Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

MATERIALS
SCIENCE &
ENGINEERING

HAwaitable onling at www.sciencedirect. com

SciVerse ScienceDirect

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights


http://www.elsevier.com/authorsrights

Materials Science & Engineering A 577 (2013) 16-22

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

Contents lists available at SciVerse ScienceDirect

Effects of in situ formation of TiB, particles on age hardening behavior
of Cu-1 wt% Ti-1 wt% TiB,

Mohsen Sobhani **, Alireza Mirhabibi ®, Hossein Arabi?, R.M.D. Brydson €

@ Center of Excellence for High Strength Alloys Technology (CEHSAT), School of Metallurgy and Materials Engineering, Iran University of Science and Technology, IUST,

Tehran 16845-118, Iran

b Center of Excellence for Ceramic Materials in Energy and Environmental Applications(CECMEEA), IUST, Tehran 16845-118, Iran
€ Institute for Materials Research, University of Leeds, Leeds LS2 9JT, United Kingdom

ARTICLE INFO

Article history:

Received 5 January 2013
Received in revised form

17 March 2013

Accepted 25 March 2013
Available online 3 April 2013

Keywords:
Cu-Ti

Age hardening
Composite
TiB,

In situ

ABSTRACT

Age hardenable Cu-1 wt% Ti-1 wt% TiB, composite was produced by adding boron powder to Cu-Ti melt.
TiB, nano-particles were formed via in situ reaction between titanium and boron in the melt. This
composite was aged in a temperature range of 300-550 °C for a period of 1-25h. Then, the age
hardening behavior of the composite was compared with that of the binary Cu-2 wt% Ti alloy. The
microstructure of the composite was examined with a high-resolution transmission electron microscope
(HRTEM). The results of this study showed that TiB, particles can act as a heterogeneous nucleation site
for p’(CuyTi) precipitates. Substantial increase in tensile and yield stress of composite (i.e. 63% and 186%
respectively) occurred relative to the solution state, after ageing at 450 °C for 10 h. The maximum
strengthening of the composite was associated with precipitation of metastable Cu,Ti near the ultra hard
TiB, particles within the matrix. However, the results of this research show that the mechanical
properties of aged composites are in good agreement with those of binary Cu-2 wt% Ti alloy; the
maximum values of the hardness and electrical conductivity of the composite (i.e. 258 HV, 28% IACS) and
the binary Cu-2 wt% Ti alloy (i.e. 264 HV, 17% IACS) were obtained when solution treated samples were

aged at 450 °C for 10 h and 15 h, respectively.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Copper and copper based alloys are widely used in numerous
applications that require good mechanical properties along with
good electrical conductivity. Age-hardenable copper-titanium
alloys, containing approximately 1-5 wt% Ti, are capable of being
a proper substitute for well-known Cu alloys, such as Cu-Be alloys.
Formation of ordered metastable p'(Cu,Ti) precipitates in Cu-Ti
alloys during ageing increases their mechanical and electrical
properties [1-3]. The mechanism of precipitation hardening in
Cu-Ti binary alloys is a matter of much debate. It has been
reported [4] that Cu-Ti alloys with Ti content less than 1 wt%
decompose by nucleation and growth mechanism, while Cu-(2.5-5)
wt% Ti exhibits spinodal decomposition during ageing [5].

Nagarjuna et al. [3] reported that Cu-Ti alloys having less than
1 wt% Ti are not suitable candidates for age hardening, since the
amount of precipitated phase (Cu,Ti) achievable by this amount
of titanium during aging is very low and approaches zero in
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Cu-0.45 wtX%Ti alloy. On the other hand, it has been reported [6]
that by increasing Ti content, the electrical conductivity of copper
matrix decreases dramatically, as the negative effect of Ti on
electrical properties of copper alloys is more than that of the
other common alloying elements such as Zn, Sn, and Ni. Therefore,
in order to overcome this problem, some efforts have been made
for modifying the precipitation behavior of Cu-Ti alloys via
addition of other elements such as Co and Cr [7,8] or by aging in
D, and H, atmospheres [1,9].

Among common reinforcing phases for copper matrix, addition
of TiB, particles is well known for improving stiffness, hardness
and mechanical strength of copper alloys. Moreover, the harmful
effect of the dispersed TiB, particles on electrical conductivity of
copper is much less than that of other ceramic reinforced particles
[10-14]. Although there are some reports about the effect of TiB,
particles on copper matrix strengthening via various methods
such as powder metallurgy [11], melt mixing [12] and mechanical
alloying [13], no reports have been published as yet about the
effects of in situ formation of TiB, particles on age hardening
behavior of Cu-Ti alloys. Therefore, the purpose of this investiga-
tion was a comparative study for the age hardening behavior,
mechanical and electrical properties of Cu-1 wt% Ti-1 wt% TiB,
composite and Cu-2 wt% Ti binary alloy.
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2. Experimental method

In the present study, Cu- 1 wt% Ti- 1 wt% TiB, in situ composite
was prepared by melting together an appropriate amount of high
purity copper (i.e. purity 99.99%) and 1.73 wt% titanium plate (i.e.
purity 99.99%) in a vacuum induction melting (VIM) furnace.
When the temperature of the melt reached 1200 °C and the
vacuum became 3.5 x 1072 mbar, 0.32 wt% boron powder encap-
sulated in a copper tube was charged into the melt. Then the melt
was kept at 1200 °C for 15 min, allowing the melt to react
completely with the boron powder. The melt was then cast into
a low carbon steel mold fixed with a copper heat sink at its
bottom. The quantitative chemical analysis of the ingot was
conducted using inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The result of this analysis showed that
the mean residual titanium content in the ingot was 0.94.%. Later
the as-cast samples were rolled down to 60% of their thickness at
room temperature. The rolled samples were homogenized for 20 h
at 900 °C in an oxygen free molten salt bath that contained equal
wt% of NaCl and CaCOs in order to avoid further oxidation and
volatilization of the components. These samples were cooled to
ambient temperature in air. The homogenized samples were
subjected to solution treatment at 900 °C in the molten salt bath
for 1h and quenched in water in order to achieve a super-
saturated solid solution. The quenched samples were aged in a
temperature range of 300-550 °C for a period of 1-25 h and then
quenched again in water.

Micro-harnesses of the samples were measured according to
ASTM E384-99 standard with 50 g load. The flat type sub-size
samples with dimensions of 25 mm gage length, 6 mm width and
1 mm thickness were made from cut strips of the samples
according to ASTM E-8 standard. Tensile tests with cross head
speed of 2 mm min~! were conducted at room temperature. The
electrical conductivity in % IACS (International Annealed Copper
Standard) of samples was measured using a four-point probe
method at room temperature according to ASTM B-193 standard.
A scanning electron microscope (SEM) and a high-resolution
transmission electron microscope (HRTEM) equipped with elec-
tron energy loss spectroscopy (EELS) were used for accurate
detection of boron and light elements. In order to compare the
effect of TiB, particles on age hardening, mechanical and electrical
properties of the composite, a reference sample with Cu-2 wt% Ti
composition was prepared in such a way that secondary elements
in the matrix remained constant. The entire tests performed on
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the composite were also performed on this reference sample
under the same conditions.

3. Results and discussion

BS-SEM micrograph in Fig. 1(a) shows the microstructure of
Cu-1 wt% Ti-1 wt% TiB, composite after solidification. Formation
of TiB, nano-particles within the matrix of composite can be
clearly seen in this figure. Thermodynamically stable TiB, particles
can be formed due to chemical reaction between elemental boron
and titanium in molten copper [10-12]. As seen in this figure, TiB,
particles formed in liquid copper had various sizes and irregular
shapes. On average, the largest size of TiB, particles was about
2pm and the smallest size was less than 100 nm. Based on
previous research [10], TiB, particles size as well as their distribu-
tion is affected by many factors, including in situ reaction condi-
tions, cooling rate and elements concentration. Since the melting
point of boron (2092 °C) is higher than the melting temperature of
copper (1083 °C), the boron powder should be chemically dis-
solved in molten copper, which is a time-consuming process. With
increasing the solute concentration of boron in the melt, some
boron element may be retained in the melt even after formation of
many nano-TiB, particles. Hence, the extra dissolved boron in the
molten copper having titanium element will be absorbed by
primarily synthesized TiB, particles which leads to coarsening of
smaller TiB, particles according to Gou et al. [10]. In other words, if
both titanium and boron elements are consumed simultaneously
within the melt, the TiB, nano-particles cannot be easily coar-
sened before solidification.

According to solid/liquid interface theories for MMCs [15,16],
the distribution of TiB, particles is affected by solidification rate,
density and wetting angle. In this regard, due to low wettability of
TiB, particles by molten copper (i.e. wetting angle=136°) [17],
larger size TiB, particles are repulsed and redistributed toward the
melting-freezing interfaces and finally to the grain boundaries,
while nano size particles remained inside the grains. The micro-
structure of the composite after thermo-mechanical treatment (i.e.
60% reduction, homogenizing and solution treatment) is presented
in Fig. 1(b). Due to relatively good distribution of nano-TiB,
particles within the matrix in comparison to coarse TiB, particles,
they were pinned to the new grain boundaries during recrystalli-
zation. A significant decrease in grain size with the presence of
TiB, particles after recrystallization is shown in Figs. 1(b) and 2.
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Fig. 1. BS-SEM micrograph of Cu-1 wt%Ti-1 wt%TiB, composite shows the distribution of TiB, particles within the matrix after (a) casting and (b) thermo-mechanical

treatment.
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Fig. 2. Microstructure of Cu-2 wt% Ti after quenching from 900 °C.

This is in accordance with that of other researchers [18] who also
reported that the presence of TiB, particles in grain boundaries
could lead to a reduction in grain size and hinder grain growth at
high temperature.

Typical TEM images (i.e. bright and dark field) of an as
quenched composite with the selected area diffraction pattern
(SADP) of TiB, particle are shown in Fig. 3. This figure shows that a
large number of tangled dislocations were formed around TiB,
particles. The difference between the thermal expansions of
copper (16.6 x 107 1/K) and TiB, particles (8.2 x 107 1/K); leads
to development of strain field at the interface between these
particles and the copper matrix during quenching of the samples
from solutionizing temperature to ambient temperature. This
thermal strain can cause punching dislocations from the interface
of TiB, particles out into the matrix. These dislocations and other
structural defects can increase the diffusion rate of titanium
required for formation Cu,Ti and might be appropriate nucleation
sites for heterogeneous precipitation of transitional p’(Cu4Ti)
phase in the matrix according to Dutkiewicz [19].

Fig. 4 shows the typical HRTEM image of the as quenched
composite after being re-solutionized at 900 °C for 10 min. HRTEM
image together with the map of elements via EELS indicates that
there are a fair amount of TiB, particles formed within the matrix.
As seen in this figure, titanium concentration in the vicinity of TiB,
particles increased substantially. This means the localized diffu-
sion rate near these particles was more than that of the bulk of
material due to increase of dislocation density around these
particles during heat treatment (i.e. dislocation punch-up) as
shown in Fig. 3(a). This can increase the possibility of formation
of CuyTi precipitates near TiB, particles during aging. However,
when the composite solutionized at 900 °C for 1 h and aged at
450 °C for 10h a large amount of p’ (CuysTi) precipitates was
formed near TiB, particles within the matrix. HRTEM micrographs
of composite at peak aged (maximum hardness) condition (i.e.
10 h —450 °C) with selected area diffraction (SAD) pattern of ’ and
FFT pattern of TiB, particle are shown in Fig. 5. This figure is a clear
evidence that a large amount of p’(CuyTi) precipitate as formed in
the vicinity of TiB, particle within the matrix. This is an indication
of higher diffusion rate of titanium in the region near the TiB,
particles as this region has high dislocation density, as referred to

earlier. It should be mentioned that due to heterogeneity of
TiB, distribution, the distribution of f’ phase was also non-
homogeneous. This phenomenon confirms that the region having
higher dislocation density has a greater effect on the formation of
B’ phase. SAD pattern of p’ precipitates has been presented in Fig. 5
(c). This figure confirms that the particles nucleated near TiB,
particles are p'(CuyTi) as their crystal structure is tetragonal with
lattice parameters of a=0.584 nm and c=0.362 nm. Unlike the
irregular shape of TiB, particles, the CusTi has spherical shape
with a mean size under 10 nm. It is worth mentioning that both
needle and spherical shapes have been reported by other researchers
[9,20,4] for p'(CuqTi) precipitates. Fig. 5(b) shows the growth of p’
precipitates within the matrix after formation, as the larger particles
may indicate a nucleation and growth mechanism for formation of p’
precipitate according to Borchers [4].

Fig. 6 shows the variation of hardness of Cu-1 wt% Ti-1 wt%
TiB, composite and Cu-2 wt% Ti alloy as a function of ageing time.
The hardness of the as quenched Cu-1wt% Ti-1wt% TiB,
(i.e. 115 HV) was higher than that of the as quenched Cu-2 wt%
Ti alloy (i.e. 90 HV). The higher hardness of the composite
compared with that of Cu-2 wt% Ti alloy after quenching was
attributed to the presence of TiB, particles, higher dislocation
density around TiB, particles and according to the Hall-Petch
model, to smaller grain size (Figs. 1 and 2).

Ageing curve of the composite in Fig. 6(b) shows that the least
hardness was achieved at 300 °C for all ageing times relative to the
other temperatures (400-450-550 °C). At this temperature, hard-
ness decreased in the first 2 h of ageing and then rose with further
ageing time. Thompson and Williams [21] reported similar obser-
vation for Cu-2.5 wt% Ti alloy. This phenomenon can be explained
by considering a) climb and glide of dislocations in the matrix and b)
nucleation, coarsening and dissolution of precipitates phase. At
300 °C, before formation of a considerable amount of p’, some punch
out dislocations, emitted from the TiB, interface within the matrix
were annihilated by climb mechanism. This leads to relaxation of the
interfacial stress and therefore causes to drop in hardness of
composite in the initial stage of ageing. In addition, the diffusion
rate of titanium within the matrix during ageing can declineby the
decrease in dislocation density which causes a delay in precipitation
of . Thus, one may conclude that 300 °C is not enough to provide
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Fig. 3. (a) Bright field TEM image shows the formation of tangled dislocations in the vicinity of TiB, particles after quenching, (b) dark field and (c) SAD pattern of TiB,
particle.

TiB,

50 nm

2

Fig. 4. HRTEM image of the re-solutionized and quenched Cu-1 wt%Ti-1 wt%TiB, with dot point elements maps.

sufficient energy for higher rates of titanium diffusion that is strongly dependent on the statistical configuration of obstacles
required for formation of Cu,Ti. On the other hand, according to present in the system, the structural ordering in titanium rich region
Bozic et al. [20], as the motion of a pair of super-dislocations is and disappearance of anti-phase boundary during the initial stage of
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(1102) (0112)

Fig. 5. HRTEM micrograph of Cu-1 wt% Ti-1 wt% TiB, aged at 450 °C for 10 h (a) p'(Cu4Ti) formed near TiB, particle, (b) p’ growth, (c) SAD pattern of p'(Cu,Ti) and (d) TiB,

FFT pattern.
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Fig. 6. Variation of hardness as a function of ageing time for different temperatures. (a) Cu-2 wt% Ti and (b) Cu-1%wtTi-1%wtTiB,.

ageing, can result in eased dislocation motion. As a result, the
hardness decreases in the first 2 h of the ageing. Then with further
ageing time, the hardness of the composite can increase due to the
formation of metastable precipitation of Cu,Ti (p’) in the matrix.
Harnesses of composite and binary alloy are increased with
increasing ageing time at 400 °C. However, both of them have not
attained peak hardness even after 25 h ageing at this temperature.
The volume fraction of p’-Cu,Ti precipitate increases considerably
with Ti content as well as ageing time according to lever rule in

Cu-Ti phase diagram (Fig. 7). Therefore, the amount of precipitates
phase of p’ which formed during ageing in binary alloy is higher
than that for composite sample; hence the hardness of the binary
alloy is higher than that of the composite.

Variation of hardness with ageing time at 550 °C is presented in
Fig. 6(a) and (b). This figure shows that hardness increases in the
first 2 h of ageing. This is in agreement with reported work of
Datta and Soffa [22], who attributed the increase in hardness to
formation of ordered metastable and coherent p’(CusTi) phase
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Fig. 7. Cu-Ti binary phase diagram.

within the matrix. However, the decrease in hardness after 2 h of
ageing at 550 °C can be due to polymorphic transformation of p’
(CugyTi) (tetragonal) to p’(CuyTi) (orthorhombic) and also precipi-
tates growth according to Soffa and Laughlinb [2]. In addition,
based on Cu-Ti phase diagram (Fig. 7), this temperature was very
close to the solvus temperature of the composite having 1 wt% Ti
against 2 wt% Ti in the binary alloy. Therefore, one may conclude
that ageing of composite at this temperature leads to a faster
dissolution and/or overageing of precipitate phase in the compo-
site than the binary alloy, resulting in higher reduction in hardness
after 2 h of ageing at 550 °C. It can also be seen that the maximum
hardness of the composite at this condition is lower than that of
the binary alloy, which in turn is due to the formation of a lower
amount of precipitate phase within the composite in comparison
to that of the binary alloy, as mentioned earlier.

The effective factors on hardness (i.e. dislocation elimination
and formation of precipitate) change in such a way as to cause
higher ageing kinetics at 450 °C. In the absence of TiB, particles,
the maximum hardness of Cu-2 wt% Ti alloy (i.e. 264 HV) occurred
after 15 h while the maximum hardness of the composite (i.e.
258 HV) was achieved after 10 h ageing at 450 °C. The increase in
ageing kinetics of the composite in the presence of TiB, particles
can be attributed to nucleation of p’ precipitates on basal plane of
TiB, particles which basically occurs in the vicinity of TiB,
particles,as shown in Fig. 5(a). The rate of decrease in hardness
after passing the peak value in the composite (i.e. 0.9 HV/h) is less
than that of Cu-2 wt % Ti alloy (i.e. 1.1 HV/h). This behavior can be
explained by considering the retarding influence of TiB, particles
on the coarsening of larger number of metastable Cu,Ti particles
according to Bozic et al. [20]. On the other hand, according to a
similar research by Cornie et al. [23], the decrease in hardness
value of Cu-2 wt¥% Ti alloy after peak aged condition can be due to
the formation of cellular (discontinues) precipitates at the grain
boundaries, see Fig. 8.

Hardness, tensile properties and electrical conductivity of the
as cast, as quenched and peak-aged composites were measured
and are presented in Table 1, together with similar properties of
Cu-2 wt% Ti binary alloy. The results show a considerable increase
in electrical conductivity of peak aged (i.e. 28% IACS) composite
relative to as cast (8% IACS) and as quenched (15% IACS) condi-
tions. This increase in electrical conductivity can be attributed to
the formation of p’ precipitate within the matrix according to
Nagarjuna et al. [6]. These researchers state that an increase in
resistivity due to the increasing volume fraction of CuyTi

Fig. 8. Microstructure of Cu-2 wt% Ti binary alloy after 25 h aging at 450 °C shows
formation of cellular type precipitate at grain boundaries.

precipitate is lower than the amount of decrease in resistivity
due to removal of Ti from the matrix, thereby resulting in an
overall increase in electrical conductivity in peak-age composite in
comparison to the solution treated one. As seen in this table, the
electrical conductivity of composite at peak aged condition is 65%
higher than that of the binary Cu-2wt% Ti alloy. The higher
electrical conductivity observed in composite was analyzed by
considering the interaction between conductive electrons and
reinforced particles. In this regard, two effective factors can be
considered in evaluating the electrical conductivity of copper
matrix. These are resistivity of the particles and scattering surface
of conductive electrons. In other words, as the electrical resistivity
of TiB, particles (i.e. 6.6 pQ cm) [24] is less than that of CuyTi
precipitate (i.e. 38.5 uQ cm) [6], the detrimental effect of TiB,
particles on electrical conductivity of copper must be lower than
that of Cu4Ti precipitates. On the other hand, as mentioned
previously, the amount of CuyTi precipitate in the composite even
at peak-aged condition is less than that of the binary alloy. This
together with the fact that Cu4Ti particles precipitate in the
vicinity of TiB, particles (Fig. 5) can cause a reduction in scattering
surface of the conductive electrons. In other words, the scattering
surface of the conductive electrons due to formation of p’ pre-
cipitates in composite did not rise much during the ageing process
in comparison to the binary alloy. Consequently, the electrical
conductivity of composite increases more than that of binary alloy
during ageing according to Nordheim's rule [6,3].

Table 1 shows a substantial increase in tensile properties of the
sample under peak-aged condition when compared with those
of the as quenched sample. The increases in yield and tensile
strength of peak-aged composite sample relative to the as
quenched sample are 270 MPa and 228 MPa respectively, while
those increase for the Cu-2 wt% Ti binary alloy are 232 MPa and
197 MPa respectively. The increases in the ultimate and yield
strengths of composite during ageing were higher than those of
binary Cu-2 wt% Ti alloy. Therefore, one may conclude that the
mechanism of strain hardening in the composite having both non-
shearable TiB, particles and shearable p'(Cu,Ti) particles was
different from the mechanism of strain hardening of Cu-2 wt% Ti
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Table 1

Comparison of properties of Cu-1 wt% Ti-1 wt%TiB, composite with those of Cu-2 wt% Ti alloy.

Property Cu-1 wt%Ti-1 wt% TiB, Cu-2 wt% Ti
As cast  As quenched  Peak age (10hrs-450 °C)  As cast  As quenched Peak age (15hrs-450 °C)
%IACS 8 15 28 7 8 17
Hardness (HV) 85 115 258 115 90 264
YS (MPa) - 145 415 - 185 417
UTS (MPa) - 362 590 - 418 615
El (%) - 32 21 - 38 24

¥

‘.‘:“ ot 2

SLX

50Um

Fig. 9. Fracture surface of Cu-1 wt% Ti-1 wt% TiB, composite after 10 h aging at
450 °C.

alloy without any non-shearable strengthening particles. In other
words, in the composite, both shearable and non-shearable
particles can slow down dislocation movement leading to high
strength, while in Cu-2 wt% Ti alloy only the shearable p’ (Cu4Ti)
particles effect the strengthening of the alloy. This means that
consecutive passes of dislocation through these particles decrease,
so the required force for movement of dislocation through these
particles gradually decreases. The ductility of composite (¥EL=21)
is slightly less than that of Cu-2 wt% Ti alloy (¥EL=24) under peak
aged condition. This was attributed to the presence of ultra-hard
TiB, particles in the matrix of composite which lowered the
dislocation movement, and hence lowered ductility. Nevertheless
one should note that the dimple characteristic of the fracture
surface of the composite (Fig. 9) indicates a ductile mode of
fracture in the composite which means TiB, nano-particles did
not affect the mode of fracture despite their ultra-hardness.

4. Conclusions

1. In situ formation of TiB, in Cu-1 wt% Ti-1 wt% TiB, composite
makes it possible to access a favorable combination of high
hardness and electrical conductivity after ageing treatment.

2. HRTEM analysis of Cu-1 wt% Ti-1 wt% TiB, composite con-
firmed the presence of metastable p'(Cu,Ti) precipitates formed
near the TiB, particles when aged at 450 °C for 10 h.

3. CuyTi reinforcing particles initially precipitate near TiB, parti-
cles possibly due to the presence of punched out dislocations
around the TiB, particles. This caused heterogeneous nuclea-
tion sites for formation of CuyTi precipitates.

4, Ductile mode of fracture was observed in Cu-1 wt% Ti-1 wt%
TiB, composite at peak aged condition.

5. The electrical conductivity of the composite increased due to
formation of metastable precipitates (f’) in the matrix and
reached 28% IACS after 10 h of aging at 450 °C.

6. The maximum hardness, yield and ultimate tensile strengths of
the composite (258 HV, 415 MPa, 590 MPa; respectively) were
achieved after 10 h while the maximum mechanical properties
of Cu-2 wt% Ti alloy (264 HV, 417 MPa, 615 MPa; respectively)
were achieved after 15 h of ageing at 450 °C.
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