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Microstructure and tribological behavior of cu-2.5ti alloy  
in two different environMents

in this study, the nominal composition of Cu-2.5Ti alloy was thermally treated to obtain homogenized, aged, and 40% prior 
cold-rolled+ aged samples. The hardness, wear behavior, and microstructure of samples were investigated. The reciprocating wear 
tests were performed under four different loads under dry and 3.5%naCl corrosive environments. The alloy reached its highest 
hardness value of 8 hours for the aged sample. The hardness value of the sample that was homogenized then cold-rolled by 40% and 
aged was found higher than the other samples. a decrease in the wear rates in dry conditions was observed in homogenized, aged 
and cold-rolled and aged samples, respectively. This decrease was more in the corrosive environment. Studies can be advanced by 
examining the wear behavior at different alloy ratios. The effects of different alloying elements and the ratio of cold-rolled before 
or after aging can also be investigated for future research. 
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1. introduction

it has been found that age-hardened alloys have wide 
application in a variety of fields some engineering materials 
because of their high elastic and electrical conductivity proper-
ties. Copper-Beryllium (Cu-Be) alloys have unique mechanical 
properties but also the fact that the beryllium oxide gas re-
leased during the production of this material is very toxic. for 
this result, its production is linked to great ecological danger. 
Dilute Cu-Ti alloys (containing approximately 1%-5% (mass 
fraction) Ti) are widely known since the 1930s as a substitute 
for expensive and toxic Cu-Be alloys [1]. They can be applied 
for the production of high-strength springs as well as elements 
resistant to corrosion and abrasion, as electronic components, 
electrical connections, contacts, relays, electrical wires, gears, 
and as components of equipment for anti-terrorist and mining 
rescue units compared to those of Cu-Be [2]. The equilibrium 
phase in the Cu-Ti system is usually formed by classical Widman-
statten or cellular precipitation. The cellular or ‘discontinuous’ 
precipitation reaction plays a central role in the extreme aging 
of these high-strength alloys [1]. Since the mechanical proper-
ties of Cu-Ti alloys are critically affected by their precipitation 
behavior, it is important to understand the volume fraction and 

composition changes that accompany the morphological and 
structural evolution of α-Cu4Ti and β-Cu4Ti precipitates during 
aging [3]. numerous studies [4-7] have shown that the metastable 
β’-Cu4Ti phase formed during aging enhances the strengthening 
effect; however, if the sufficient aging temperature or aging time 
is exceeded, the phase transformation from the metastable and 
compatible β’-Cu4Ti phase to the equilibrium and incoherent 
Cu3Ti phase occurs, and thus the strength of the Cu-Ti alloys 
is significantly reduced. There are some of the studies in the 
literature have centered of attention such as on the formability of 
Cu-Ti alloys with various Ti content and the effects of deforma-
tion conditions, thermal processes with mechanical properties 
and electrical properties [2,8] and some of them are about the 
effects of prior cold deformation on hardness, tensile properties, 
and microstructure of aged Cu-Ti alloys [3,9-11]. in a study 
examining the wear behavior of Cu-Ti alloys containing differ-
ent amounts of Ti using the powder metallurgy method other 
than the casting method, an intense material transfer from the 
sample trace surface was observed in the wear behavior of pure 
Cu without Ti, and it was concluded that this situation exhibits 
plastic deformation due to the low hardness of pure copper. On 
the other hand, it was concluded that in the samples containing 
3% and 5% Ti, a linear increase was observed in the hardness 
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values with the increase in the Ti ratio, and accordingly, the wear 
resistance increased. it is useful to understand better the friction 
and wear performance of the Cu-Ti alloys to be able to expand 
their applications [12]. in the studies of the tribological behavior 
of Cu-3Ti and Cu-4.5Ti alloys produced by the cold forging 
method (multiaxial cyroforging-Maf), it was found that as the 
Maf cycles increased, the friction coefficient decreased due to 
the increase in hardness. They found that as the load increases, 
the COf value also increases [13,14].

This study’s difference is the role of microstructure with 
a different degree of strengthening of the Cu- 2.5wt.%Ti alloy 
and its influence on the values of the friction coefficient and 
the degree of wear in tribological tests. in this present work, 
reciprocating wear tests were applied Cu-2.5Ti alloy after 
homogenized, peak aged and prior cold-rolled and aged under 
two different environment dry and 3.5% naCl water solution 
conditions at room temperature. The effects of normal load on 
its friction coefficient and wear performance were investigated. 
The wear surfaces were studied, to get a better understanding 
of the wear mechanism and wear behavior of the alloy under a 
dry and corrosive environment.

2. experimental

Cu-2.5Ti alloy with traces of aluminum and rare earth was 
produced in a vacuum induction furnace. The chemical com-
position of alloy was measured with a wavelength dispersive 
X-ray fluorescence spectrometer (rigaku primus ii) and is 
given in TaBle 1. as raw materials, pure electrolytic copper 
and titanium metal were melted as an ingot with a nominal 
composition of Cu- 2.5%Ti by induction vacuum under argon 
atmosphere. plates with a thickness of 20 mm are cut from the 
ingot. a part of the plate was heat-treated at 900ºC for 24 h. 
for homogenization(H), solution treated (ST) at 850°C for 2 h. 
followed by water quenching and aged at 450°C for 8 h (ag). 
The other part of the plates was also heat-treated under the same 
condition and then cold-rolled by 40% at room temperature fol-
lowed by aging 450°C for 8 h (Cr+ ag).

TaBle 1

The chemical composition of Cu-2.5%Ti alloy

elements, wt % al P s ti cu
Cu-2.5Ti 0.16 0.05 0.02 2.61 97.16

The dependence of the specimen hardness on the depth 
from the surface was estimated using a vickers hardness tester 
(Qness, Q10 a+). The tests were carried out on a 500 g load for 
10 seconds. 10 measurements were made from all samples and 
the average was taken. 

The wear tests were carried out using a reciprocating wear 
tester, tribometer test device (uTS, T10/20) under normal loads 
of 5, 10, 20, and 40n at room temperature. Before the wear test, 
all the specimen surfaces were ground with 1200 grit SiC paper, 

cleaned with alcohol, and dried. The surface area of specimens 
was loaded and slid against an abrasive aiSi 52100 steel ball 
with a hardness of 62 HrC at a sliding speed of 150 mm/s. all 
wear tests were performed under different environments dry 
and corrosive 3.5%naCl water solution. for each environment, 
three tests were performed, and the average value was used for 
the wear graphs. The loss of wear volume was performed using 
the calculation in eq. (1). were situated wear depth, wear width, 
and stroke distance parameters where Vw is the wear volume loss, 
c is the stroke distance and a, b are the wear width and depth, 
respectively as shown in fig. 1 illustration. The wear width was 
measured with a Mitutoyo SJ-410 instrument by using a 2 mm 
diameter standard probe from three different places depending 
on the depth (b) and width (a) of the wear trace. The worn sur-
faces of the specimens were examined using scanning electron 
microscopy (SeM) and energy-dispersive X-ray spectroscopy 
(eDX) for understanding the wear mechanisms.

 3 2(mm )
3w
abV c   (1)

fig. 1. illustration of wear trace

3. results and discussions

3.1. hardness measurements and microstructure 
characterization

TaBle 2 shows the effect of aging time on the vickers 
hardness of the Cu-2.5Ti alloy. in our study as cast Cu-2.5Ti 
alloy has 124 Hv5 hardness value. The hardness value of the 
homogenized sample was found at 171 Hv5. Solution treated 
process resulted in hardness reduction of the alloy from 171 Hv5 
to 85 Hv5 after homogenization. in the study of Szkliniarz for 
the Cu-3Ti alloy, this value resulted in a decrease from 163 Hv10 
to 103 Hv10 with the solution treated after homogenization [8]. 
The solution treatment of titanium bronzes usually takes place 
at about 900°C. Thus, small Cu and Ti intermetallic precipitates 
remain in the microstructure after the homogenization process 
is dissolved [1,8,12-16]. for the applications in engineering and 
investigating fundamental aspects of hardening phenomena in 
Cu-Ti alloy system, the decomposition during aging between 300º 
and 500ºC is understood well including spinodal decomposition, 
with compositional fluctuations, formation of a coherent, meta-
stable phase called β’ and equilibrium phase β by a discontinuous 
or cellular reaction [14-16]. in fig. 2a there are seen polygonal 
particles in the homogenized sample. at the temperature of 
450ºC, grain boundaries and heterogeneously precipitated par-
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ticles were observed in the aged (ag) sample (fig. 2b and also 
in fig. 5). The alloy reached its highest hardness value of 235 
Hv5 in 8 hours (ag). as seen from TaBle 2 prolonged aging 
times cause a decrease in hardness values. This is because of the 
characteristic effects of discontinuous precipitation at the grain 
boundaries of the aged alloy, which can be seen especially after 
long aging times [1,8,9,11,17]. The hardness value of the sample 
that was homogenized then cold-rolled by 40% at room tempera-

ture followed by solution treated and aged (Cr+ ag) was found 
272 Hv5. in the study of nagarjuna et. al. aging of cold-worked 
Cu-1.5Ti and Cu-4.5Ti alloys result in the formation of fine, or-
dered, metastable and coherent Cu4Ti, continuous β precipitates 
having body-centered tetragonal (BCT) crystal structure [10], 
which is also reported to be the strengthening phase in Cu-Ti al-
loys [11,18]. it can be said that striated precipitates occur in a 40% 
cold deformed state of the sample as seen in fig. 2c attributed to 
the deterioration of equiaxed grains due to cold deformation. in 
the eDX analysis observed intersecting crystallographic planes 
were observed in a rather flat form. a similar structural form 
was also reported in the study of nagarjuna et al. [19]. Hardness 
critically depends on the ease with which dislocations move. 
Strengthening of deformed and aged alloys resulting from the 
formation of titanium-rich coherent precipitates is accelerated by 
enhanced diffusion, due to an increase of vacancy concentration 
introduced by deformation [17]. Similar behavior was reported 
by increasing the amount of cold work (0-80%) caused an in-
crease in the peak hardness in the study of nagarjuna et. al. [9].

SeM micrograph and eDX analysis results of Cu-2.5Ti al-
loy of H sample are given respectively in fig. 3 and fig. 4 The 
alloy appears to contain a single supersaturated Cu solid solution 

fig. 2. Optical micrographs from the surfaces of the etched Cu-2.5Ti alloy. Mag = 50× (a) sample (H), (b) sample (ag), (c) sample (Cr+ ag)

TaBle 2

variation of vickers hardness of the Cu-2.5wt.% Ti alloy  
with aging time and different heat treatments

cu-2.5ti vickers hardness
(hv5)

as cast 124
(h) 171
(st) 85

aging time

(ag)
2

hours
4

hours
8

hours
16

hours
24

hours
206 220 235 236 169 

(cr+ag) 272

fig. 3. SeM micrograph of homogenized Cu-2.5Ti sample

fig. 4. eDX analysis of homogenized Cu-2.5Ti sample

phase (as seen in XrD results from fig. 9) with recrystalliza-
tion grains (polygonal grains). Ti-rich small precipitates can be 
seen at grain boundaries. in the SeM micrograph of the aged 
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fig. 6. eDX analysis of aged Cu-2.5Ti sample

fig. 5. SeM mocrograph of aged Cu-2.5Ti sample

fig. 7. SeM micrograph of 40% cold-rolled and aged Cu-2.5Ti sample

fig. 8. eDX analysis of 40% cold-rolled and aged Cu-2.5Ti sample

sample (ag) in fig. 5, fine needle-shaped precipitates dispersed 
throughout the grain, and a small number of cellular precipitates 
advancing from the grain boundaries into the grains are seen to-
gether. from eDX analysis in fig. 6. it can be said that abundant 
fine precipitates consisting of coherent, metastable, and continu-
ous β -Cu3Ti phase with a body-centered tetragonal structure are 
observed in the ag sample. in addition, the grain boundaries 
in the ag sample appear much sharper and finer compared to 
the H sample. it has been reported that the volume fraction of 
these cellular precipitates (compared to needle-shaped precipi-
tates) increases with increasing aging time (prolonged aging), and 
cellular precipitates become dominant in the sample [3,19,20].

SeM mocrograph and eDX analysis results of Cr+ ag 
sample of Cu-2.5Ti alloy are given in fig. 7 and fig. 8, respec-
tively. Compared to the H and ag samples, it was observed that 
metastable β-Cu3Ti continuous particles were widely distributed, 
although no clear grain boundaries were observed in the Cr+ ag 
sample. Band-like formations are observed in the sample with 
40% deformation. it has been reported in nagarjuna’s study that 
these bands occur due to twinning, and with the increase in the 
amount of deformation, the distance between the bands decreases 
to almost nothing and approaches each other [19].

from fig. 9 XrD profiles generally showed peaks from 
the Cu solid solution and β-Cu3Ti phases, but no peaks from the 

α-Cu3Ti phase. Water solution treatment of the previously ho-
mogenized alloy at 850°C causes almost complete dissolution of 
the intermetallic Cu3Ti phase precipitates. in the microstructure 
of the Cr+ ag sample, the intermetallic Cu3Ti phase form of 
characteristic lamellar precipitates can not be seen obviously as 
in the aged one (see fig. 5 and fig. 7). This situation is described 
in a. Szkliniarz’s study as the precipitates of the intermetallic 
Cu3Ti phase undissolved under the solution treatment condi-
tions that occur at the uniaxial grain boundaries are visible only 

fig. 9. XrD patterns of Cu-2.5Ti samples
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after the solution treatment. after aging in a short time like one 
hour to four hours the alloy reaches its maximum hardness does 
not result in significant changes in its microstructure. Major 
microstructural changes in the form of the characteristic lamel-
lar precipitates occurring at the grain boundaries as a result of 
discontinuous precipitation are visible only after the alloy that 
has been overaged (48 h) [8].

3.2. wear behavior of cu-2.5ti alloy

load dependence and wear tests:

from the examination of the variation of the friction coef-
ficients (COf) with the sliding distance of 1000 m and sliding 
speed of 150 mm/s under dry conditions and various normal loads 
for the Cu-2.5Ti alloy, it was found that during the initial sliding 
distance, the frictional coefficient had remained unstable for both 
samples and then maintained nearly steady state (after  ~100 m) 
until the termination of the tests as seen in fig. 10 for the applied 
10 n normal load. The same situation is seen in the figure also 
showed a similar trend in the other load applications. With the 
increasing sliding distance, fluctuation of friction coefficients 
indicates that there was some metallic transfer between the slid-
ing materials, as it happens by the nature of under dry sliding 
conditions. During steady-state, a friction layer forms, removing 
wear debris from the sliding pair. as a result of the wear process, 
a hardened surface layer is produced in copper and its alloys, 
as described in a previous literature study [20]. from fig. 11 
it can be said the friction coefficient of specimens depends on 

the environment. it is seen that in a corrosive 3.5%naCl water 
solution environment the friction coefficients are lower than 
the dry one. it can be thought that the corrosive environment 
affected the contact of the two layers at the sliding interface 
to reduce friction and wear and to remove the heat generated 
during friction. it seems that liquid change controlling steps of 
wear and performs like a lubricant. The reason for the peaks in 
fig. 11 can be shown as corrosion products created in more ag-
gressive conditions decrease friction coefficients of all samples. 
in general, friction and wear at the contact surfaces depend sig-
nificantly on the relationship between the physical state of the 
contacting interfaces and the chemical interactions between the 
sliding interfaces and the environment [21]. The most important 
factors affecting the coefficient of friction are the applied force, 
surface quality, and the internal structures of the materials [22].

from fig. 12 as compared wear rates of the sample (H) 
with the samples (ag) and (Cr+ ag) under the load of 5 n 
and 40 n under dry environment, the decrease in wear rates was 
found 24%, 75% for the applied load 5 n, and 45%, 76% for the 
applied load 40 n respectively. When a similar comparison is 
taken for corrosive environment the wear rates of the sample(H) 
under the load of 5 n and 40 n the decrease in wear rates of 
(ag) and (Cr+ ag) were found 56%, 58% for the applied 
load 5 n and 60%, 68% for the applied load 40 n respectively. 
it has been observed that when the applied load is increased to 
40 n a high rate of wear occurs. The decrease in wear rates of 
the samples (H), (ag), and (Cr+ ag) can be attributed to the 
increase in hardness values. Higher hardness values of (ag) and 
(Cr+ ag) of Cu-2.5Ti samples exhibit that they are mechani-
cally more resistant and abrasion resistance. Sample with the 

fig. 10. plot of variation in COf of Cu-2.5Ti with increasing sliding distance at an applied load of 10 n under dry environment
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highest hardness (Cr+ ag) showed the lowest wear rates as 
stated in archard’s rule a material with high hardness exhibits 
lower wear rates [23].

Microscopic study of the worn surfaces:

in fig. 13 representative SeM micrographs are showing 
the worn surfaces to understand the effects of the lowest and the 
highest applied loads of 5 n and 40 n of the samples at room 
temperature under a dry environment. Worn surfaces show plastic 
deformation regions, grooves, and debris. it can be said that the 
wear surfaces of the samples under 5 n load have a relatively 
smooth morphology. When the load amount is 40 n, it is seen that 
the samples produce wear residue and adhesive wear predomi-
nates in all samples. When the applied load is 40 n the edges of 

large flaky type debris of the H sample were folded onto itself 
due to its quite soft nature because of its hardness value. The re-
moved material was smeared to the worn surface during the slid-
ing and created a smoother surface under the applied load 40 n.  
for the samples ag and Cr+ ag, it can be said that material 
delamination decreased due to the increase in hardness, which 
is evidence of the formation of the adhesive mechanism in these 
samples. Delamination produced wear debris from sub-surface 
cracks as a result of plow removal materials. This indicates that 
abrasive wear and also plastic deformation regions occur due to 
the increased load. according to eDX analyses in fig. 14, the 
mass percentage of oxygen indicates the formation of an oxide 
layer on the worn surfaces on all of the samples and thus supports 
oxidative wear mechanisms. The oxide layer formation occurred 

fig. 11. plot of variation in COf of Cu- 2.5Ti with increasing sliding distance at an applied load of 10 n under corrosive environment

fig. 12. Wear rates of the Cu-2.5Ti samples versus applied loads at a sliding speed of 150 mm/s. under two different environments
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on the worn surfaces which means that bright surface and brit-
tle appearances are the results of the high oxide formations on 
this debris. During the sliding oxide film is tending to fracture 
and some cracks appear on the oxide layer. The cracked oxide 
layer pulls out and separates from the worn surface and forms 
oxide particles. These oxide particles at the later stage of the 
sliding generate spherical wear particles. in the eDX analysis 
results, it is also seen that the C peak is observed at a high rate. 
C and O peaks indicate transfer-back transfer between mating 
surfaces and oxidation as a result of frictional heat. The reason 
for this is also thought to be caused by dust particles that break 
off from the ball and stick to the surface again as a result of the 
interaction between the ball and the wear surface during the wear 
mechanism. another reason for this can be thought also as con-
tamination on the samples like grease, sweat.. etc. These were 

also expressed in many studies that the broken parts adhered to 
the surfaces and caused adhesive wear mechanism [24,25]. it can 
be said that the presence of these elements is the reason that 
the COf of Cr+ag samples is higher than that of other alloys. 
The white debris on the surface looking at fig. 13 and fig. 15, 
appears to diminish and peelings correlated with adhesive wear 
occur in some regions of the worn surface. 

The tribological tests of Cu-2.5Ti alloy were carried out also 
under the corrosive environment of 3.5% naCl water solution 
for all samples. The SeM photographs of the worn surfaces at 
applied load 5 n and 40 n were shown in fig. 15 at the applied 
load 5 n some tears have occurred. The surface morphology is 
relatively smooth for 5 n and when the load is 40 n, it seems 
that this surface smoothness deteriorates due to the increasing 
amount of load. under the corrosive environment, the chloride 

sample worn surfaces

h

ag

cr+ ag

fig. 13. SeM micrographs showing the worn surfaces of the Cu-2.5Ti alloy samples under a dry environment
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ion can accelerate the dissolution of metal and can react with 
the metal to compose some kind of metal chloride compounds. 
generally, seawater corrosion contributes to the specific wear 
rate of specimens in the seawater environment. However, the 
corrosion products decreased the contact area of the ball and the 
specimen during the sliding process, and therefore the corrosion 

products showed a lubricating effect [22,26]. This is because 
why the wear rates are decreased in the corrosive environment. 
To compare the wear test in two environments, it can be seen 
that the smeared layer is thinner in a corrosive environment 
than the dry one because of the lubricating effect of corrosion 
products and water. also, large flake debris appearances are more 

fig. 14. eDX analysis of worn surfaces of Cu-2.5Ti alloy samples under the load of 40 n under dry environment
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visible in a dry environment than the corrosive ones. another 
point to be noted is the existence of an oxidative wear regime 
during rubbing for both samples in the corrosive atmosphere 
from the mass percent of oxygen in the eDX analysis as seen  
in fig. 16.

4. conclusions

Cu-2.5%Ti alloy was studied by using pure electrolytic cop-
per and titanium metal melted under an argon atmosphere in an 
induction vacuum. Homogenized, aged, and prior cold-rolled and 
aged samples produced after successful thermal processes. The 
role of microstructure and its influence on the values of friction 

coefficient and degree of wear tribological tests were analyzed 
and the following conclusions are drawn.
•	 Cu-2.5Ti	alloy	of	H	sample	contains	a	single	supersatu-

rated Cu solid solution phase with recrystallization grains 
(polygonal grains). Ti-rich small precipitates can be seen 
at grain boundaries. The aged sample (ag), fine needle-
shaped precipitates dispersed throughout the grain, and a 
small number of cellular precipitates advancing from the 
grain boundaries into the grains are seen together. from 
eDX analysis fine precipitates consisting of coherent, meta-
stable, and continuous β-Cu3Ti phase with a body-centered 
tetragonal structure are observed in the ag sample. 

•	 During	the	initial	sliding	distance,	the	frictional	coefficient	
had remained unstable for both samples and then maintained 

sample worn surfaces

h

ag

cr+ ag

fig. 15. SeM micrographs showing the worn surfaces of the Cu-2.5Ti alloy samples under a corrosive environment
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a nearly steady-state (after ~100 m) until the termination 
of the tests.

•	 At	the	applied	load.	40	N	a	high	rate	of	wear	occurs	for	both	
environments. The decrease in wear rates of the samples 
(H), (ag), and (CD+ ag) respectively can be attributed to 
increasing in hardness.

•	 Under	a	dry	environment	the	worn	surfaces	show	plastic	
deformation regions, grooves, and debris. When the load 
amount is 40 n, it is seen that the samples produce wear 
residue and adhesive wear predominates in all samples.

•	 Under	 the	 corrosive	 environment	 of	 3.5%	NaCl	water	
solution for all samples the worn surfaces at applied load 

fig. 16. eDX analysis of worn surfaces of Cu-2.5Ti alloy samples under the load of 40 n under corrosive environment
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5 n some tears have occurred. The surface morphology is 
relatively smooth for 5 n and when the load is 40 n, the 
smoothness of the surface deteriorates due to the increasing 
amount of load.

•	 Under	 the	 corrosive	 environment,	 the	 chloride	 ion	 can	
accelerate the dissolution of metal and can react with the 
metal to compose some kind of metal chloride compounds 
The corrosion products showed a lubricating effect. This is 
because why the wear rates are decreased in the corrosive 
environment.
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