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Abstract

Age hardenabl€u-1wt. % Ti-1wt. % TiB composite was produced by adding boron powder to Cu-
Ti melt. TiB, nano particles formed via in situ reaction in the melt. This compositagedin the
temperature range 300-550 °C for 1-25 hrs. The age hardening behavior of cothpasitempared
with that of binaryCu-2 wt. % Ti alloy. The microstructure of the composite was examined with high-
resolution transmission electron microscope (HRTEM). The resultsiostidy showed that TiB
particles can act as heterogeneausleation site for B'(Cu,Ti) precipitates. Substantial increase in
tensile and yield stress of composite (i.e. 63% anda)@&curred relative to the solution state, after
ageing at 450 °C for 10hrs. The maximum strength was associated with atiecipf metastable
Cuw,Ti near to the ultra hard TiBparticles within the matrix. However the mechanical properties of
composite are comparable with Cu-2 wt. % Ti alloy , the maximum value of tledsar and
electrical conductivity of composite (28 %IACS , 258 HV) and Cu-2aTi (17% IACS , 264 HY

are obtained when solution treated samples were aged at 450 °C for 10 hrs and 15hrsehespecti
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1. Introduction

Copper and copper based alloys are widely used in numerous applications that reduire hig
mechanical properties along with good electrical conductivity. Age-hardemalplger-titanium
alloys, containing approximately-3 wt. % Ti, capable of being a proper substitute for well-known
alloys, such a€u-Be alloys. Formation of ordered metastapl€¢Cu,Ti) precipitates in Cu-Ti alloys
during ageing increases their mechanical and electrical propditi8s The mechanism of
precipitation hardeningn Cu-Ti binary alloysis a matter of much debate. It has been reported [4] that
Cu-Ti alloys with Ti content less than Wt. % decompose by nucleation and growth mechanism,
while Cu-(2.5-5)wt. % Ti exhibits spinodal decomposition [5].

Nagarjuna and coworkers [3] reported tHatrTi alloys having less thanat. % Ti are not suitable
candidates for age hardening, since the amount of precipitated phgEg &Chieved by this amount

of titanium during aging is very low and approaches to zero in Cu-0. 45wt%Vi &h the other
hand, it has been reported [6] that by increasing Ti content the electrical ¢dhdwétcopper
matrix decreases dramaticalbsthe negative effect of Ti on electrical properties of copper alloys is
more than that of other common alloying elements such asSZnNi. Therefore, in order to
overcome this problem, some efforts have been made for modifying the precipitatioinbeh@u-

Ti alloys via addition of other elements such as Co and Cr [7,8] or by aggand B atmosphere
[1,9].

Among common reinforcing phases for copper matrix, addition of paticles is well known for
improving stiffness, hardness and mechanical strength of copper alloys. HoweMeayinful effect

of the dispersed TiBparticles on electrical conductivity of copper is much less than thathef
ceramic reinforced particles [10-14]. Although there are some reports aboutfébe a#f TiB,
particles on copper matrix strengthening via various methods such as powderrgyefallyi melt
mixing [12] and mechanical alloying [13], no reports have been published yettabaftects of in

situ formation of TiB particles on age hardening behavioiCafTi alloy. Therefore, the purpose of
this investigation was a comparative study the age hardening behavior, mechanietdcamchl

properties ofcu-1wt. % Ti-1wt. % TiB composite and Cuv. % Ti binary alloy.



2. Experimental method

The amount of Cu 98%, 1P4 1%TiB, composite was considered to be melted vacuum induction
melting (VIM) furnace. This material is referred as composite in this paper. High purityrdogmse
(1.2.99.99 %) and titanium plates (99.99%) as well as high purity boron p(®@1@8%) with a size
range of 0.2-1 mm was used for this purpodes weight ratio of Ti/B used for producing of this
composite was 5.45. In other word, in order to prepare 100 g composite from the following reaction

Cu+ Ti+B= Cu+ 1wt.% Ti+1 wt.% TiB2 it is required to mix 98 g Cu, 1 g Tiand 1 g TiB2.

The amount of titanium in TiB2 is 1 g TiB (0.31 g B + .69 g Ti).

Therefore, total amount of Ti in composite = free Titanium in matrix+ Ti in THBs

The total amount of Ti =1 + 0. 69 = 1.69g and total amount of boron = 0. 31 g.

Thus, for producing composite with 1 wt. % Ti and 1 wt. %,JBe weight ratio of Ti/B must be

m ri/mg = 1. 69/0.31 = 5.45.

In order to prepare the composiémcapsulated boron powdarto a copper tube (99.99%) was
charged into the molteBu-Ti when the vacuum reached to 3.5%If@bar. Melt was held at 120C°

for 15 min and afterward was casto a low carbon steel mold fixed with a copper heat sink located
at the bottomIn practice the quantitative chemical analysis of titanium by using inducteeiyled
plasma atomic emission spectroscopy (ICP-AES) was determined 0O ldténtheascastsamples
were rolled down to 60%fdheir thickness at room temperature. Then they were homogenized for 20
hrs at 900 °C in oxygen free molten salt bath, that contained equal weigbht of NaCl and CaGO

in order to avoid further oxidation and volatilization of the components. These samples werg¢acooled
ambient temperature in air. After homogenizing the samples, they were subjecsadution-
treatment at 900°C in molten salt bath for 1 hour and quenched in iwateder to achieve a
supersaturated solid solution. The quenched samples weriagéemperature range of 300-550 °C

for 1-25 hrs, and then quenched again in water.

Microhardness of the samples was measured according to ASTM E384-99 stand&d witbad
and tensile tests (cross head spee?mm.min’) were conducted at room temperature by cutting
strips of the samples according to ASTM E-8 standard. The electrical conguatithhe specimens

was measured at room temperature according to ASTM B-193 standard. Scanningn electr



microscope $EM) and high-resolution transmission electron microscope (HRTEM) equipped with
electron energy loss spectroscopyEl(lS) were used for accurate detection of boron and light
elements. In ordeto compare the effect of TiBon age hardening, mechanical and electrical
properties of the composite, a reference sample with @u-2 Ti composition was prepared in such

a way that secondary elements in matkept constant. All the test performed on the composite were

also performed on this reference sample under the same conditions.

3. Results and discussion

BS-SEM micrograph in Fig.1. shows the microstructure of 98 wt.% Cu-1wt.% Ti-1wt.% TiB
composite after solidification. Formation of BiBano particles within the matrix of the composite
can be clearly seen in this figure. Thermodynamically stablg pédticles can be formed due to
chemical reaction between elemental boron and titanium in the molten coppkZ].[ITMe TiB,
particles that are formed in liquid copper have an irregular shape. The size phfiiBles is fine but
not homogenous. In average the latgéze of TiB particles is about 1um while the smallest size is
less than 100nm. Based on previous resedheh TiB, particle size as well as its distribution is
affected by many factors including in-situ reaction conditions, cooling &td elements
concentration [10]According toCu-B phase diagram, the melting point of boron (2092 °C) is higher
than the melting temperature of the composite, thus boron should chemicallyetissothe molten
copper. Accordingly, the boron should gradually react with titanium during digsolin molten
copper. Hence, the boron and titanium solute elements will be absorbed byilprioraned TiB,
particles before solidification of copper and result in coarsening and aggreghtsomaller TiB
particles according to Gou et al [10Therefore, if both titanium and boron elements can be
consumed simultaneously take out of the melt, the TiB, nano particles would not have enough
time to be easily coarsened.

According to solid/liquid interface theories for MMC [15,16], the distrilnutdf TiB, particles is
affected by solidification rate, density and wetting angle. In this regards, due teetability of

TiB, particles by molten copper (i.e. Wetting angle = 18§17 ], larger size TiB particles are
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repelled and redistributed toward the melt-freezing interfaces and finalhetograin boundaries
while the smabr size particles are remained inside the graifisrostructure of composite after the
60% reduction in area and solutionizing was shown in Figl. b. As shown in this figere® du
relatively good distribution of nano TiBoarticles within the matrix in comparison to coarse TiB2
particles, he grain boundaries were pinned by them during re-crystallizaAi@ignificant decrease in
grain size with the preseaof TiB, particles after recrystallization shown in Figs. (1.b and 2) which
clearly indicate that TiBparticles can act as grain refinemémntu-Cu. This is in accordance with
other researchers [[L&ho also reported that the presence of,FiBrticles in grain boundaganlead

to a reduction in grain size and hinder grain groatthigh temperature.

Typical TEM images (i.e. bright and dark field) on an as quenched compihitine selected area
diffraction pattern (SADP) of TiBparticle are shown in Fig.3.This figure shows a large number of
tangled dislocations were formed around JTiiarticles. The difference between the thermal
expansions of copper (16.6x1@/K) and TiB particles (8.2x18 1/K); leads to development of
strain field at the interface between gheparticles and the copper matrix during quench of the
samples from solutionizing temperature to ambient temperature. This thsmaial can cause
punching dislocations from the interface of Tifarticles out into the matrix. These dislocations and
other structural defects can increase the diffusion rate of titanium requiréatrfation CuTi and
might be appropriate nucleation sites ieterogeneous precipitation of transitional B'(Cw,Ti) phase in
the matrix according to Dutkiewicz [1L9

Fig.4. shows théypical HRTEM image of the as quenched composite after besisglutionized at
900 °C for 10 min. HRTEM image together with map of elements via EELS ieditaat therés a

fair amount of TiB particles formed within the matridxa addition, this figure shows that titanium
concentration increase near the Jifarticles. This indicates that g is likely precipitated near
TiB, particles and during the solutionizing for a short time,TCudissolved near the TiBparticles
and leading to an increase in titanium concentration at copperpBiicle interfacesHowever,
when the composite solutionized at 900 °C for 1hr and aged at 450 °C for l@rhesnamber of f3'
(CwTi) precipitates were formed near TGiParticles within the matrix. HRTEM micrographs of
composite at peak age (maximum hardness) condition (i.e. slO 480 °C) with selected area
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diffraction (SAD) patterrof B' and FFT pattern of TiB, particle shows in Fig.5. It is clearly evident
that a large number of B'(Cu4Ti) precipitate was formed in the vicinity of TiBparticle within the
matrix. This is an indication of the higher diffusion rate of titamiin the region near the TiB
particles as this region have a high dislocation demasiteferred to earlier. It should be mentioned
that due to heterogeneity of TiRlistribution, the distribution of ' phase was also may be non-
homogeneous. This phenomenon confirms that the region having highest dislocation luresit
great effect in the formation of f' phase. SAD pattern of B' precipitates has been presented in Fig.5 (C).

This figure confirms that the particles nucleated near, piBticles are B'(Cu,Ti) as their crystal
structure istetragonal and lattice parameter are a=0. 584nm and C=0. 362 nm. Unlike the irregular
shape of TiB particles, the GiTi has a spherical shape with size under 10nm. Worth mentioning that
both needle shape and spherical shape have been reported by other researchet<d®p2ACHATI)
precipitates. Fig.5b) shows the growth of B' precipitates within the matrix after formation, as the
larger particles, may be indicate a nucleation and growth mech&midiormation of B' precipitate
according to Borchers [4].

Fig.6. shows the variation of hardnessCaf1lwt. % Ti-1wt. % TiB composite and Cu-2 wt. % Ti
alloy as a function of ageing time. The hardness of the as que@ckkdgt. % Ti-1wt. % TiB (i.e.

115 HV) is higher than that ofthe as quenche@u-2 wt. % Ti alloy (i.e. 90 HV). The higher
hardness of the composite compares with th@e? wt. % Ti alloy after quenching was attributed to
the presence of TiBparticles, higbr dislocation density around Tiarticles and according to Hall-
Petch model, to smalt grain size (Fig. 2 and 3).

Ageing curve of the composite in Fig.6 (b) shows that the least hardness was achieved at 300°C for all
ageing time relative to the other temperatures (400-450-550 °C). At thieraiure, hardness
decreased at the first two hours of ageing and thealrtor further ageing time. Thompson et al [21],
reported similar observations for Cu-2.5 wt % Ti all@his phenomenon can be explained by
considering a) climb and glide of dislocations in the matrix and b) nucleationeciveysand
dissolution of precipitates phasét 300 °C, before the formatioof a considerable amount of f3',

climb and glide of punch out dislocation emitted from the presencdiBf interface within the
matrix can be reduced during the ageing process. This leads to relafaheninterfacial stress and
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therefore causes to drop in hardness of the composite in the initial stageimd.In addition, the
diffusion rate of titanium within the matrix during ageing can be dedliby the decrease in
dislocation densitwhich cause a delay in precipitation of '. Thus, one may conclude that 300° C is
not enough to provide sufficient energy for higher rates of titanium diffusianis required for
formation of CyTi. The evidence of the formation of the above mentioned phases by XRD analysis is
the subject of another paper which will be published latereover according to Bozic et al [20] as
the motion of combined dislocations is strongly dependent on the statistical catibiguof the
obstacles present in the system, the structural ordering in titanium rioh eewl disappearance of
anti phase boundary in early moments of ageing have resulted in an easy dislocaton Aso#
result, the hardness decreases in the first 2 hrs of the ageing. Thenritén &geing time, the
hardness of the composite can increase due to the formation of metastable poecafit@tyTi (p')

in matrix. Nevertheless, more investigations are needed to be performed facatianfof this
phenomenon.

Hardness of composite and binary alloy increases with increasing ageing #®@ %. However,
both of them aren't corresponding to peak hardness even after 25 hrs agieimdgeatperature. The
volume fraction of B'-Cu4Ti precipitate increases considerably with Ti content as well as agaang
according to lever rule. Therefore the amount of precipitate phg¥evbich formed in binary alloy
is higher than those for composite sample and hence the hardness of binasytadjlogr than that of
the composite.

Variation of hardness with ageing tinrae550°C is presented in Fig.6. (@, This figure shows that
hardness increases in the first two hours of ageing. This is in agreemertheviteported work of
Datta an Soffa [22] who attributed the increase hardness to formation of ordered taigl= and
coherent B'(Cu4Ti) phase within the matrix. However, hardness decreases after 2 hrs of agef@ at 5
°C. This can be due to polymorphic transformation of B'(CudTi, tetragonal) to B (Cu4Ti,
orthorhombic) and precipitates growth according to Soffa et ah[@jording toCu-Ti phase diagram
[2], it is indicated that the temperature of S&Dfor composite with 1 wt. % Ti is above the solvus
line, while this temperature is below the solvus line for binary alloys;Ttiican be concluded that
ageing of composite at this temperature lead to arfdstsolution (over aging) of precipitate phase in
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the matrix than binary alloy, and also resultingreduction in hardness after 2 hrs ageing at this
temperaturelt can also be seen that the maximum hardness of the composite is lower thath#hat of
binary alloy, which in turn is due to the formation of the lower amount @figitate phase within the
matrix in comparison to binary alloy, as mentioned eatrlier.

The effective factors on hardness (i.e. dislocation elimination anthfmn of precipitate), change in
such a way that cause a gradual increase in hardness at 450 °C with increzisimgirag. In the
absence of TiBparticles, the maximum hardnessf2 wt. % Ti alloy (i.e. 264 HV) occurred after
15 hrs while the maximum hardness of compofie 258 HV) achieved aftdi0 hrs ageing at 450
°C. The increasing in ageing kinetic in the presence of p&ticles can be attributed to possible
nucleationof B' precipitates on the basal plane of TiBand over punch out dislocation as shown in
Fig.5 (a). The rate of decrease in hardness after passing the peai hkieomposite (i.e. 0.9 HV/
hr) is less than that o€u2 wt. % Ti alloy (i.e. 1.1 HV/hr). This behavior can be explained by
retarding influence of TiBparticles on the coarsening of larger number of metastahlé particles
according to Bozic et ak]. On the other hand, according to a similar research by Cornie efl al [23
decrease in hardness value of Cu-2 wt. % Ti alloy after peak age aonchii be due to the
formation of cellular (discontinues) precipitates at the grain boundaries, see Fig.7.

Hardness, tensile properties and electrical conductivity of the as captermsed and peak-aged
composites were measured and presented in Table.1 together with similatigg@ieCu-2 wt.% Ti
binary alloy. The results show a considerable increase in electrical deitgduait peak aged (i.e.
28% IACS) composite relative to as cast (8% IACS) and as quenched (15% IACSipoorditthe
titanium significantly reduces the electrical conductivity of copper i3, formation of Cyli
consumes the titanium in matrix and causes to reduce the electrical rgsistiather words, the
increasing in resistivity due to the increasing volume fraction QT iCarecipitate is lower than the
decrease in resistivity due to removal of Ti from the matrix [6], thezefesulting in an overall
increase in electrical conductivity in peak-aged composite compared with ttierstdeated one. As
shown in this table, the electrical conductivity of the composite at peak agditia@ois 65% higher
than those of the binary Cu-2 wt.% Ti alloy. This higher electrical condlycis analyzed by
considering the interaction between conductive electron and reinforced pantidieat tegard, two
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effective factors can be consideriedevaluating the electrical conductivity of copper matrix, which
are resistivity of particles and scattering surface of conductive electrons. As the electsitbaityesf
TiB, particles (i.e. 6.6uQcm) [24] is lower than CuyTi (i.e. 38.5 uQcm)[6] precipitate, it can be
concluded that the detrimental effect of Tigarticles on electrical conductivity of copper is lower
than CyTi precipitates. On the other hand, as mentioned previously, the amounfTofp@&acipitate,
which is formed in peak-aged condition of the composite, is lower than that of i@y Also
these precipitates were preferably nucleated next to thep@iliicles. Hence, the scattering surface of
conductive electrons due to formation of ;Tuprecipitates in composite did not much rise during
ageing process in comparison to binary alloy. Consequently the electrical comgudtmdmposite
increases more than binary alloy during the ageing according to Nordheim's rule [6,3].

Table.1l. shows a substantial increase in tensile properties of the sample under peadiged
when compared with those of the as quenched sample. The amount of increase in yield and tensil
strength of the peak-aged composite sample relative to the as quenched samplé/dda aii@ 228
MPa respectively; while those increases for the Cu-2 wt. % Ti binary aBa¥32 MPa and 197 MP
respectively. Therefore, since the amount of increase in the ultimate andtyéelgths of composite
during ageing were higher than those of binary Cu-2 wt. % Ti alloy. One majudenthat the
mechanism of strain hardening in the composite having both non-shearablgafiBles and
shearablg' (CwTi) particles was a differenda the mechanism of strain hardening of Cu-2wt. % Ti
alloy without any non-shearable strengthening particles. In other hand in the compo#ite,
shearable and non-shearable particles can slow down dislocation movemang kealigh strength.
While in Cu-2 wt. % Ti alloy only thehearablef' effect the strengthening of the alloy. This means
that consecutive passes of dislocation through these particles decreasesrespiited force for
movement of dislocation through these particles gradually decreasdhé¢3fluctility of composite
(%EL=21) is slightly less than that Gfu-2wt. % Ti alloy (Y%EL=24) under peak aged condition. This
was attributed to the presence of ultra hard,TpBrticles in the matrix of the composite which
lowered the dislocation movement hence lowered ductility, nevertheless dimple chai@ctethe

fracture surface of composite (Fig.8) indicate a ductile mode of fracture in the composite.



4. Conclusions

1-In Situ formation of TiB in Cu-1wt. % Ti-1 wt% TiB, composite makes it possible to access to a
favorable combination of high hardness and electrical conductivity after ageitmgeinéaDuring the
ageing,Cw,Ti reinforcing particles preferably precipitate near Jirticles. This is because of the
punched out of dislocations around the Jiiarticles, which introduces heterogeneous nucleation
sites.

2-HRTEM characterization ofcu-1 wt. % Ti-1 wt. % TiB composite confirm the presence of
metastablg'(Cu,Ti) precipitate formed near the Tilarticles when aged at 450 for 10 hrs.

3-Ductile mode of fracture was observedGn-1 wt. % Ti-1 wt. % TiB composite at peak age
condition.

4- The electrical conductivity of the composite increase due to formation afdégstcipitates (')

in matrix and reach to 28% IACS after 10 hrs aging at 450 °C.

5-The maximum hardness, yield and ultimate tensile strengths of composite\(28831MPa, 590
MPa; respectively) are achieved after 10 hrs while the maximum mechgarupatties ofCu-2 wt.%

Ti (264 HV, 417 MPa , 615 MPa;, respectively) achieved after 15 hrs ageing at 450 °C.
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Figures and Table Captions

Fig. 1 BS-SEM micrograph of Cu-1wt %Ti-1wt . %TiB , composite after a) solidification b) cold work
and solutionized

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

Fig. 3. a) Bright field TEM image of tangled dislocations in the vicinity of 1B, particles after quenching
b) Dark field (c) SAD pattern of TiB, particle.

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

Fig. 5 HRTEM micrograph of Cu-1wt. % Ti-1wt. % TiB, aged at 450 °C for 10hrs (ap'(Cu,Ti) formed
near the TiB, particle (b) PB'growth (c) SAD pattern of p'(Cu,Ti) (d) TiB, FFT pattern

Fig.6. Variation of hardness as a function of ageing time in different temperaturgs) Cu-2 wt % Ti (b)
Cu-1%wtTi-1%wtTiB ,

Fig.7. Microstructure of Cu-2 wt. % Ti binary alloy after 25 hrs aged at 450 °C, shows the formation of
cellular type precipitate at grain boundaries

Fig.8. Fracture surface of Cu-1 wt% Ti-1wt. % TiB ,composite after 10 hrs aged at 450 °C
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Table.1. Comparison of properties ofCu-1wt. % Ti-1 wt. %TiB , composite with that for Cu-2 wt. % Ti

Fig. 1 BS-SEM micrograph of Cu-1wt. % Ti-1wt. %TiB , composite after a) solidification b) cold work

and solutionized
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Fig.2 Microstructure of Cu- 2 wt. % Ti after quenching from 900°C
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Fig. 3. g Bright field TEM image shows tangled dislocations in the vicinity of TiB particles after

quenching b) Dark field (c) SAD pattern of TiB; particle.
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50 nm

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

maps
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(1102) (0112)

Fig. 5 HRTEM micrograph of 98 wt.%Cu-1wt. % Ti-1wt . % TiB , aged at 450 °C for 10hrs (ap'(Cu,4Ti)

formed near the TiB, particle (b) B' growth (c) SAD pattern of B'(Cu,Ti) (d) TiB, FFT pattern
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Fig.6. Variation of hardness as a function of ageing time in different temperatures (a) Cu-2twb Ti (b)

Cu-1wt. % Ti-1wt. %TiB ,
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Fig.7. Microstructure of Cu-2 wt. % Ti binary alloy after 25 hrs aged at 450°C , shows the formation of

cellular type precipitate at grain boundaries
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Fig.8. Fracture surface of Cu-1 wt % Ti-1 wt. % TiB ,composite after 10 hrs aged at 450 °C
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Table.1 Comparison of properties of Cu-1wt % Ti-1wt. %TiB , composite with that for Cu-2 wt. % Ti

Cu-1 wt %Ti-1wt% TiB, Cu-2 wit% Ti
Peak age Peak age
As cast As quenched (10hrs-450°C) As cast As quenched (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
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