
1.	 Introduction

Among copper alloys, precipitation-hardened Cu-Be 
alloys, called beryllium bronzes or beryllium copper, show 
the highest mechanical properties, very good corrosion and 
abrasion resistance, high electrical and thermal conductivity, 
non-sparking quality as well as good formability during hot 
and cold working. Beryllium bronzes are commonly used when 
sparking causes explosion hazard and for applications where 
good strength and conductivity as well as abrasion resistance, 
elasticity and corrosion resistance are required [1-12].

Essential disadvantages of beryllium bronzes are high 
prices and toxic properties. Due to their toxicity, the use 
of beryllium bronzes has been forbidden for many years 
in Poland and EU countries as beryllium compounds are 
hazardous during melting, casting, pressure welding, 
welding, hot deformation, cutting and grinding [1,13]. For 
many years, therefore, worldwide studies have been focused 
on discovering cheaper and non-toxic substitutes for Cu-Be 
alloys [1-12, 14]. Currently, the best substitutes for beryllium 
bronzes seem to be binary Cu-Ti or multicomponent Cu-
Ti-X alloys that demonstrate mechanical properties and 
conductivity comparable to those of beryllium bronzes [15-
17]. These alloys are suitable for precipitation hardening 
due to variable titanium solubility in solid copper [6, 7, 9, 
11, 15, 16, 18-20]. It is estimated that over the next decade, 
these alloys, also called titanium bronzes or titanium copper, 
will effectively replace beryllium bronzes in most present 
applications.

The current global methods of manufacturing titanium 
bronze semi-finished and finished products are conventional 
techniques: melting and casting, hot and cold working as 
well as final treatment, i.e. solution heat treatment and aging, 
intended to ensure a  required hardening level [3, 7, 11, 12, 

21]. Sometimes, to obtain a higher hardening effect, the cold 
working process is performed between the solution heat 
treatment and aging processes [10, 22, 23].

The performance characteristics of titanium bronzes 
result from the titanium content, the size of matrix (copper-
titanium solid solution) grain, overall deformation during 
cold working and morphologies of generated (during 
solution heat treatment and aging) dispersed precipitates 
of intermetallic phases [1-11, 14-23]. The matrix grain 
size, created during the hot working processes, markedly 
determines properties of titanium bronze semi-finished and 
finished products, affecting the course and effect of cold 
working as well as subsequent solution heat treatment and 
aging [2, 7, 23, 24].

Development of backgrounds for the technology of 
hot working of Cu-Ti ingots required investigations aimed 
at determining the best process conditions (temperature, 
strain rate and strain) to avoid cracking and to obtain fine, 
homogeneous matrix grain observed on the cross-section of 
semi-finished product being deformed.

The study objective was assessment of the potential 
for generating fine, homogenous grain on the cross-section 
of semi-finished products obtained from the Cu-3Ti alloy 
subjected to hot deformation at various temperatures and strain 
rates with the defined strain.

2.	 Experimental procedure

The investigated material was Cu-Ti alloy containing 
3.0  % mass Ti. It was obtained with the use of a  vacuum 
induction furnace [25-28] and cast to produce ingots 
(diameter: 40 mm, length: 350 mm). The ingots were subjected 
to 24-hour homogenising annealing at 850ºC, and then to hot 
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This phase is not involved in further plastic deformation 
and structure rebuilding processes because during heat 
treatment, directly preceding the compression tests, that is 
performed at a  temperature higher by nearly 200°C than the 
temperature of the upper limit of titanium solubility in copper 
(Fig. 4), it completely dissolves in the alloy matrix. 

Fig. 4. Fragment of Cu-Ti phase diagram [4]

This is confirmed in Fig. 5a presenting the microstructure 
of alloy heated at 3°C/s up to 950°C, then heated at that 
temperature for 5 minutes and subsequently cooled in water. 
It did not show any precipitates of the Cu3Ti intermetallic 
phase but far bigger grains of the average diameter of 94.5 µm 
(Figs. 2, 5a).

Cu-3Ti alloy deformation during compression at the strain 
rate of 0.1, 1.0 or 10.0 s-1 within 700 to 900°C occurs without 
cracking and leads to partial or complete recrystallization of its 
structure as well as to multiple refinement of the initial grains 
(Figs. 5, 6). The recrystallization level and the average diameter 
of new, recrystallized grains increase with growing temperature 
(Fig.  5). As shown for the alloy subjected to deformation at 
700°C, the level of its structure recrystallization is also highly 
affected by the strain rate (Fig. 6). Deformation of the alloy at 
700°C and a small rate of 0.1 s-1 results mainly in its hardening 
and microstructure consisting of deformed, elongated grains 
with recrystallization traces at their boundaries in the form 
of single new, fine grains (Fig.  6). Clear effects of dynamic 
recrystallization: new, fine grains forming characteristic 
chains around deformed old grains were observed following 
deformation at 700°C and 1.0 s-1. For this temperature, however, 
only deformation at the rate of 10.0 s-1 resulted in a considerable 
structure recrystallization level above 80% (Fig. 6).

In Table 1, the effects of temperature and strain rate on 
the recrystallization level, average diameters of recrystallized 

Fig. 5. Microstructure of alloy before deformation – 950°C/5 min./woda (a) and after deformation with strain rate of 10.0 s-1 at temperature: 
700 (b), 750 (c), 800 (d), 850 (e) and 900°C (f)

Fig. 6. Microstructure in the middle area of sample after deformation at temperature of 700°C and at strain rate of: 0.1 (a), 1.0 (b), 10.0 s-1 (c)








