930s
[3–5]. Then Cu–Ti alloys have kept an eye of researchers in 1950s
[6]. But the main interest to these alloys has emerged when inde-
pendently one after another the satellite reflections (sidebands)
flanked the Brag’s ones on the powder X-rays films were reported in
our short communication [7] and in the letters to the editor by Jack
Manenc [8]. After that two corresponding papers were published in
1960 [9, 10]. For an explanation this phenomenon these authors
used Daniel’s and Lipson’s model [11] where the satellite appearance
have been accounted for the periodical (sinusoidal) distribution of an
alloying element concentration in the one of the crystal direction. On
other words, this model described the periodical distribution of
coherent precipitations in this crystal direction. It was called as
‘modulated structure’ (m.s.) [11]. Whereupon, the more realistic
models were treated since it turned out that the satellites had dif-
ferent intensity or different position with respect to Bragg’s reflex-
es on the X-rays films [12–17]. Some of these models [12, 13] have
used Guinier’s one-dimensional complex [18] or three-dimensional
complexes for explanation these pictures [15, 16]. The competence
of these models application was based on a ground that in some age-
hardening alloys (Co–Ti [17], Co–Cu [18]) the satellites appearance
did not correspond to the periodical precipitates distribution and
such regular morphology was created during particles growth only.

An important breakthrough in the understanding the precipita-
tion reaction in Cu–Ti super saturated solid solutions during aging
occurred when in works [10, 21–24] the formation of the metastable
intermediate α′(β′)-phase was established. At first it was concluded
that α′-phase had f.c.t. lattice with the constants a = 0,369 nm;
c = 0.362 nm [10, 21, 22]. But in subsequent works [23, 24] it was
claimed that its structure was similar to D1a (b.c.t.) superstructure
with the composition Cu4Ti.

The main task of this review article is to acquaint the readers, the
foreigner especially, with the results of the age-hardening Cu–Ti
alloys investigations obtained by Russian and Ukrainian authors.

2. The Mechanisms of Decomposition in Cu–Ti Alloys

According to recent version of the Cu–Ti phase diagram (Fig. 1) [25]
the terminal f.c.c. Cu-rich solid solution (α) is in equilibrium with
β(Cu3Ti or Cu4Ti)-phase with orthorhombic lattice (space group
Pnma) [26, 27].

Moreover, it was found that in the β-phase the polymorphic trans-
formation might be realized [27] (Fig. 2). At the same time, the
coherent α′-phase solvus curve was constructed in Cu-rich part of
the Cu–Ti phase diagram [25] (Fig. 3).
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Fig. 1. The Cu–Ti equilibrium phase diagram [27].

Fig. 2. The Cu-rich portion of Cu–Ti diagram showing the polymorphic
transformation in Cu4Ti phase [27].
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At the beginning of Cu–Ti alloys investigations most studies have
utilized X-ray diffraction methods being analyzed diffuse scattering
[7–10, 13–18]. According to these data the precipitation sequence in
this system was presented as: s.s.s. → m.s. → metastable Cu4Ti
α′(β′)-phase → stable Cu3Ti β-phase precipitation.

Here s.s.s. — terminal super saturated solid solution Ti in Cu;
m.s. — modulated structure: periodical distribution of the solute-
lean and solute riche regions in [100] crystal direction. It should be
remarked that X-ray analysis did not show any diffuse scattering
near the matrix reflexes in the quenched state of the Cu–Ti alloys
with 3–5 wt.% Ti [7–10]. Only after aging these alloys at the tem-
peratures 300–500°C the additional diffuse maxima — satellites
flanked the main reflexes could be observed. At the same time, it is
necessary to underline the following peculiarity. As a rule, the
‘satellite’ stage of the decomposition of Cu–Ti alloys was character-
ized by narrow matrix reflexes and by invariable of the average
parameter a of its lattice [7–9]. This result may indicate that ‘true
precipitation’ does not occur and the ‘satellite’ stage corresponds to
the formation of some concentration heterogeneities — periodical

Fig. 3. The measured metastable α′ (D1a) coherent solvus curve in Cu-rich
region [25].
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concentration waves or zones (complexes) that does not create the
elastic strains in a matrix. As it will be discussed later, TEM analy-
sis showed that these heterogeneities represent the individual zones
(complexes) distributed arbitrary in a matrix rather than continu-
ous concentration waves. This complexes have particular interior
construction [15, 16] and largely coherent with a matrix. Probably
their composition is close to a matrix and the presence the satellites
flanked the matrix reflexes may speak both about structural and
optical coherence.

Undoubtedly, the utilizing of the transmission electron
microscopy (TEM) in the precipitation studying in Cu–Ti alloys has
enabled to define the details of this phase transformation more
exactly [28–33]. In the early investigations [28–30] it has been
found that the quenched state of the Cu–Ti alloys with 4–5 wt.% Ti
had been heterogeneous. In this case these heterogeneities have had
the equiaxial shape, the middle size about 6–8 nm and arbitrary dis-
tributed in a matrix. In this point, only sick satellites were observed
in the electron selected area diffraction pattern. Such precipitation
morphology did not change after aging at 300°C, 1 h (Fig. 4). At
that, the middle size of the heterogeneities was ∼ 8–10 nm [29]. In
Fig. 4 the dark-field image of such structure is represented too. It
got in the matrix reflexes for receiving more correct picture of these
heterogeneities since its superstructure reflexes were almost invisi-
ble. These results allowed to suppose that these heterogeneities
might be described by Guinier’s complex but only in three-dimen-
sional mode [15, 28, 29].

Fig. 4. An electron microstructure of  Cu–5 wt.% Ti alloy aged at 300°C,
1 h: a — bright field; b — dark field in the 220 matrix reflex [29].
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On the other hand, in [31–33] the quite different TEM contrast
was observed in the quenched state of Cu–Ti alloys almost the same
composition as early as (Fig. 5).

The authors of the work [33] concluded that this micrograph
clearly indicated on clustering during the Cu–Ti quench giving rise
to matrix strain contrast striations along the traces of the {100}
matrix planes.

In accordance with [34], this picture corresponds to three-dimen-
sional macro-lattice composing the coherent Cu4Ti phase particles.
The presence of that contrast initiated the authors [2, 24, 33] to con-
clude the spinodal decomposition mode during quenching of the
Cu–Ti alloys containing more 1 wt.% Ti. At that, very week super-
structure reflexes of that phase were found in the quenched state
[33]. Incidentally, this observation does not look in favor of this
mechanism of the early stage of the decomposition since Cahn’s the-
ory of the spinodal transformation postulates in this case concentra-
tion waves presence that are small in the amplitude and are large in
the length. More attractive mechanism of the early stage of Cu–Ti
alloys aging is the concentration heterogeneities — nucleuses of the
coherent Cu4Ti phase formation during quenching as in the case of
Ni base alloys [35]. For example, the presence of the precipitates
contrary to concentration waves was indicated in such ‘spinodal’
alloys as Cu–Ni–Fe ones [36]. However, the different morphology of
Cu4Ti phase precipitation (non-periodical [28–30] and periodical
[33]) experimentally observed in the quenched Cu–Ti alloys with
3–5 wt.% Ti does not understand completely. Perhaps it may be
explained by various conditions of the alloys producing and quench-
ing. Moreover, until now don’t appear any HREM results that could
indicate on the singular ordering in the terminal solid solution of
the Ti in the Cu as in the case of the Al–Li alloys, for example [37].

Fig. 5. Periodic strain contrast along (200) matrix direction corresponding
to quenched microstructure of Cu–4 wt.% Ti [33].



Hence, we hold the opinion that the mechanism of the early stage
of the decomposition in Cu–Ti alloys consists in the precipitation of
the ordered coherent Cu4Ti phase during quenching of Cu–Ti alloys
that occurred by way of concentrated three-dimensional complexes
formation as nucleuses of the intermediate metastable Cu4Ti phase.
As regards of the terminal Cu–Ti solid solution it is possible it con-
tents short-range ordered regions D1a kind in the high-temperature
single phase field [38]. Next, these regions may serve as the places
for the nucleation of the complexes and then Cu4Ti metastable phase.

Thus, continuous decomposition in the super saturated Cu–Ti
solid solutions may be described as s.s.s. → concentration complex-
es → ordered coherent Cu4Ti (a.d.) → ordered coherent Cu4Ti (m.s.).
Here s.s.s. — super saturated Cu–Ti solid solutions; a.d. — arbi-
trary distributed particles; m.s. — modulated structure. This
sequence takes into account that m.s. forms due to elastic interaction
between coherent particles during their growth for the coalescence
but not due to spinodal decomposition.

The crystalline structure of the Cu4Ti metastable α′-phase has
been determined at first as f.c.t structure with the constants:
a = 0.369 nm, c = 0.362 nm [10, 21, 22]. It is need to notice that in
[21] the crystalline structure of this phase and its lattice constants
were determined in electrolytic extracted particles. After that in
[23] the structure of Cu4Ti phase was described as b.c.t. superstruc-
ture (D1a) with the lattice constant a = 0.584 nm; c = 0.362 nm. It
is known that this superstructure is a crystallographic derivative of
the parent f.c.c. matrix in that the ordered structure can form con-
tinuously by rearrangement of Cu and Ti atoms on the sites of the
terminal f.c.c. lattice (Fig. 6).

1008 K. V. Chuistov

Fig. 6. Schematic of the D1a superlattice phase Cu4Ti as a derivative of the
f.c.c matrix [33].
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The possible distortions being created during α′-phase precipita-
tion was analyzed by X-ray study using swinging micro-single crys-
tal method [39]. The Fig. 7 shows the main results obtained in this
work. From this picture it is seen that along with the satellites
observing in the alloys with the modulated structure [40] an addi-
tional diffuse scattering are presented and showed by arrows. At
that, they look like short streaks and tilt to the axis of the specimen
swinging [001]. After an aging temperature increasing up to 500°C
this diffuse scattering transformed to two sharply reflexes from the
α′-phase (Fig. 7, d–f). So, two azimutally distributed reflexes from
α′-phase near the (111)α spot are present (Fig. 7, d), whereas, near
(220)α they look like the tetragonal doublet (Fig. 7, e, f). At the same
time, in [39] the series of the X-ray films were obtained for a sta-
tionary single crystal rotated through 18′ around [001] axis. The dif-
fuse scattering cross-sections and their schematic representation
near the reciprocal lattice (RL) node 200 are depicted in Fig. 8. The
numerical treatment of this picture shows that the direction of dif-

Fig. 7. The fragments of the X-ray swinging film of the micro-single crys-
tal of the Cu–5 at.% Ti alloy aged at the temperatures: 400°C, 8 h — a–c;
500°C, 8 h — d–f; reflexes: 111 — a, d; 200 — b, e; 220 — c, d. Cukα —
radiation [39].



1010 K. V. Chuistov

Fig. 8. a — the set of the diffuse scattering cross-sections near the 200
reflex of the Cu–5 at.% Ti alloy aged at 400°C, 8 h after rotating of the
stationary single crystal on 18′. The Cukα — radiation. Magnification ×10.
b — the corresponding cross-sections of the diffuse scattering regions in
the reciprocal space near the node 200 [39].

Fig. 9. Isodiffuse curves in the place (100) near the node (h00) of the RL.
The case of the Cu elastic constants. The intensities are marked in the rel-
ative units [39].
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fuse streaks in the RL is 〈110〉. For explanation of these effects the
analysis of the diffuse scattering by the tetragonal precipitate into
the elastically anisotropy matrix was fulfilled [39]. It was based on
the following equation [41].

ID = αf
−
q1AqCq

2, (1)

where α is a constant; f
−

is an average structural amplitude; q1 is a
diffraction vector, q1 = q + 2πHn, Hn = RL vector the nearest to end
of the vector q1 = 2π; Aq is an amplitude of the static distortion
waves and Cq—a Fourier component of the concentration distribu-
tion. In this case Cq was determined from the equation

δc(r) = Cmexp(−βr2).

Here δc is a deviation of the concentration in the enriched region
from the average in the matrix — c0. In the Equation 1 the scatter-
ing due to the difference of the diverse scattering factors of Cu and
Ti did not take into account.

The lattice constant of Cu4Ti phase along c axis was observed to
be closed to the matrix constant a since near the reflex (200)m there
was a single reflex of this phase but near the (220)m two precipitate
reflexes were observed (Fig. 7, e and f) [39]. At the same time, it
was shown that for D1a superstructure (Ni4Mo — type) six variants
might be realized (Fig. 6) [33]:

[001]ppt  [001]m;   [100]ppt  [31
−
0]m.

From the angle position of the reflexes near the (220)m of α′-phase
electrolytical extracted particle, the tetragonal ratio c/a = 0.98 was
estimated [21]. The crystal structure of the equilibrium β-phase
(Cu3Ti) may be described as orthorhombic lattice with the constants
a = 0.2585 nm; b = 0.4527 nm; c = 0.4351 nm, or as hexagonal
structure with the constants a = 0.261 nm; c = 0.427 nm in accor-
dance with [42]. The orientation relationship of the β-phase and the
matrix is {0001}β || {111}m; 〈21

−
1
−
0〉β  〈110〉m [42]. At the same time, in

[27] it was postulated that β-phase had the composition Cu4Ti and
has undergone the polymorphic transformation (Fig. 2, a). The
nucleation mechanisms of β-phase is heterogeneous, as rule, but it
may originate from intermediate α′-phase during aging or plastic
deformation that will be discussed later.

3. The Morphology of the Precipitation

Just the onset of the investigation of the Cu–Ti age-hardened alloys
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it was supposed that the morphology of the early stage of the decom-
position was quasi-regular that was concerned with the modulated
structure formation [43]. Moreover, it was noticed that this structure
detected in the quenched Cu–4 wt.% Ti alloy in an alloy with
1 wt.% Ti it did not observe [2, 32, 33]. However, as it was described
above (Fig. 4) both in the quenched state and at early stage of the
decomposition of Cu–(3–5) wt.% Ti the uniformly distributed
equiaxed particles was found. Fig. 10 is an example of that distribu-
tion. As seen from these pictures at the beginning of Cu–Ti alloys
aging α′-phase particles organize the quasi-regular net or rather the
net composed of the domains containing some regular distributed
particles. At the same time, the particles inside the domains are
arranged along the directions 〈100〉. It is interesting to notice that
such peculiarity of the modulated structure has been underlined in
aged alloy Fe–Be [44]. In this case the modulated structure may be
represented as three-dimensional ‘macro-lattice’ of nodes occupied by
coherent particles. Along with that, this configuration consists from
tetragonal domains. Now it is well known that in most cases the mod-
ulated structure formation cause by an elastic interaction between

Fig. 10. The mode of the distribution of the metastable tetragonal
α′(Cu4Ti)-phase in an alloy Cu–5.5 wt.% Ti after aging: a — for 30 min at
450°C; b — for 1 h at 500°C; c — for 3 h at 500°C. Bright — field [29].
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the coherent precipitates in the elastically anisotropy matrix [45]. At
that, the particles arrange along soft modulus directions that
depends on the sign of the anisotropy factor ξ = C11 − C12 − 2C44/C44,
where Cik — are the elastic constants [45]. The subsequent division of
the ‘macro-lattice’ on tetragonal domains was explained by the fur-
ther decreasing of the elastic energy of the heterogeneous system
composing the elastic interaction particles [44].

An increasing of the aging temperature up to 500°C of Cu–Ti
alloys leaded to rows of rod-like particles formation being elongated
along 〈100〉 directions (Fig. 10, b). Such phenomenon may be
explained by near interaction between the particles during coales-
cence in these rows [40]. The same type of the modulated struc-
ture — periodic arrays of block-like rods of the coherent α′(β′)-phase
aligned along 〈100〉 matrix directions. was observed in [28] and some
later in [33]. During increasing an aging duration to 3 h at 500°C
the shape of rod-like α′(β′)-phase particles was distorted although
the tendency to their arrangement along 〈100〉 direction remained
(Fig. 10, c).

Perhaps this may be explained by the complex character of the
coalescence of the elastic interacted precipitations constituted the
modulated structure [46, 47]. So, in this case not only the particles
size growth but the transformation inside of the domain itself took
place [47]. After annealing of Cu–5.5 wt.% Ti alloy at 600°C three
types of the precipitates were observed: elongated plate-like parti-
cles situated along 〈100〉 inside of the grain volume, precipitates in
Widmanstätten form oriented along 〈111〉 (Fig. 11, a) and particles
discontinuous precipitated on the grain boundaries (Fig. 11, b). The
all these precipitates belonged to the stable β(Cu3Ti)-phase that non-
isomorphic and incoherent to matrix. The Widmanstätten precipi-

Fig. 11. The stable β-phase precipitation: a — in the Widmaschtett’s form
(indicated by arrows): b — as cell decomposition. The Cu–5.5 wt.% Ti alloy
aged for 1 h at 600°C. Bright — field [29].
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tates had the {111} habit planes. The same results have been dis-
cussed in [30] where the discontinuous precipitation of the β-phase
it was called as recrystallization reaction.

4. The Kinetics of the Precipitation in Cu–Ti Alloys

Since the rate of the initial products formation in Cu–Ti decompos-
ing alloys is very high and occurs during quenching the kinetics of
this stage of aging did not investigate yet. This situation is typical
for the most aging ‘satellites’ alloys [43]. Usually the kinetics of the
continuous precipitation is studied during aging of the quenched
alloys. As to Cu–Ti alloys in [9, 48, 49] the kinetics of the early
stage of the decomposition was studied by X-ray and resistivity
methods (Fig. 12). As seen from Fig. 12 the kinetics curves of the
electrical resistance change at various temperatures have usual
relaxation mode. At the same time, the early stage of transforma-
tion are characterized by the big rate of changing and this rate rises
with the temperature. An absent of the incubation period and the
big rate of the precipitation on the onset of this process correspond
to the aging with the very small activation energy of the nucleation
that is typical for the isomorphous phase formation. It well known
that the kinetics of the phase transformation may be described in
general by the equation [50]

Here x is the value of the transformation volume and an exponent
n depends on the shape of the precipitate, for example, for plate-like
particle n = 0.5. Supposing that x = ∆ρt/∆ρ∞, where ∆ρt is a change
of the resistivity for an aging time t and ∆ρ∞ is the corresponding
change when the ρ becomes the constant. Taking this into account,
the curves in Fig. 12 were reconstructed on the base of the equation
(2) (Fig. 13). It may be notice that the results of Fig. 12 and 13 cor-
respond to two intervals of transformation: the first interval agrees
with the free growth of the particles (n = 0.15) and the second
one — with their coalescence (n = 0.25). However, as has been men-
tioned higher in the alloy with the modulated structure the coales-
cence occurred by more complex mechanisms than in a usual kind of
this process. Therefore, these data need to regard as approximate
ones. On the other hand, in [31] it was shown that a law of the
enlargement of the average wavelength of modulated spacing (Cu4Ti
phase particles) vs (aging time)1/3 often corresponds to

(2)1 exp .
n

t
x

 = − − τ 
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Fig. 12. The kinetics of the resistivity change of Cu–Ti alloys: a — with
4.45 wt.% Ti [9]; b — 4.7 wt.% Ti aged at temperatures: 1 — 340; 2 —
400; 3 — ε = 50% + 400; 4 — 500; 5 — 450; 6 — ε = 12% + 500; 7 —
ε = 50% + 450; 8 — ε = 50% + 500 (°C) [48].

Fig. 13. The temporal dependence of lgln1/(1 − x) for the alloy
Cu–4.7 wt.% Ti at various temperatures [48].
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Lifshits–Slyozov’ theory of a coalescence [51]. By the way, this
takes place for many Ni-base alloys too [40]. Consequently, for the
aging alloys with the modulated structure where the elastic coher-
ent stresses not so large the law r ∼ t1/3 may be correct.

However, it is rather surprising that the coarsening of the modu-
lated structures with a large degree of interconnectivity under
mutual influence of surface and elastic strain energy should obey
essentially the same kinetic law. Although Cahn shown the correct-
ness of this law for the later stages of the spinodal decomposition
this result is not well understood.

The value τ in (2) determines the temperature dependence of the
aging rate [50]

where A is a constant and Q is an activation energy. Constructing a
graph of the dependence lnti − 1/Ti (Fig. 14) the activation energy of

(3)exp ,
Q

A
RT

 τ =   

Fig. 14. An aging time dependence on the reciprocal temperature for the
decreasing of the ρ to the values: 1 — 20; 2 — 30; 3 — 40% [48].
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the process may be determined on the slope angle. The presence of
the parallel curves in Fig. 14 speaks about the common process con-
trolling an aging up to the onset of the discontinuous precipitation.
The activation energy calculated from this picture was 43 ± 3
kcal/mole that close to activation energy of the volume diffusion Ti
in Cu [48]. Afterwards, this value measured from the equation r ∼ t1/3

was equal 51,2 ± 9,5 kcal/mole [33] that in general was close to the
first one.

It was found that after aging of Cu–Ti alloys at T > 450°C the
equilibrium β-phase precipitated by the discontinuous mode [22, 52].
At that, it well known that this mode of precipitation mainly is con-
trolled by surface diffusion if a relation Db/Dv > d/λ [40].

Here Db, Dv are coefficients of a boundary and volume diffusion
correspondently; d is a distance between lamellas of the β-phase in
the cell and λ is the width of the cell boundary. Using an equation
(2) in [48] it was found that an exponent n = 2 that corresponded to
the discontinuous decomposition [53]. Moreover, the relation
between the values lg ln1/(1 − x) in the dependence on aging duration
(lgt) was not only linear but for various values x was parallel. The
activation energy of this process calculated from the inclination
angle was equal Qa = 20 kcal/mole that was less than for volume dif-
fusion and probably corresponds to the boundary one [52].

The kinetics of the discontinuous precipitation in Cu–Ti alloys
was investigated more detail by O. Smatko and M. Itkin in the wide
temperature range [54–57]. For this purpose an alloy Cu–4.35 wt.%
Ti was studied at the temperature interval 600–700°C [54] where
discontinuous precipitation occurred predominantly [58]. Using the
quantitative metallography the temporal dependence of the cells for-
mation rate (N

.
) for different temperatures was obtained (Fig. 15).

As depicted in Fig. 15 it is non-monotone: at the beginning of the
transformation the value increases rapidly then culminates and
whereupon quickly goes down. It was found that these results were
in good accordance with Cahn’s theory for grain boundary nucle-
ation [59].

The other interesting result concerned the diffusion mode depend-
ing on aging temperatures [57]. It turned out that at 550–650°C in
the Cu–5.7 at.% Ti alloy the volume diffusion plays the definite role
in the discontinuous precipitation, at that point, in this case an acti-
vation energy of the volume diffusion Qv = 57.24 kcal/mole.
Conversely, at temperatures 450–500°C the boundary diffusion
endows with Qb = 26.94 kcal/mole. It is interesting that the same sit-
uation was observed for cellular precipitation in Co–Ta and Ni–Ti
alloys [60].

Together with the kinetics study of cellular precipitation in Cu–Ti
alloys the dissolving process of the sells was investigated too [61].
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For that Cu–5.7 at.% Ti alloy aged at 675°C was annealed at 820,
840, 850 and 870°C. At that, it was shown by X-ray analysis that in
the temperature interval 817–867°C a dissolving of the cellular pre-
cipitates occurred by the discontinuous mechanisms. The metallog-
raphy showed that such process has been carried out by reverse cells
moving after recessive plates ends of the dissolving phase.
Moreover, it was shown that both cellular precipitation and reverse
dissolving were described by the same Arrenius’ law — by the
straight line. In this case the diffusion on the reaction front was the
main controlling factor.

Fig. 15. The temporal dependence of the cells formation rate for tempera-
tures: 1 — 650; 2 — 625; 3 — 600; 4 — 675; 5 — 700; 6 — 675°C. An
alloy Cu–4.35 wt.% Ti [54].
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5. Alloying Elements Effect on Cu–Ti Alloys Aging

It well known that an addition of the third element to the aging
binary alloy may change the decomposition kinetics and the struc-
ture of the precipitate [40]. On the one hand, it is explained by an
interaction between atoms of the admixture and non-equilibrium
vacancies and, on the other hand, this causes with the formation of
new, as a rule, threefold precipitate. However, it is possible that the
admixture does not change the precipitate structure and only alters
its lattice parameters modifying the value of the misfit with a
matrix lattice. Namely, that was observed in the Cu–5.92 at.% Ti
alloyed with Ag (1.22), Be (1.37), Cr (0.6), Fe (0.54) and Zr (0.22
at.%) [62]. In such case an altering of the lattice constants of the
Cu4Ti phase was found (Table 1).

It should be born in mind that these constants were calculated in
electrolytic extracted particles of the Cu4Ti phase. As seen from
Table 1 an addition of the Ag to the Cu–Ti alloy does not change the
lattice constants of this phase whereas additions of Be, Cr and Fe
reduce their values. For itself turn, Zr addition increases a constant
and decreases c one of the Cu4Ti phase. An alteration of these con-
stants due to alloying of Cu–Ti alloys with foregoing elements lead-
ed to change of the misfit values (Table 2) [62]. In this case the
smallest misfit there is for Cr addition and for the direction of c axis

TABLE 1. The lattice constants of the Cu4Ti phase in Cu–Ti base alloys [62].

Lattice constants of the Cu 4Ti phase Alloy 
a, nm c, nm 

Cu–Ti 0.3713 0.3634 
Cu–Ti–Be 0.3696 0.3623 
Cu–Ti–Ag 0.3713 0.3634 
Cu–Ti–Zr 0.3718 0.3625 
Cu–Ti–Cr 0.3690 0.3618 
Cu–Ti–Fe 0.3696 0.3623 

Alloy δa δc 
Cu–Ti 0.093 0.014 

Cu–Ti–Be 0.076 0.003 
Cu–Ti–Ag 0.093 0.014 
Cu–Ti–Zr 0.098 0.005 
Cu–Ti–Cr 0.070 −0.002 
Cu–Ti–Fe 0.076 0.003 

TABLE 2. Misfit values for the directions of a and c axis of the Cu4Ti phase
lattice [62].
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Fig. 16. The kinetics of the middle sizes of the Cu4Ti phase particles change
in Cu–Ti base alloys at 400 and 500°C [62].

Fig. 17. The kinetics of the resistivity change at 340°C in Cu–Ti–Al alloys:
numbers 1, 2 and 3 are for alloys 1, 2 and 4 correspondently;  numbers 1′,
2′ and 3′ are for  alloys 1, 2 and 4 quenched and deformed on 20% [63]. 



Cu–Ti Solid Solutions are New Generation of High Strength Alloys 1021

it changes even a sign. On the other hand, the Zr rises the δa value
and reduces δc one. Summing up the information above, it appears
that an alloying of Cu–Ti solid solutions with such quantity of hand-
picked elements does not change the structure of the Cu4Ti phase but
introducing modifies into lattice constants. If it is the case, this
effect has to influence on the kinetics of an enlargement of the
Cu4Ti phase particles. Indeed, as anticipated the rate of the growth
of their middle size estimated from X-ray data (from the distances
between satellites) depends on the kind of the alloying element
(Fig. 16). As judged by this figure the highest rate of the particles
growth may be observed in Cu–Ti–Ag alloy and the lowest one in
Cu–Ti–Fe alloy at both temperatures where the misfit is smallest for
a and c axis (Table 2). This agrees with the conclusion that the
coarsening rate of the particles in aging alloys depends on the
numerical value of the misfit [40].

For aging duration increase to 10 h at 500°C both the equilibrium
β-phase and metastable α′-phase reflexes were found on the X-ray
films. At that, the appearance of the β-phase reflexes depended on
the alloy composition. First of all they were observed in Cu–Ti–Ag
alloy (after 5 h at 500°C) while in other studied alloys these reflex-
es appeared after more longer time of aging at 500°C. Hence, the
presence of the Ag in the Cu–Ti alloy provoked to the stable β-phase
formation.

Interesting results were received in Cu–Ti alloys alloyed with the
Al [63]. It was shown that the Ti solubility in Cu went down with
the Al addition [64]. At the same time, in the threefold alloy
Cu–Ti–Al the stable β-phase has the b.c.c lattice and the triple com-
position [65]. The authors of the work [63] investigated
Cu–2.3 wt.% Ti–Al alloys with 1, 2, 3 and 5 wt.% Al labeled as 1,
2, 3, 4 alloys correspondently. The kinetics curves of the resistivity
change at 340°C are shown in Fig. 17. From these curves it follows
that the phase transformation occurs without incubation period and
its kinetics is extremely rapid with the rate continuously decreasing
with a time. These peculiarities are typical for the homogenous pre-
cipitation with small activation energy of nucleation [40]. At that,
this situation remains for alloys 1 and 2 at 500°C (Fig. 18) and is
quite different for 3 and 4 ones where a transformation rate is
smaller. It should be also noted that the mode of the kinetics curves
of the alloys 1, 2 and 3, 4 are different that can be entirely
explained in terms of the diverse activation energy of the nucleation
[63]. We can only speculate at this time why in more concentrated
Cu–Ti alloys with Al this phenomenon takes place because the struc-
ture of the precipitate and the mechanism of its formation at 500°C
does not clarify. It is likely that this phase nucleates heterogeneous-
ly at this temperature.
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An investigation of the Al addition effect on the discontinuous
precipitation in Cu–Ti–Al alloys showed the following [63]. In alloys
3 and 4 this process did not realize in general. At that point, the pre-
cipitation of the triple phase at 500°C was carried out continuously
on the defects. The discontinuous precipitation was observed in the
alloy 1 and very seldom in the alloy 2. In this case the volume frac-
tion of such precipitation was less than in binary Cu–Ti alloy.

An alloying of the dilute Cu–Ti alloys with the big content of the
Be (Cu–1.5 Ti–6.4 Be (I); Cu–2.7 Ti–3.4 Be (at.%) (II)) showed very
interesting feature in the decomposition of these alloys [66]. The
hardness measurement of quenched super saturated solid solutions
during aging at different temperatures revealed two raises of this
value (Fig. 19).

For understanding this phenomenon two binary alloys:
Cu–12 at.% Be and Cu–5 at.% Ti were studied too. The tempera-
ture positions of hardness pikes of these alloys enabled to suppose
that the first raise in threefold alloys corresponded to the Be precip-
itation and the second one — to the Ti precipitation. At the same
time, however, both the modulate structure and metastable Cu4Ti
phase formation did not observe. Using of X-ray method for aged
Cu–Ti–Be alloys showed the presence of the stable CuBe and Cu3Ti
phases reflexes only. If it was so then the cause of such high age-
hardening response of the threefold alloys comparing with binary
aged Cu–Ti alloys remained open.

Fig. 18. Resistivity kinetics of Cu–Ti–Al alloys at 500°C after treatments:
1 — an alloy 2 quenched and deformed on 20%; 2 — an alloy 2 quenched;
3 — an alloy 3 quenched and aged at 450°C; 4 — an alloy 4 quenched [63]. 
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It would be tempting to interpret this phenomenon as being the
result of the high lattice distortion of a matrix due to CuBe phase
precipitation that usually observed [40]. At that, the temperature
interval of this phase formation coincided with the temperatures of
the modulated structure formation in Cu–Ti alloy (350–400°C). An
absence of the Cu4Ti phase precipitation in aged Cu–Ti–Be was con-
firmed its luck in electrolytic extraction depositions where only the
particles of the stable phases CuBe and Cu3Ti were discovered.
Moreover, an effect of the strain distortions in a matrix due to CuBe
phase precipitation on the probability of the metastable Cu4Ti phase
formation may be ratified still more that plastic deformation of the
Cu–Ti alloys with modulated structure or Cu4Ti precipitates. As it
will be showed at the next part of this paper the plastic deformation
can also destroy these structure states in favour of the stable phase
formation.

6. Effect of the External Influences on the Precipitation in Cu–Ti
Alloys

6.1. Plastic deformation

An effect of plastic deformation on age-hardened Cu–Ti alloys was
studied both in quenched and in aged alloys [48, 63, 68, 69]. It was

Fig. 19. Temperature dependence on the hardness change of the Cu–Be,
Cu–Ti–Be (I), Cu–Be–Ti (II) and Cu–Ti alloys. The duration at the each
temperature was 1 h [66].
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shown [48] that prior deformation of the quenched Cu–4.7 wt.% Ti
alloy (ε = 50%) has resulted in only small decrease of the resistivity
during the decomposition at 400°C (Fig. 12, curves 2, 3) but large
decrease has been observed after 50% deformation and aging at
500°C (Fig. 12, curves 7, 8). It is interesting that in threefold
Cu–Ti–Al alloys (Fig. 17, curves 1′, 2′ and 3′) the considerable decel-
eration of the resistivity lowering took place comparing with non-
deformed quenched and aged alloys at 340°C. However, in the case
of Cu–Ti–Al alloys deformed and aged at 500°C (Fig. 18) the rate of
the resistivity change was much more than in non-deformed ones.
These results earnestly showed that crystalline defects created due
to plastic deformation had less effect on the solute-rich complexes
formation and more effect on the discontinuous precipitation that
occurred at 500°C [48].

One of the first studying of the plastic deformation effect on the
aged structure of the Cu–Ti alloy by X-ray method showed the fol-
lowing [68]. After plastic deformation (a tension on 10% and above
of the wire-sample in X-ray chamber) of the Cu–4.5 wt.% alloy aged
for 150 min at 450°C the modulated structure destroyed (the satel-
lite reflexes vanished) and two-phase structure α + β was observed
only. On the other hand, if the Cu–Ti alloy aged for 60 min at 500°C
and contained Cu4Ti phase to put on the plastic deformation (a
rolling on 33% and above) two-phase structure α + β was identified
by X-ray too. For more detailed analysis of the plastic deformation
effect on the structure of the Cu–Ti alloy aged and deformed sam-
ples were electrolytic dissolved and the obtained particles were iden-
tified by X-ray analysis [68] (Table 3).

As seen in Table 3 in the contrary to the X-ray analysis of the
bulk samples where reflexes of α′-phase (Cu4Ti) did not find, in the
extracted particle they were detected due to the volume fraction of
this precipitate was very small in the first case.

From these results the main feature has to be noted. The compo-
sitions of the solute-rich regions of the modulated structure, inter-
mediate metastable α′-phase and the stable β-phase probably are
close one another and the transition one structure to other is the dif-
fusionless transformation.

An effect of the plastic deformation on the aging kinetics in
Cu–Ti alloy was analyzed in [69]. It was found that the modulation
period and the rate of its growth during aging at 430 and 500°C
were smaller than in non-deformed alloy. However, the rate of pre-
cipitation and coarsening of the α′-phase in the deformed alloy was
bigger (Table 4). Indeed, as seen from the Table 4 an increasing of
the deformation degree leads to the acceleration of the α′-phase par-
ticles growth.

To study of the plastic deformation effect on aged state Cu–4.5 Ti
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No. Treatment The composition of e.p.  
1 400°C, 1 h – 
2 400°C, 1 h + ε = 50% α′ + β 
3 400°C, 1 h + ε = 50% + 400°C, 1 h α′ + β 
4 500°C, 1 h α′ 
5 500°C, 1 h + ε = 34% α′ + β 
6 500°C, 1 h + ε = 34% + 400°C, 1 h α′ + β 

TABLE 3. The composition of the electrolytic extracted particle (e.p.) from
the aged and aged and deformed Cu–Ti alloy [68].

Ta = 500°C ε = 22% + 500°C ε = 44% + 500°C No. 
Aging time, 

min L, nm L, nm L, nm 

1 Quench. + 
deform. 

– – – 

2 1 6.0 4.6 5.0 
3 5 7.2 – 6.4 
4 10 – 6.0 6.0 
5 40 21.4 50.0 6.4 
6 100 64.0 83.5 95.0 
7 300 80.0 125.0 140.0 
8 600 95.0 – – 

TABLE. 4. The dependence of the α′-phase particle size (L) on the aging
time at 500°C and on the degree of the plastic deformation of the
Cu–4.5 wt.% Ti alloy [69].

No. Alloys treatment  
Alloy phase 

state 
Q, nm 

1 400°C, 120 min α-phase + m.s. 19.0 
2 400° + def. 1.8% α-phase + m.s. 19.5 
3 400° + def. 6.8% α-phase + m.s. 19.0 
4 400° + def. 13.2% α-phase + m.s. 18.5 
5 400° + def. 24.7% α-phase + m.s. 15.0 
6 400° + def. 38.0% α + α′ – 
7 400° + def. 58.0% α + α′ – 
8 400° + def. 75.5% α + α′ – 
9 500°C, 60 min α + α′ – 
10 500° + def. 20% α + α′ – 
11 500° + def. 28% α + α′ – 
12 500° + def. 42% α + α′ + β  – 
13 500° + def. 64% α + α′ + β  – 

TABLE 5. X-ray phase analysis data of the Cu–5 Ti–0.5 Cr (wt.%) after
aging and deformation [69].
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and Cu–5 Ti–0.5 Cr (wt.%) alloys were picked out. The preliminary
aged at 400 and 500°C alloys were deformed by rolling The phase
transformations occurred in Cu–Ti alloys may be represented as fol-
lows: aging at 400°C, 60 min + deformation ε = 10% and above:
α + m.s. → α′ + β; aging at 500°C, 60 min + deformation ε = 35%
and above: α + α′ → α′ + β.

The phase transformations in the threefold alloy after aging and
plastic deformation are characterized by some different features.
The results of the X-ray investigation of this alloy after aging and
deformation are reported in the Table 5. In this table m.s. — modu-
lated structure; α — phase-matrix; Q — period of the modulation.
The data in this table testifies to a fact that small degrees of the
deformation have a little influence on the period modulation growth.
And only after ε = 38% of the deformation the satellites have
flanked the main reflexes disappeared and the α′-phase lines are
observed on the X-ray photograph.

For more detailed understanding of the deformation effect on
aged structure of Cu–Ti and Cu–Ti–Cr alloys coarse-grained samples
were studied by X-ray method [69]. In this case aged samples were
deformed in a X-ray chamber directly so as it was possible to get the
reflexes from the same grain. It was shown that already small defor-
mation by tensile on 4.2% leaded to decreasing of the satellites
intensity and 6.3% provoked the disappearance of the satellites in
Cu–Ti alloy. At the same time, the diffuse reflexes of the metastable
α′-phase was observed. Comparing these results with the case of
rolling deformation when the satellites disappeared for 38% allowed
to say that the tensile deforming influences on the structure change
more effective. On the other hand, disappearance of the satellites in
the Cu–Ti–Cr alloy occurred after bigger deformation degree (38%)
than in the Cu–Ti (10%).

A disappearance of the satellites as a result of the plastic defor-
mation was explained by a loss of the coherency of the Ti enriched
regions of the modulated structure due to moving dislocations
which transform the coherent interface to non-coherent or semi-
coherent at the plastic deformation [40]. In this case two possibili-
ties may be realized: or the X-ray optical coherence was broken and
the independent reflexes of α′-phase appeared in such situation, or
enriched regions of the modulated structure transformed in the
partly-coherent particles of the Cu4Ti phase due to an interaction
with the dislocations. The first possibility causes thereby the pres-
ence of the X-ray diffuse scattering exists if the optical coherence
usually keep safe [41]. On the other hand, in aged Cu–Ti alloy con-
taining metastable α′-phase the plastic deformation causes the tran-
sition this precipitate into stable phase. This may points out to the
closeness of the composition of the both phases.
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An investigation of the plastic deformation influence by rolling
(ε = 10–75%) on the cellular precipitation in Cu–5.7 at.% Ti alloy
showed that after ε = 20% and aging for 25 min at 575°C the abrupt
acceleration of this transformation took place [70]. In such case the
cell nucleation happened both on the grain boundaries and inside of
the grains. The X-ray analysis showed that recrystallization nucle-
uses have formed before cell nucleation ocurred inside the grain and
possibly have provoked the cell reaction. Consequently, a number of
the nucleation places for cells increased essentially that together
with improving of the reaction front mobility due to the multiplica-
tion of the grain-boundary dislocations leaded to such big deforma-
tion effect on the cellular precipitation.

Summing up the information above, it appears that plastic defor-
mation of the aging Cu–Ti alloys exerts small influence on the rate
of the modulated structure evolution but can produce considerable
structural change in the aged and deformed alloy: destroying of the
modulated structure and contribute to the transition of the
metastable α′-phase into stable β-phase. Furthermore, the plastic
deformation enlarges essentially the rate of the cellular precipita-
tion due to the acceleration both the cell nucleation and the reaction
front mobility.

Fig. 20. The fragments of the X-ray picture in an alloy Cu–3.5 wt.% Ti,
aged at 500°C for 3 min: a — satellites flanked the matrix reflex 111; b —
after USD (I=100W/cm3, t=3min), Cukα radiation. Magnification ×8 [71].
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6.2. Ultra-Sonic Deformation

It well known that the ultra-sonic deformation (USD) has a big influ-
ence upon the structure, properties and the precipitation kinetics of
age-hardened alloys [71]. As rule, introducing a high defects densi-
ty into an alloy accelerates the heterogeneous nucleation of the pre-
cipitate thus increases the decomposition rate. For elucidation the
possible effect of USD on the precipitation processes in quenched
Cu–Ti alloy with 3.5 wt.% Ti was selected [72]. Ultra-sonic irradia-
tion treatment (USIRT) was conducted in the Cu–Ti alloy both after
quenching and after aging at 400°C, 30 min or at 500°C, 3 min. In
the last case an alloy contained the modulated structure. In these
cases USIRT was carried out at the temperatures closed to an ambi-
ent one. The peak power was 40–100 W/cm2 and the duration of a
radiation changed from 2 to 30 min. It was shown that the USIRT
during 2–12 min of the quenched alloy did not change visibly the
terminal alloy structure: the mode of the X-ray diffuse scattering
(satellites intensity and their position) remained unchanged (Fig. 20,
a). Simultaneously the small (3–4 nm) coherent regions enriched
with Ti were observed by TEM [29].

However, the dislocation structure transformed, at that the dislo-
cation density increased and the dislocation distribution became
more not uniform. This caused the small hardness growth but the
hardness increment did not exceed 20% (Fig. 21, curve 1).
Moreover, USIRT of the aged at 400°C, 30 min Cu–Ti alloy contain-
ing the coherent complexes enriched with Ti altered the hardness
even smaller (Fig. 21, curve 2). In a work [72] such situation was
explained by an insufficient value of the peak power of USD for
strengthening already age-hardened alloy. In such case the high

Fig. 21. The hardness dependence on the ultra-sonic irradiation time in
Cu–3.5 wt.% Ti alloy: 1 — quenched state; 2 — after aging at 400°C,
30 min; 3 — after aging at 500°C, 3 min [71].
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internal coherent strains would made the obstacles in the way of dis-
locations moving but only their multiplication was looked. Perhaps,
in this case a sum of the stresses due to USD and internal coherent
distortions did not exceed the yield stress of the aged alloy and
therefore USD strengthening was absent. Quite the contrary, when
this sum preceded the yield stress of the alloy aged at 500°C, 3 min
the hardness increment was very high (Fig. 21, curve 3). At that
time matrix reflexes 111 on the X-ray film revealed the tangential
broadening (Fig. 21, b) that pointed to the growth of the disorienta-
tion of the adjacent crystalline micro-regions of the matrix. Usually
this stimulates the dislocation density increase and additionally
deformation strengthening consequently (Fig. 21, curve 3). It should
also be noted, that after USIRT an alloy preliminary aged at 500°C,
3 min the satellites disappeared and the reflexes of metastable α′-
phase were observed. It permits to suppose that similarly to the plas-
tic deformation USIRT or destroyed the modulated structure break-
ing the structural coherence of the Ti enriched regions, or disturbed
of the optical coherency causing the diffuse scattering disappear-
ance.

Since in a case mentioned above the USIRT was conducted at
ambient temperature it would be interested to realize that treatment
at aging temperature [73]. For that an alloy Cu–3.5 wt.% Ti was
treated by USD with the intensity 150 MPa/mm2 less than the yield
stress of the quenched alloy (σ0.2 = 200 MPa/mm2). So, in the alloy
after USD treatment at the temperature of the modulated structure
formation (T = 370°C) the diffuse scattering — satellites remained
but the rate of the period modulation growth was greater than for
non-irradiated alloy at 400°C (Fig. 22, a). At the same time, the
hardness of the aged alloy under USD increased faster. The USD at
the aging temperature 470°C when the metastable α′-phase usually
precipitated stimulated very high age-hardening effect — the hard-
ness achieved the value far more than in an alloy aged at 500°C
without USD (Fig. 22, b).

These results were explained by two operating factors in such
case: the contribution in the strengthening due to a presence of the
coherent α′-phase particles after aging and the grain-boundary hard-
ening as the result of dislocation walls formation near these precip-
itates [73, 74]. It is interesting to note that such gigantic hardening
effect under USD at 470°C. was observed in a very narrow time
interval. Indeed, with the increasing of aging time at that tempera-
ture the rapid overaging occurred (Fig. 22, b, curve 1). At the same
time, an increasing of an aging duration at 500°C without USD lead-
ed to further strengthening (Fig. 22, curve 2). Such phenomenon
may be explained as follows. It should be born in mind that USD ini-
tiates an origin the large dislocation density and promotes their
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moving, as rule [75]. Moreover, this treatment resulted to the vacan-
cy concentration rising too [76]. Consequently, the aging under USD
had to proceed with more rate and the coherency loss become soon-
er due to dislocation attraction to the interface. It should be under-
lined that the similar effect of USD was described in age-hardened
Cu–Be alloy [77].

6.3. Effect of the Uniform Pressure on the Cellular Decomposition 
in Cu–Ti Alloys

It is known that high pressure may essentially change the rate of the
diffusion in solids [78]. It was interesting to study the effect of the

Fig. 22. Effect of the USD on age-hardening response of the
Cu–3.5 wt.% Ti: a — time dependence of the hardness of an alloy aged  at
370°C under USD (1); the same of the modulation period (2); (3, 4) — the
hardness and the modulation period dependence at 400°C without of USD
consequently; b — hardness kinetics at 470°C under USD (1); the same at
500°C without of USD (2) [73].



Cu–Ti Solid Solutions are New Generation of High Strength Alloys 1031

Fig. 23. The temperature dependence of the resistivity of the Cu–5.3at.%Ti
alloy under a pressure: 1 — 1.5; 2 — 2.54; 3 — 3.7 GPa [79].

Fig. 24. The dependence of the volume occupied by cellular decomposition
(Vcd) on a pressure in the alloy Cu–5.3 at.% Ti aged for 24 min at 625°C [79].
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uniform pressure on the kinetics of the cellular precipitation in
Cu–5.3 at.% Ti alloy [79]. In this case the quenched alloy was aged
under pressure 1–7.5 GPa at 550–770°C. As a consequence of this a
resistivity diminution started at more less temperature at increas-
ing the pressure meaning (Fig. 23). But the metallography analysis
showed that this result did not correspond to the acceleration of the
cellular decomposition since the volume occupied by cellular decom-
position (Vcd) reduced with a pressure increased (Fig. 24). Moreover,
at the pressure 4 GPa the cellular precipitation was retarded fully.
The observed acceleration of the resistivity under a pressure was
explained by the reduction of the Ti solubility that was typical for
many solid solutions being put under the pressure [78].

In this connection a pressure increasing was accompanied by low-
ering of the solubility of the Ti in the Cu and as a result the gener-
al decomposition started at lower temperature that diminishes the
volume of the cellular precipitation [57]. Contrary to the atmosphere
pressure an overpressure reduced the rate of the front cell displace-
ment but with a temperature rise this effect become smaller [78].
For example, if a pressure 3.7 GPa at 625°C reduces this value in
25 times so at 670°C it diminishes under the same pressure only in
9.3 times. This effect of pressure on the rate of cellular decomposi-
tion has been explained, as the calculation showed, by essentially
decreasing of the diffusive mobility of Ti atoms on the grain bound-
aries [78]. At the same time, for the development of the cellular
decomposition a reconstruction of the grain boundary plays a big
role in this process [80]. The overpressure retards such transforma-
tion and in that way reduces the cellular decomposition velocity.

6.4. Effect of Radioactive Irradiation on Precipitation in Cu–Ti Alloys

The results of the radioactive irradiation effect on the precipitation
phenomenon were discussed by many authors [40]. In the case of
Cu–Ti alloys this phenomenon was investigated in Cu–Ti solid solu-
tions containing 4.0 (1) and 6.0 wt.% Ti (2) [81]. The quenched sam-
ples of these alloys were irradiated as following: the alloy (1) — by
neutrons with the fluenñe 2.34⋅1022 n⋅m−2 and the alloy (2) — by elec-
trons with an energy 2.5 MeV and the fluence 1⋅1022 and 5⋅1022 e⋅m−2.
An effect of the radioactive irradiation on the cellular decomposition
was studied mainly. At that, a value of the volume occupied by cel-
lular decomposition (Vcd) depending on the irradiation nature and an
aging duration was determined. An alloy (1) irradiated by neutrons
was aged at 600°C. As seen in Fig. 25, a value Vcd is less in irradiat-
ed alloy (1) than in radiation-free one at the same aging regime. So,
for aging time 420–1980 min such difference is 20%. The same
effect was observed in an alloy (2) irradiated by electrons and aged



Cu–Ti Solid Solutions are New Generation of High Strength Alloys 1033

at 575°C (Fig. 25, b). In such case the decreasing of Vcd depended on
the electron fluence (F) and was equal 37% at F = 1⋅1018 sm−2 and 47%
at F = 5⋅1018 sm−2. The curves in Fig. 25 have two plots each of those
may be described by an equation [50]

Vcd = 1 − exp(−Ktn), (4)

where K is a constant of the transformation rate and n is an expo-
nent depending on the mechanisms of the nucleation and a growth
of the new phase centers. The lower plots in Fig. 25 are determined
by the nucleation and the growth of these centers and the upper ones
(after a curves bend) are characterized by their growth only. The
values of K and n calculated for the both plots in Fig. 25 are repre-
sented in Table 6.

Fig. 25. The dependence of the cell decomposed volume Vcd on the aging
duration in Cu–Ti alloy: a — an alloy (1) at 600°C: 1 — irradiated-free;
2 — neutron irradiated; b — an alloy (2) at 575°C: 1 — irradiated-free;
2 — electrons irradiated (F = 1⋅1022 e.m.−2); 3 — F = 5⋅1022 e.m.−2 [81].
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As seen from Table 6 the irradiation decreases appreciably the cel-
lular decomposition, at that this effect increases with rising of irra-
diation dose. In an alloy Cu–4 Ti the neutrons irradiation did not
change the relation between the nucleation and growth rates of new
phase since the n value small changed in this case [82]. Using the K2

values and the following equation [60]

v = (3K/4πN
−
)1/3, (5)

the rate of the cells growth has been calculated (Table 6) [54]. These
results lead to the thought that both neutrons and electrons irradi-
ation retard the migration of the front of the cellular decomposition.
Moreover, an irradiation creates the radiation defects in quantity
that initiates the precipitation internal grains that in part reduces
the cellular decomposition. However, an analysis of the data
obtained by X-ray microprobe technique showed that the main effect
of the irradiation on cellular reaction caused by the resolution of the
grain-boundary segregations during an irradiation [54].

7. Mechanical Properties of Aged Cu–Ti Alloys

It was found that Cu–Ti aging alloys are characterized by large age-
hardened response. It was discovered on the onset of their investi-
gation [3, 4]. Having high-strength and high-conductivity properties
these alloys can replace successfully the well-known beryllium
bronze in numerous applications [2]. The main reason of high-
strength properties of Cu–Ti alloys is the modulated structure for-
mation composing the coherent fine-scale particles of the metastable
Cu4Ti phase [2, 13, 33, 49]. The kinetics of the age-hardening and
the slip mechanisms were investigated in Cu–4.7 Ti (1);
Cu–2.3 Ti–2 Al (2) and Cu–2.3 Ti–5 Al (wt.%) (3) alloy [49]. In this
case a change of the yield stress (σ0.1) and the strengthening coeffi-
cient (Θ0.2) were measured after isothermal aging at 340, 400, 450
and 500°C. Parallel with that the mode of the slip was looked too.

Alloy F⋅1022 n1* n2* K1 K2 v⋅107 

m/s 
Cu–4 Ti 0 

2.34 n/m2 
2.06 
2.12 

1.23 
1.34 

2810 
1290 

80.2 
25.4 

4.7 
3.2 

Cu–6 Ti 0 
1.00 e/m2 
5.00 e/m2 

2.89 
3.63 
3.70 

1.00 
1.78 
1.99 

2.72 
0.009 
0.004 

229.0 
0.61 
0.11 

4.9 
0.68 
0.38 

TABLE 6. Dependence of the values K and n in equation (4) on the neu-
trons irradiation dose in Cu–Ti alloys [54].
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The obtained results are summated in Fig. 26 and 27. It may be
deduced that an aging at 340°C of the alloy 1 leads to noticeable pro-
motion of the yield stress without change of the strengthening coef-
ficient (Θ0.2) (Fig. 26, a, b, curve 1). The similar results were
received in an alloy 2 (Fig. 27). At the same time the changing of

Fig. 26. The kinetics of σ0.1 — a and Θ0.1 — b of an alloy 1 at following
temperatures: 1 — 340; 2 — 400; 3 — 450; 4 — 500°C [49].
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σ0.1 at Θ0.2 = const, were noticed at the aging temperature increasing
only from the onset of the decomposition (at T ≤ 450°C up to 1 h).
At this point, the value of σ0.1 achievs the maximum in the alloy 3
(Fig. 26). It should be also noted that in alloys 1 and 3 a value Θ0.2

increased greatly only on the overaging stage but in alloy 2 for max-
imal value of σ0.1. According to the modern points of view the con-
dition Θ0.2 = const corresponds to the cutting of coherent precipitates
by the dislocations that confirm by structural investigations [40].
For understanding the possible strengthening mechanisms in Cu–Ti
alloys during aging in [49] has been proposed that the main harden-
ing factor was internal coherent stresses. In such case an estimation
of the increment of σ0.1 due to aging (∆σ) on Mott–Nabarro’s model
was showed ∆σ ≈ 300 MPa and the experimental value was 450 MPa.
That difference was explained by the contribution the grain-bound-
ary factor into the strengthening effect taking into account addi-
tionally the precipitation of the stable β-phase on the grain bound-
aries [49]. An analysis of the phase and structural states of the
Cu–Ti alloys corresponding to the sharply falling of σ0.1 and promot-
ing of Θ0.2 directed on the partly loss of the coherency of the
metastable Cu4Ti phase [49].

The character of the interaction between precipitates and disloca-
tions in the deformed Cu–Ti alloys may be determined by the metal-
lography [49] (Fig. 28). So, in a quenched state the uniform distribu-
tion of the slip was observed in the grains but with strong localiza-
tion of the shear in the slip bands (Fig. 28, a). Aging at 450–500°C
for t < 30 min did not change this picture although the yield stress
has achieved its maximal value. As it was mentioned above, this sit-

Fig. 27. The kinetics of σ0.1 — a and Θ0.1 — b of an alloy 2 at following
temperatures: 1 — 340; 2 — 400; 3 — 450; 4 — 500°C [49].
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uation corresponds to cutting of precipitates by dislocations that
probably did not change the mode of the slip (Fig. 28, b). The is very
interesting fact since until now a transition from quenched state to
fine-scale two-phase system usually was accompanied by sharply slip
localization [40]. Perhaps it may be explained as follows the more
such investigations were conducted in Al-base alloys where the stack-
ing fault energy was higher than in Cu-base ones. Increasing an aging
duration leaded to an appearance of the broad slip bands that clear-
ly were detected by TEM (Fig. 28, c). The outward character of these
bands looks like the deformation twins that was confirmed experi-
mentally [82]. Thus, the feature of the deformation mechanisms near
the maximum age-hardening response is the mechanical twining
appearance and transition to more fine slip.

It should be highlighted that in Cu–Ti–Al alloys the dislocation
cross-slip near the precipitates did not find that was an evidence of
dislocation bypassing these particles due to Orovan’s mechanisms
[49]. The metallography study of the overaged states in alloys 2 and
3 showed that at small deformation degree slip lines were very fine
and therefore did not detect. But for larger deformation (ε = 6–9%)

Fig. 28. The mode of the slip bands in an alloy 3 after treatments: a —
quenching and deformation ε = 6%; b — aging at 500°C for 20 min; c — an
alloy 1 quenched, deformed on ε = 2% and aged for 10 h at 450°C; d — an
alloy 3 quenched, deformed on ε = 6% and aged for 95 h at 500°C [49].
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the slips with the rough, discontinuous slip trace were observed
(Fig. 28, d). As anticipated, the internal coherent stresses were the
main reason of the age-hardening response of Cu–Ti alloys as a result
of metastable Cu4Ti phase precipitates forming the modulation struc-
ture. An additional factor may be an energy expense for destroying
of the ordered structure of the Cu4Ti phase and on the creation of a
new interface. It is necessary to underline the mechanical twinning
observation in aged Cu–Ti alloys was not looked earlier [49].

A comparison of the Cu–Ti alloy mechanical and electrical prop-
erties with the same properties of the beryllium bronze showed that
Cu–Be alloy may be replaced by Cu–Ti one in success (Table 7) [83].

8. Reversion Phenomenon in Cu–Ti Alloys

As everybody knows, the main reason of a reversion in age-harden-
ing alloys is the temperature stability of the low-temperature decom-
position products [40]. At the same time, this process determines the
effectiveness of the two-step aging in many respects. For example,
in alloys where a reversion becomes apparent in the large degree an
effect from two-step aging will be negligible [84].

The reversion phenomenon in Cu–5 at.% Ti alloy was studied in
[85]. The preliminary aging was at Ta = 400°C for 30 and 600 min,
at Ta = 500°C for 30 min and 10 h, at Ta = 550°C for 30 and 300
min. These treatments allowed to get the coherent (aging at 400°C)
or semi-coherent (aging at 500 and 550°C) precipitates of the
metastable Cu4Ti phase. The reversion kinetics of the hardness was
researched at Tr = 600 and 700°C (Fig. 29). Simultaneously with the
hardness reversion the structural changes in the alloy after a rever-

Property Cu–Ti Cu–Be 

Specific electrical resistance, 
o/mm2/m  

0.064 0.065 

Compressive strength, MPa  1460 1500 

Young’s modulus, GPa  130 132 

Relative elongation, %  4–15 3.0 

Vickers’s hardness, MPa  3600 4000 

Cyclical strength of membranes  at 
P = 100 at. 

13200 11000 

TABLE 7. Mechanical and electrical properties of the aged Cu–4.8 wt.% Ti
and Cu–2 wt.% Be [83].
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sion were studied by the X-ray and TEM investigations (Fig. 30 and
31). It was shown that the partly reversion at Tr = 600°C occurred
only for an alloy aged at Ta = 400°C for 30 min and at Ta = 500°C
for 30 min (Fig. 29, a). For other cases the hardness rose at rever-
sion temperature. However, at Tr = 700°C the reversion was observed
at every Ta (Fig. 29, b). The X-ray investigation of the Cu–Ti alloy
coarse-grained sample showed that if after aging at Ta = 400°C for
30 min the satellites flanked the main reflex were present so after
heating at 775°C the reflexes from metastable Cu4Ti phase were vis-
ible only (Fig. 30, a, b). At that, the number of these reflexes cor-
responded to the number of tetragonal phase orientations to the
cubic matrix. After annealing at 775°C for 1 min preliminary aged
alloy at 550°C, 30 min some transformation of the Cu4Ti phase
reflexes observed (Fig. 30, c, d). TEM study of the Cu–Ti alloy aged

Fig. 29. The kinetics of the hardness  reversion in Cu–5 at.% Ti alloy at
T = 600°C. (a) aged at the temperatures: 1 — 500°C, 10 h; 2 — 550°C, 30
min; 3 — 400°C, 30 min; 4 — aging at 600°C; 5 — 400°C, 10 h; the same
at 700°C (b) after aging at the temperatures: 1 — aging at 700°C; 2 — 400°C,
30 min; 3 — 550°C, 30 min; 4 — 500°C, 10 h; 5 — 400°C, 10 h [85].
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at Ta = 400°C for 30 min and Ta = 550°C for 30 min showed in the
first case the high density of fine-scale precipitations with the ran-
dom distribution (Fig. 31, a) and in the second one — the plate-like
particles (Fig. 31, b).

The high-temperature heat at 775°C, 1 min an alloy aged for 30
min at 400°C transformed fine-scale precipitates or enriched regions
of the modulated structure into plate-like particle of the tetragonal
α′-phase distributed randomly again (Fig. 31, c). Moreover, the
plates of the stable β-phase were visible too (Fig. 31, c). The similar
picture was observed after a reversion at 775°C, 1 min an alloy pre-
liminary aged at 550°C for 30 min (Fig. 31, d). In this case the small
volume fraction of α′-phase was looked too. At that point, its parti-
cles lined up forming short rows (Fig. 31, d). An analysis of these
microstructures showed that after reversion treatment the coarse
distribution of the large plate-like particles of incoherent metastable
α′ and stable β precipitates has appeared. This corresponded to the
loss of the age-hardening effect (Fig. 29).

The comparing of the hardness reversion effect with the results
of X-ray and TEM study permits to make the following conclusions.

Fig. 30. The transformation of the diffuse scattering near the matrix reflex
220 on the oscillated film from the coarse-grain sample of the
Cu–5 at.% Ti alloy trated the following manner: a — 400°C, 30 min; b —
400°C, 30 min + 775°C, 1 min: c — 550°C, 30 min; d — 550°C,
30 min + 775°C, 1 min. Cukα — radiation [85].
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An effect of the reversion depends on; (i) an alloy structure arising
after prior aging; (ii) a difference between Tr and Ta: the bigger the
reversion effect more. For example, the hardness reversion in alloy
with modulation structure (satellite reflexes exist) usually was small
or was absent in general. In the literature this question was dis-
cussed in terms of a critical particle size or a position of a solvus
line for the metastable phase [40]. However, in [86] earnestly
showed that the reversion effect was concerned directly with the
transitional stage of coalescence too, peculiar for properties that
were determined by the distribution function and the relation
between the kinetics of particles growth and dissolve at the rever-
sion temperature.

Usually, the transition stage of coalescence is characterized by the
α′-phase presence. According to Fig. 2, b the hand-picked reversion

Fig. 31. Electron microstructures of the Cu–5 at.% Ti alloy after heat-
treatments: a — 400°C, 30 min; b — 400°C, 30 min + 775°C, 1 min: c —
550°C, 30 min; d — 550°C, 30 min + 775°C, 1 min. Bright — field [85].
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temperature Tr = 775°C is some greater than the solvus for α′-phase.
Therefore it is possible that in such case the nature of the reversion
is explained namely by that reason. However, an exist of the rever-

TABLE 8. The dependence of the hardness, a change of the resistivity, a
size of the enriched part of M.S. and a phase state of Cu–5 at.% Ti alloy
on the aging regime [85].

Heat-treatment 
HV, 
MPa 

∆ρ/ρ, 
% 

Size of enriched part of 
M.S. (α′-phase), nm  

Phase 
state 

400°C, 30 min 2000 18.0 6.0 α + MS 

400°, 10 h 2500 25.0 35.0 α + α′ 

500°, 10 h  2450 70.0 100.0 α + α′ + β 

550°, 30 min 2250 50.0 30.0 α + α′ + β 

550°, 5 h 1930 – – α + β 

Fig. 32. Change of the hardness (1, 2), α′ — phase particles size (4) and
relative quantity of α′ — phase (3) depending on the heating time at 775°C
of the Cu–5 at.% Ti alloy aged preliminary at temperatures: 1, 4 — 400°C,
30 min; 2, 3 — 550°C, 30 min [85].
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sion effect after heat-treatment 400°C, 10 h + 600°C, 4 min where
reversion temperature less than the solvus one pointed to some other
cause. Hence, the reversion of the hardness in Cu–Ti alloys is multi-
form phenomenon and the most likely it occurs due to α′-phase par-
ticles dissolve (Fig. 32) or its possible transition to the stable β-
phase. The results of the phase analysis were listed in Fig. 32. The
different reversion effect in Cu–Ti alloy preaged at various temper-
atures was explained by the following [79]. If the preaged heat-treat-
ment was 400°C, 30 min the matrix concentration in micro-regions
did not get the equilibrium one else cm < ceq. This assuming was sup-
ported by data of a resistivity change at 400°C (Table 8). Table. 8
shows that the value ∆ρ/ρ stops to change only after aging at 500°C,
10 h. On the other words, a matrix composition was far from equi-
librium one after early stage of precipitation. On the contrary, after
the preaging at 500°C, 10 h (550°C, 30 min) a matrix concentration
is near to equilibrium and corresponds to a solvus line of α′-phase
(Fig. 2, a). At the reversion temperature Tr a matrix runs up to the
concentration cr and cr > cm > cα′. Therefore, a degree of the dissolu-
tion of structures formed at 400°C will be greater than formed at
500°C, 10 h or at 550°C, 30 min for obtaining by a matrix the same
concentration at Tr i.e. cr − cα′ > cr − cm. This explains the different
reversion effect at Tr depending on the preaging regime of Cu–Ti
alloy. However, on the other hand, the value of the coherent elastic
stresses on the m.s. stage is smaller than in the case of the coherent
metastable α′-phase because — off the larger size of particles in the
second case (10 nm at 400°C, 30 min and 30–35 nm at 400°C, 10 h).
Consequently, the rate of the diffusion through the interface in this
case has to bigger due to larger value of coherent stresses [87].
Moreover, partly or full loss of α′-phase coherency during preaging
at 500°C, 10 h or 550°C, 30 min stimulates the interface dislocations
appearance that may facilitate the α′ > β phase transition. These
argumentations illustrate those fact why the reversion effect is
greater on the stage of metastable α′-phase precipitation.

9. Conclusions

1. Age-hardening Cu–Ti alloys correspond to the class of the aging
solid solutions where the modulated structure forms on the early
stage of the decomposition. At that, such structure is created bit by
bit as a result of the coalescence of the coherent particles of the
metastable Cu4Ti ordered phase starting from random distribution
of homogeneously nucleated complexes enriched with Ti or fine-scale
α′-precipitates. Therefore, the spinodal decomposition proposed in
these alloys may be prejudiced. Moreover, up to date the informa-
tion having a single meaning about the quenched state structure is
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absent. As regards the nature of heterogeneities being created dur-
ing these alloys quenching the analysis of the diffuse scattering dis-
tribution in the reciprocal space showed that more acceptable model
was the three-dimensional complex — a cell of the three-dimension-
al modulated structure.

2. The structure of the metastable α′-phase (Cu4Ti) is tetragonal
and non-isomorphic to a matrix although it may be largely coherent
that initiates the presence of the additional diffuse scattering along
〈110〉 of a matrix in the X-ray films.

3. The morphology of the metastable α′-phase precipitation is
characterized by the transition from random distribution of coher-
ent nucleus to regular one — modulated structure that arises due to
elastic interaction between coherent precipitates. The sable β-phase
morphology is peculiar two modes: cellular and Widmanstätten form
organization.

4. The kinetics of the continuous precipitation of the metastable
α′-phase obey the law corresponding to such type of the transforma-
tion. The discontinuous precipitation of the stable β-phase is non-
monotone: at the beginning of the transformation the value of the
cells formation rate increase rapidly then culminates and whereupon
quickly go down that is in good comparison with Cahn’s theory for
boundary precipitation. At the same time, during aging at
550–650°C in the Cu–5.7 at.% Ti alloy the volume diffusion plays
the definite role in the discontinuous precipitation.

5. An alloying of Cu–Ti solid solutions with the additional ele-
ment Ag, Be, Cr, Fe, Zr in small quantities (about 1 at.%) causes
the change of α′-phase lattice constants and correspondently the val-
ues of the misfit. This leads to the different rate of α′-phase parti-
cles coarsening. Along with that, an addition of 1, 2, 3 and 5 wt.%
Al to Cu–2.3 wt.% Ti alloy causes a suppression of the discontinu-
ous precipitation especially for more alloyed material. Moreover, in
Cu–2 at.% Ti with big content of Be (3–6 at.%) the modulated
structure and metastable α′-phase formation do not observe but only
stable structures CuBe and Cu3Ti were looked during aging.

6. The plastic deformation of the aging Cu–Ti alloys exerts small
influence on the rate of the modulated structure evolution but can
produce considerable structural change in the aged and deformed
alloy; it destroyes of the modulated structure and contributes to the
transition of the metastable α′-phase into stable β-phase.
Furthermore, the plastic deformation enlarges essentially the rate of
the cellular precipitation due to the acceleration both the cell nucle-
ation and the reaction front mobility.

7. An effect of the ultra-sonic deformation (USD) on age-harden-
ing response of the Cu–Ti alloy depends on the preliminary struc-
ture of the aged alloy, on the USD power and on the treatment tem-
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perature. The maximal USD effect was found in an alloy aged under
USD at aging temperature and containing the modulated structure
or the coherent metastable phase particularly. In such case the alloy
strengthening relates both due to interaction of the larger density
of dislocations with coherent particles and grain-boundary strength-
ening. Ultra-sonic irradiation at the room temperature of the
quenched Cu–Ti alloy provokes only small coarsening of the modu-
lated structures that leads to a little hardening. More strengthening
effect of USD is observed on the stage of coherent metastable phase
precipitation when the sum of the internal coherent strains and
strains from USD exceeded the yield point of the aged alloy.

8. The uniform high pressure reduces the solubility of Ti in Cu
and in this way shifts the onset of the cellular precipitation to small
time at a definite temperature. On the other hand, the overpressure
reduces the rate of the front cell displacement but with a tempera-
ture rise this effect become smaller. This effect of pressure on the
rate of cellular decomposition is explained by essentially decreasing
of the diffusive mobility of Ti atoms on the grain boundaries. At the
same time, a reconstruction of the grain boundary during develop-
ment of the cellular decomposition plays a big role in this process.
The overpressure retards such transformation and in that way
reduces the cellular decomposition velocity in general.

9. The radioactive irradiation by electrons and neutrons of Cu–Ti
aging alloys retards appreciably the cellular decomposition, at that,
this effect rises with increasing of irradiation dose. At that point,
the neutrons irradiation does not change the relation between the
nucleation and growth rates of the cells. The main reason of this
effect is that both neutrons and electrons irradiation brake the
migration of the front of the cellular decomposition.

10. Aged Cu–Ti alloys have the big age-hardening response due to
modulated structure formation. However, in this case the noticeable
promotion of the yield stress without alteration of the strengthen-
ing coefficient takes place. The main cause of such strengthening
effect is the interaction of the dislocations with elastic fields of
coherent stresses and with ordered structure of the metastable pre-
cipitate when they cut its particles. This phenomenon accompanies
by strong localization of the shears in the slip bands. At the same
time, the mechanical twining appearance and the transition to more
fine slip corresponds to maximal strengthening effect in aged Cu–Ti
alloys. Comparing of the mechanical and processing behavior of
Cu–Ti and Cu–Be alloys may conclude that Cu–Ti alloys can replace
the beryllium bronze successfully taking into account it bad ecology
effect too.

11. A reversion phenomenon observed in aged Cu–Ti alloy may be
many-sided phenomenon. So, an effect of the hardness reversion
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depends on: an alloy structure arising after prior aging; a difference
between Tr and Ta: the bigger the reversion effect more. Moreover,
it often observed if the preliminary aging has corresponded to the
transition stage of coalescence or if Tr > Ts, where Ts was the solvus
temperature for the metastable α′-phase. Additionally, it is neces-
sary to point out that a reversion of the hardness may be total or
partial depending on Tr and Ta relation. At last, α′ > β phase transi-
tion occurred at the reversion temperature will be promote the hard-
ness reversion.
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