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The influence of carbon on the phases in the
copper-titanium system and their precipitation

ANDERS E. W. JARFORS
KTH-IMP/MG, 100 44 Stockholm, Sweden
E-mail: andersj@matpr.kth.se

The influence of carbon on the phases occurring in the copper-titanium system has been
experimentally investigated. Samples were fabricated from elemental copper and titanium.
Carbon was added in the form of graphite or as titanium carbide. The samples were
encapsulated, heat-treated at 1173 or 1373 K for 24 h and subsequently quenched in brine.
The phases present at the treatment temperature were identified, as well as the phases
occurring during solidification. The microstructure indicates the presence of a miscibility
gap. The composition of the phases were determined using EDS-analysis. The composition
of the copper phase was found to show a great variation caused by the precipitation
sequence during quenching of the melts. The complex precipitation also caused both TiCu,
and the meta-stable TiCus to form. The composition of TiCu was found to show a wider
compositional interval than earlier found. The variation of its composition with the nominal
composition suggests that TiCu can dissolve carbon. The pure Ti phases also showed larger
solubility of copper than earlier found. An outline of the precipitation sequence is made.
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1. Introduction precipitates in the liquid state and in many cases during
Copper and copper-base alloys are important familiesolidification suggests a greater opportunity to recycle
of alloys. Their field of application ranges from facadethan using other types of fabrication techniques. In-
covers and pipes for plumbing to applications in elec-house re-melting is a definite possibility if clustering
tronics. In electrical connectors and make and brealkand particle growth can be controlled.
switches it is used together with materials that are sta- The present work treats a possible system for in-situ
ble at high temperatures to increase its service perforcomposites, the Cu-Ti-C system. The binary system
mance. Make and break switches usually consist of &£u-Tiis thoroughly reviewed and the binaries Cu-C and
pair if thin slabs, responsible for making, carrying andTi-C presented. The influence of the presence of carbon
breaking the current. During making and breaking ofon the phases occurring in the binary Cu-Ti system is
the current arcing occurs causing high temperature. Thdiscussed. These matters are necessary to understand
case of make and break switches is one of the oldest artlabth for manufacturing and recycling of the composite.
most successful applications of composite materials.
Their fabrication is however quite tedious, involving
the fabrication of a precursor containing the reinforce-2. The binary phase diagrams and the
ment, with a subsequent infiltration process to obtain phases occurring
the switch material. 2.1. The Cu-Ti system

During the past two decades the research into th&he binary system Cu-Ti is a complex system in which
field of composite materials have been intense. The traseveral different compounds exist[1]. These phases will
ditional composites are normally mixed from powder, be described more in detail below after a general out-
laid up using foils or infiltrated with a molten metal. line of the phase diagram, describing the most relevant
The reinforcement varies from particles to long fibres.reactions for the present paper.
These composites have in common that the key prob- The phase diagram compiled by Murray [1] is shown
lem is the matrix-reinforcement compatibility as well in Fig. 1. Starting at the copper-rich side copper melts at
as difficulties when recycling scrap. Their strength is1358 K [1] and decomposes peritectically at 1158 K un-
the possibility to have a well-defined orientation of fi- der the formation of TiCy[1-7]. The solid FCC copper
bres and fairly large fractions of reinforcement. Thehas a fairly large solubility of titanium. The compound
reinforcement is often a highly stable material with aTiCu, forms a eutectic together with TiG{l-6]. The
low solubility in the matrix. Altogether this makes recy- eutectic reaction occurs at 1148 K at 27 at % Ti. TiCu
cling difficult. Using thein situroute for fabrication of undergoes a solid state eutectoid transformation into
the composite, the matrix-reinforcement compatibility TiCus and TbCus [1-4, 8, 9]. TiCu may thus be formed
is in most cases solved. The fact that the reinforcemenrtoth from melt and from solid phase. The phases TiCu,
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Figure 1 The binary Cu-Ti phase diagram [1, 27].

TizCuw, TioCuz and TiCy are compounds occurring in  that Cu, containing Ti may form non-crystalline phase
a cascade of peritectic reactions [1-5, 9]. It should hereluring rapid solidification. Diffraction analysis of the
be noted that TiCulis present only at a narrow temper- non-crystalline material shows a pre-peak indicating
ature range and not at room temperature. This is not thehemical short-range ordering [1, 17-20]. A weak but
case with the other phases occurring. TiCu representamilar type of peak was found in the liquid state [1, 21].
a local temperature maximum in the system with itsThis short-range structure was suggested to have the
congruent melting at 1255 K [1, 2, 4, 5]. Closer to thesame ordered structure as TiJw, 18]. This is strong
titanium-rich side of the phase diagram a eutectic poinevidence for a short-range ordering tendency in the
is found in which TiCu and BiCu precipitates. Thisoc- Cu-Ti system in addition to the tendency to form com-
curs at 1233 K at57 at% Ti. 4Cu is also formed peri- pounds. This short range ordering suggests that the in-
tectically fromg-Ti at roughly 1278 K [1,4,5]. TiCu  tegral enthalpy of mixingH, is negative in the liquid.
may also be formed from solid phase wheiTi de-

composes inte-Ti and TpCu [1, 2, 4,10, 11]. 2.1.4. Ti,Cus
Ti,Cus is the phase in equilibrium with TiGun the
2.1.1. Cu solid state. It is considered to be stoichiometric with a

Copper may dissolve up to 8 at% Ti at the peritectictitanium concentration of 40 at % [1]. It should here be
temperature [1]. This solubility may increase drasti-noted that TiCuz only forms from a solid state reaction
cally if oxygen is present [3]. There exists a strongand is thus unlikely to form when quenching from the
tendency towards ordering in the solid solution at comdiquid or mushy state.

position higher than 4 at % Ti [1, 12, 13].

2.1.5. Ti3 CU4
2.1.2. TiCu, TizCuw, is also a stoichiometric compound with a nom-
The exact composition of TiGuhas been under inaltitanium concentration of 42.9 at% [21]. The slim
considerable debate. First it was designated TiCudifference in composition betweensUuw, and TbCug
[1,4,5,14,15]. It was however finally concluded that makes it extremely difficult to distinguish between them
the real formula was TiCuand that the composition by composition and thus also by EDS-analysis.
could vary between 19.1 at% Ti up to 22 at % Ti [1].
It should here be noted that the phase ®@1ay occur 2 1.4. TiCu
as a metastable phase having compositions between ¢y, is a congruently melting compound, with a non-
at% Ti up to 25 at % Ti [16]. It should furthermore be gigichiometric composition. Eremenkbal.[2] studied
noted that the presence of oxygen stabilises TiBU  the width of the composition range for TiCu and found
that it may vary between 48 at% Ti up to 51 at% Ti.
2.1.3. TiCu, Karlsson [15] reported a maximum solubility of 53% Ti.
The phase, TiCy is considered to be stoichiometric Karlsson [15] also reported a substantially lower solu-
corresponding to 33.3 at % Ti. An interesting feature isbility on the Cu-rich side but the experiments suffered
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from a substantial contamination of oxygen. The experis positive. This is further supported by the fact that the
iments of Karlsson [15] are therefore regarded as lesmutual solubility of copper and carbon is low in combi-
reliable. nation with the absence of an intermediate compound.

2.1.7. Ti,Cu 2.3. The Ti-C system
Ti,Cu form a eutectic with TiCu as mentioned above.The binary Ti-C phase diagram is shown in Fig. 3 [27].
The exact composition has been under debate @LTi The Ti-C system is a well-established system of which
have been suggested [15] at which the compositionathe work by Jonsson [28] covers most aspects. The Ti-C
variations lies between 72.5 at% Ti up to 75 at% Ti.system hasx-Ti and B-Ti at one end at which only
Eremenkoet al.[2] found the composition range to be a very limited solubility of carbon exists. The situa-
between 67 at% Ti up to 70 at % Ti at 1073 K. Mueller tion is similar at the carbon-rich side. The difference
et al. [21] on the other hand reported almost a singlecompared to the Cu-C system is that {iC,) exists.
phase composition with variations between 76.2 at % TiliC; _ y) is highly non-stoichiometric and shows order-
up to 77.2 at % Ti. TiCu may also precipitate by an or- ing tendencies with decreased degree of stoichiometry.
dering reaction rather then by a re-dissolution processTiC; — y) is a highly stable compound that causes most
indicating a positive heat of mixing in titanium [22, 23]. ternary systems to rapidly lower the solubility of tita-
nium and carbon in a liquid in contact or equilibrium
with TiC(1 _y). It is interesting to note that there exists
2.1.8. Ti a limited solubility of Cu in TiG; — y) which seems to
A large amount of work has been made to investigatdave a tendency to increase with lower temperature and
Ti. It is well known that there exist two modifications, lower degree of stoichiometry [29].
a-Tihaving a hexagonal structure afri being cubic.
a-Ti may dissolve up to 1.6 at% Cu argtTi may
dissolve as much as 13.5 at% Cu at 1063 and 1278 8. Experimental
respectively [1]. The materials used to produce the alloys are listed in
Table I, while compositions and temperature conditions
are found in Table II. The experimental procedure was
2.2. The Cu-C system identical for all experiments. Each crucible was filled
The Cu-C phase diagram comprises no stoichiometrigvith the appropriate amount of copper, titanium and
compounds and only limited solubility in the existing graphite or titanium carbide. Graphite or titanium car-
phases, i.e., carbon dissolves only to limited amounts ibide, having a lower density was put in the bottom and
Cu and vice versa [24—-26]. The Cu-C system is showrtopper on top to enhance the mixing of species. To
in Fig. 2 [27]. It is likely that there exists an inflection protect the samples, the crucibles were encapsulated in
point on the liquidus line. This would indicate thdf! quartz tubes. Each quartz tube carried three crucibles.

Weight Percent Carbon

0.000 0.001 0.002 !
100 ! o oge _ogos
3 3
1700 4 _
1600 4 b
QO b 3
Q 1500 + 3
© E
[
: -
" 1400 ;
& ] L + Graphite 3
Q 1 L
2 :
¢ 13004 E
E‘ 1
12004 [
j1084.87°%C
1100 -
=— (Cu) 1
1000 - 1 T Y ¥ * T L
0.000 0.005 0.010 0.015 0.020 0.025
Cu Atomic Percent Carbon

Figure 2 The binary Cu-C phase diagram [27]

4535



Weight Percent Carbon

30
T T T 1
3000 . o
‘s\\ I'
S~ ’/
2776°%C_ “~. 7
~83
’I
] -
2500 L a
] s
I”’
) J
o ’I
(4] ,I,
5 20004 S 2
= 670 Fmmem
I' . .
by Y o TiC + graphite
Q. 1648°¢C
£ 1.8
w T -
Q& 1500
(BT1)
1000 920°¢ -
]
{(aTi)
500 T T T " T T
0 10 20 30 40 50 60 70
Ti Alomic Percent Carbon

Figure 3 The binary Ti-C phase diagram [27]

Before final sealing, the quartz tubes were flushed with The choices of alloy composition were such that all
argon and evacuated to ensure a low oxygen partialloys contained 5 at % carbon. Two different groups of
pressure. Several tubes were put into the furnace talloys were produced. The first set was made in such
ensure an identical thermal history. The furnace usea way that stoichiometric titanium carbide was added
was a resistance furnace. The temperature variation ito the alloy in such an amount that the carbon content
the region where the samples were located was meaorresponded to 5 at % carbon. Additional titanium was
sured to be less than 10 K. The temperature during heatdded to reach the required titanium content in the dif-
treatment was only measured at one location. The tenferent samples. The second set of samples was made
perature variation during heat treatment were less thafrom copper, titanium and graphite. Graphite was added
+2 K. After 24 h the samples were removed from theto the same concentration as the first set, thatis 5 at%
furnace and quenched by letting the sealed quartz tubgarbon and titanium was added to reach the proper com-
fall into brine, in an effort to freeze the state at the position of the samples. The set of phases present is in
treatment temperature. The size of the samples aftgrrinciple decided by the average concentration in the
solidification was typically a cylinder with a height of alloy. The reason for the choice of two different sets
0.006 m and a diameter of 0.008 m. of samples is as follows: When carbon is added in the
form of TiC it will go in to solution to the amount dic-
tated by the equilibrium with TiC which is low. If on
TABLE | Specification of the material used to fabricate the alloys ~ the other hand carbon is present in the form of graphite,
the carbon-activity will be forced towards unity and the

Material Purity  Major impurities solubility of carbon will be higher. This forces the path
cu 09.05  — _ _ towards equilibrium to be different than when carbon is
Ti (Wt %) 99.89 Fe o c added in the form of TiC. The choice of the two differ-
0.050 0.040 <0.01 entfabrication methods was thus made to double check
Tc 98.5 - - - and to ensure the solution of carbon into the molten
Graphite (ppm)  99.99 z(fsr' f 2S copper and to ensure the formation of all compounds
- possible.

TABLE |l Experimental conditions with titanium concentration ranges given as at % titanium

TiC base K¢ =0.05) Graphite baseX{c = 0.05)
Temperature (K) Minimum Maximum No. of samples Minimum Maximum No. of samples
1373 0.3 41 11 2 54 11
1173 5 46 11 1 45 10
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4. Results and discussion the Cu-Ti system. In general the thermodynamics of a
The results and discussion section will be divided intophase, i.e., may be described as
three sections. The first part comprises a general outline _ _ _ _
of the ternary region Cu-Ti-C. The second part will 'Gm ='GY, + T'Sn + 'GE, (1)
discuss the composition of the individual phases and
experimental results in detail. The third parts treats thévhere

ossible precipitation sequences. .
p precip q G0 = ij G?

i

4.1. General outline of the phase diagram i )
It should first be noted that titanium carbide was found Sn: Integral entropy of the phaseJ/mol, K)
in all samples. It is also clear that it is present in the 'Gm: Integral Gibbs excess energy (J/mol)

liquid state during heat treatment. _ '(I)': Absolute temperature (K) '
A typical SEM micrograph, in the back-scattered 'Gm: Integral Gibbs energy of pure substance in
mode, is shown in Fig. 4. The darkest phase iS G phase (J/mol)

and will not be considered in the discussion below. Xj: Molar fraction of elemen§
The microstructures clearly indicates the presence of G}: Partial Gibbs energy of the pure substaijice
a miscibility gap showing the typical smooth and ad- (J/mol)
justable interfaces commonly found in systems with g . L .
liquid miscibility gap. That the surrounding phases are' "€ Gibbs energy of mixing is then defined as
found in the interior of the other phases, indicate a sec- igM _ ig.. _igo0 )
ondary precipitation during cooling. This indicates that m— =m m
the miscibility gap is skewed. Thisis due to the presencerhjs resylts in the following expression for the Gibbs
of TiC(;  y) atone side of the ternary system, forcing theenergy of mixing
liquidus surfaces towards higher temperatures in alloys
having low copper contents. The Cu-Ti system shows iGM — RT Z(Xi In(x)) + 'GE 3)
a strong tendency towards chemical ordering and thus m m
the equilibrium occurring will be skewed [1, 17, 18, 21]. whereR: General gas constant (J/mol, K)
As was mentioned above the ordering tendency inthe |n a binary system, using that; +x,=1 and
liquid showed similarities to the compound TiLCu Equation 3 yields

The thermodynamic description by Murray [1] en- _
ables the calculation of the integral heat of mixing in 'Gm = RT(x1In(X7) + (1 — x1) In(1 — X1)) +'G§ (4)

Figure 4 SEM-micrograph (back-scattered mode) showing a microstructure indicating a miscibility gap. The sample having an analyzed nominal
concentration of 36.2 at % Ti treated at 1173 K with TiC as carbon source. The black phase is TiC, the dark phase is TiCu and the light phase is TiCu
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TABLE Il Values for the thermodynamic constants given by Mur- Spinodal decomposition temperature
ray [1]

Tig)
Phase B (J/mol) C (I/mol) D (3/mol) 1000}
FCC Cu 4600 0 0
B-Ti 4300 0 0 800}
a-Ti 16500 0 0 o
Melt ~12000 3539 8278 = sool
©
°
o]
. _ £ 400}
Murray used Equation 5, below, to describe the Gibbs & (Cu-Ti),, Cu(s)
excess energy = % (L) _
200+ TI(B)
'GE = x1(1—x1)('B+'C(1 — 2xq)
0

+ iD(6Xf — 6X1 — 1)) (5) 0 0.2 0.4 0.6 0.8 1
Copper Concentration, [atomic fraction]
In the work of Murray the coefficient8, 'C, 'D are

independent of temperature Why the following can beFlgure 5a Spinodal decomposition temperatures for liquid Cu-Ti, FCC

Cu,a-Ti and 8-Ti.
stated “ P
) iGE Spinodal decomposition temperature of the Cu-Ti melt
Hy = ——"—~ (6) >
x1(1 = xq) 2000
This provides better understanding of the clustering 0

haviour of the material. IfHY <0 then short-range
ordering of copper and titanium atoms occur whiz -2000¢
if HV > 0 separation of the atoms will be dominan -
Studying the values for some the phases present
following is found. In the melHM < 0, indicating that
a tendency for clustering in the melt is possible. F
the FCC-copper phagd > 0, indicating a tendency
for separation of the atoms is found. The same is va -8000}
for botha-Ti and 8-Ti. The values for the coefficients
used in the calculations where given by Murrayand ¢~ -10000
collated in Table Il1. 0 02 0.4 0.6 0.8 !
It is now possible to calculate the spinodal for t.. Copper Concentration, [atomic fraction]

Separathn' The equation of the spinodal is the given b¥igure 5b Full view of the decomposition temperature in the Cu-Ti melt.
the condition that

-4000¢

-6000+

Tspinodal’

9*Gy —0 @) Fig. 5b. Since the spinodal decomposition temperature

ax2 - is negative, the location of the minimum should be inter-
preted as the most likely concentration for a short-range

The derivative is given by clustering instead of separation. This is consistent with
the findings that there exists a clustering in the binary

(97GM /9x?) = —=[RT + 2x1(x, — 1)(B + 3C melt around this composition, i.e. Tigult may thus

i : . be concluded that the thermodynamic description made

+5D — (6C +36D)x, by Murray [1] provides a good description of the binary

+36Dx3)]|/x1(x1 — 1) (8) system.

As carbonis added clearly a phase separation occurs,

The condition for the spinodal, Equation 7 and the secVisible from Fig. 4. This indicates that the presence
ond order derivative of Gibbs energy of mixing, Equa-©f carbon has a strongly positive contribution to the

tion 8 yields the following expression for the spinodal. heat of mixing in the ternary system. Any miscibility
gap in the system must be located towards the Cu-C

Topinodal= —[2X1(¥1 — 1)(B + 3C + 5D side of the system. Since the short-range order near

_ TiCu, is, from a phase separation point of view, the

— (6C + 36D)x1 + 36'Dxf)]/R (9)  most difficult point to overcome, this is a critical point

for the miscibility gap. As carbon is added, the heat of

The results from the calculation are shown in Fig. 5amixing is increased. Any point near this concentration

and b. None of the spinodals exceeds the liquidus linewill have a more positive value for the heat of mixing
in the binary diagram, Figs 5a and 1. Interesting toand thus a greater tendency for phase separation. As
note is that the minimum for the calculated spinodalphase separation occurs the liquid will thus separate

temperature of the melt is located just around HCu into one liquid having lower titanium concentration and
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c ranges, discussed above. The composition of TiC has
been separately treated elsewhere [29].

The FCC copper phase was found in all samples
but two. One of these samples was manufactured from
graphite and treated at 1373 K. The other sample were
made from titanium carbide and treated at 1173 K. The
composition of these samples were 41.3 and 36.3 at%
Ti respectively. The fact that copper was absent in a
sample treated at 1173 K with a composition of 36.3

\ at % Ti, which is close to TiCusupports that the criti-

cal point for the spinodal is in this range. The fact that
copper is found in all other samples even though it not
is stable in the binary phase diagram supports the pres-

ence of a miscibility gap in the ternary Cu-Ti-C system.
The analysis of the Ti-concentration in the copper
Figure 6 Schematic representation of the miscibility gap indicating the matrix phase is shown in Fig. 7a and b. The leftmost
djrection of the tie—l_ines and indication of the critical point at the Cu-Ti |jne in the figure correspond to the amount intentionally
side of the phase diagram. added, i.e., it has the slope one. The upper and lower
bounds were arbitrarily drawn and should not be seen

T
T|Cu2

one having a higher titanium concentration than the

critic_al c_:oncen_tratio_n close to TiGuThis suggest t_ha_t Tiin Cu at 1373 K
the tie-lines primarily are located along the Cu-Ti side [o=Graphite base, +=TiC-base]
of the phase diagram and that the shortest tie-lines arcg' 12 : . : .
close to TiCuy in concentration. This is schematically ¢
illustrated in Fig. 6.

Another interesting feature is that the most domi-
nant solid spinodal is that of the-Ti, which is consis-
tent with earlier findings that FCu is predominantly
formed by a spinodal decomposition rather by the eu-& 4|

. . . =
tectic reaction. The general tendency found in the sam-Z
plesis that TiCu is present at higher temperature while .2 al
TiCu occurs at lower temperature. TiCu appears agair 8
at the higher concentrations at lower temperatures. Thisg
suggests that 3Cu is mainly formed by a eutectic reac-
tion, but does not exclude the spinodal decomposition.

At1373 K the only solid phase occurringis TiCy) % 10 20 30 40 50
at the compositions studied. It was impossible to accu- Nominal Ti Concentration [atomic-%]
rately establish the fact whether or not the two liquids
are present at 1373 K in an alloy containing 5 at % car-igure 7a Ti content in Cu quenched from 1373 K where (o) Graphite
bon. It was however clear that after solidification of thebase and{) TiC base alloys. Lines indicates upper and lower boundaries
samples phase separation had occurred. The fact ththe solubility.
is was impossible to positively determine the presence
of two liquids at the treatment temperature is due to TiinCuat1173 K
distortion of the samples during quenching. [0=Graphite base, +=TiC-base]

—_
(o)

hase [atomic
[o=)

ONC

The situation is somewhat different at 1173 K, at g 12 '
which the phases listed below are stable in addition ta.8 /é
TiCa—y). g 10¢ +
k] 8
. . . . g 4+
TizCuws, TiCu, TioCu, B-Ti @ 8 . $
s ¥ o +
A consequence of the presence of a miscibility gap ise_: 6l °
that two liquids will form having different composi- Z © g8 o
tions. As the molten alloy solidifies each liquid will .2 4| °
precipitate phases given by the local composition of the S + 8 °
liquid. This causes a large number ofdifferentphasestc§ 5l °
form during solidification making the samples difficult §
to interpret. O 0
F "o 10 20 30 40 50
Nominal Ti Concentration [atomic-%]
4.2. Composmon of the phases Figure 7b Ti content in Cu quenched from 1173 K where (0) Graphite

The composition ranges of th_e Occurring_ phases argase and() Tic base alloys. Lines indicates the upper and lower bounds
collated in Table IV together with the earlier reported of solubility.
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TABLE IV Comparison between reported solubility and experimentally assessed solubility

Temperature used

Reported range

Experimentally

found range

Phase in experiments Min Max Min Max Remarks
Cu 1373 — 11 Only maximum values relevant
Max 8
1173 — 10 Ditto
TiCug 1373 16.9 21.2 —
19.1 22
1173 15.8 19.0 —
TiCus 1373 26.8 28.8 —
21 25
1173 22.5 27.2 —
TiCuy 1373 32.9 35.5 Only found in TiC-base specimen with nominal
concentrations below 22.7 at% Ti
33.33
1173 29.2 30.9 Only found in the range of nominal
concentrations between 30.6 and
36.2at% Ti
Tio,Cug 1373 37.8 39.3 Only found in specimens with a nominal
concentration below 22.7 at% Ti
40
1173 — — No TpCug found at this temperature
TizCuy 1373 43.2 44.0 Only found in two samples having nominal
concentrations of 1.6 and 41.3 at% Ti
42.9
1173 43.0 Only found in one sample having a nominal
concentration of 1.6 at% Ti
TiCu 1373 48.9 59.6 Concentrations mainly within a 4 at% Ti
window with upper en lower bounds
increasing with nominal Ti content. Present
in graphite base samples between nominal
concentration between 1.9-45.3 at% Ti. In TiC
base samples the range was 29-54.3 at % Ti
48 53
1173 48.8 60.0 Increasing window range with increasing
nominal Ti concentration. Present in
graphite base samples between nominal
concentration between 1.25-45.3 at % Ti.
In TiC base samples the range was
16.9-45at% Ti
TioCu 1373 63.6 75.2 Present in the range of nominal
concentrations between 16.6
and 43.5at% Ti
67 77.2
1173 60.8 77 Present in the range of nominal
concentrations between 1.25to 30.6 at% Ti
Ti 1373 80.3 98.4 Present in the range of nominal
concentrations between 2.6 to 41.3 at% Ti
Min 86.5 (-Ti)
1173 Min 98.4 &-Ti) 80.5 90.3 Present in the range of nominal

concentrations between 1.6 to 25 at% Ti in
graphite base samples

as exact. Itis clear that the samples made from graphitep to 11 at % Ti, if the average nominal concentration
base alloys shows a lower solubility of titanium than theis on the order of 40 at %. The lower bound concentra-
samples made from titanium carbide base alloys due ttons ranges from around 0.4 at% Ti up to 1.6 at % Ti.
the increase carbon activity. The spread, in the meaAt 1173 K, the upper bound increases from roughly 6.5
sured composition, is caused by phase separation arad % Ti (extrapolated value) up to roughly 10 at% Ti.
the re-precipitation occurring during cooling. The anal-The lower bound starts around 0.4 at% Ti increasing
yses will not give the exact composition of the liquid to 3.6 at % Ti. The lower bound corresponds to the first
phases. At 1373 K the upper bound concentration of th@recipitated solid phase while the upper bound corre-
liquid is increasing constantly from value of 1.8 at % Ti sponds to the last solidified material from the melt with
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a low titanium concentration. Interesting to note is thatthe figures indicates the position of the stoichiometric
the maximum solubility in the FCC copper phase tendsTiCu, and TiCus.
to be slightly increased in the ternary system, indicating From the figure it can be seenthatthe Ti@present
a direction for the phase boundary, as well as a limitedn the samples having nominal compositions in the in-
solubility of carbon in FCC copper. terval 22 at% Ti up to 33 at% Ti. TiGutends to be
Additionally it is worth noting that in the range fairly  slightly depleted in titanium compared to the earlier re-
close to the composition of TiGuhe spread in titanium ported compositions. The composition of T§Jsg on
concentration seems to be lower. This may be due tthe other hand somewhat rich in Ti instead. The in-
that the difference between the two liquids is small,creased range of existence suggests that there exists a
supporting the statement that this concentration is #imited solubility of carbon in both these phase, but this
critical point for the miscibility gap. was presently not possible to confirm. Interesting is that
TiCus was not found extensively in the samples indi- TiCugis predominantly formed above 35 at % Ti. A pos-
cating thatlittle or no oxygen was presentin the samplesible explanation to the precipitation of Tiginstead
since this phase was stabilised by the presence of oxyf TiCu, may be the following. As the temperature is
gen [3]. The composition of this phase is more similardecreased the titanium-rich liquid will precipitate the
to TiCus that may form as a meta-stable phase. Thugopper-rich liquid. As the copper-rich liquid cools, it
it may be concluded that when carbon is present anavill precipitate solid copper and should finally precipi-
the cooling rate is rapid TiGuis favoured instead of tate TiCu,. This may be the case if the nominal titanium
TiCuy. This may be seen in Fig. 8a and b. The lines incontent is low. On the other hand if the titanium con-
tent is increased the driving force for the precipitation
of the copper-rich liquid from the titanium-rich liquid

TiCugand TiCuqat 1373 K . : . .
4 3 is much higher. This will occur at lower temperature

{0=Graphite base and +=TiC-base)

Nominal Ti Concentration [atomic-%)]

< 30 from a liquid containing a fair amount of titanium. It
e + 4 is likely that this liquid will precipitate the meta-stable
g 28¢ 3 § TiCuz due to the decreased temperatures and increased
k= o6l + driving force for precipitation.

0 The composition of TiCuwere found to vary be-

S o4l tween 33 and 35.5 at% Ti at 1373 K and to be around
= TiCug 31 at% Ti at 1173 K, indicating that deviation from
2 22l stoichiometry is possible. At 1373 K TiGwvas found

2 + in samples having nominal compositions below 22.7
g 20 ) at% Ti, while it only was found in the range between
5 TiCy 30.6.and 36.2 at % Tiat 1173 K. At 1373 K itis formed
% 18+ from the titanium-rich liquid during cooling. At 1173 K

& + it is formed by both liquids. This is further support
F 185 o5 30 35 20 25 that the critical point of the miscibility gap is located

near the composition of TiGuTi,Cuz were only found
in the samples treated at 1373 K in samples having a

Figure 8a Ti contentin TiCu and TiCy quenched from 1373 K where
(o) Graphite base andH) TiC base alloys. Lines indicating the stoichi-
metric composition of TiCgtand TiCu.

nominal concentration lower than 22.7 at% Ti, sup-
porting the formation of a titanium rich liquid. The

TiCujand TiCugat 1173 K
{o=Graphite base, +=TiC-base)

Nominal Ti Concentration [atomic-%]

composition was slightly hypo-stoichiometric but the
number of points measured were not sufficient to draw
any decisive conclusion.

T 28 The compositions of BCu, were approximately in-

o : dependent of nominal composition and of treatment
g 261 + temperature. The variation where between 43.2 at% Ti
= + up to 44 at% Ti indicating that it is close to stoichio-
o 24 TiCug . metric.

_E‘@ - P TiCu is non-stoichiometric as indicated above and
o I earlier results had found that the concentration had
E 20 varied between 49 and 53 at% Ti even though
S . . TiCy Karlsson [15] reported substantially lower solubility on
g sl the copper-rich side. In the present study no strong ev-
g idence of contamination from oxygen have been found
e 16l in the evaluated samples. In the present study the con-
3 centration of TiCu varies from just typically 48.9 at % Ti
= 1%0 35 0 I 0 Up to 59.6 at% Ti, Fig. 9a, in the samples treated at

1373 K. This supports the earlier found solubility on
the copper-rich side. In the present investigation TiCu
seems to continuously increase its composition with

Figure 8b Ti content in TiCy and TiCy quenched from 1173 K where
(o) Graphite base aneH) TiC base alloys. Lines indicating the stoichio-
metric composition of TiCgriand TiCu.

increasing composition showing a window of approxi-
mately constant range of about 4 at % Ti. In the samples
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Tiin TiCu at 1373 K both Ti and TyCu at low nominal concentrations indi-
(0=Graphite base, +=TiC-base) cates that the tie-lines are tilted towards the Ti-C side
' ' ' ' ' of the ternary phase diagram, as shown in Fig. 6.

- An interesting fact is that when measuring the tita-
8 nium content of the Ti phase it was found to be some-
what lower than reported earlier [1]. At a nominal con-
centration of 15 at% Ti a saturation limit seemed to be
reached and this was roughly 80 at % Ti as compared
to the 86.5 at% Ti reported earlier i#-Ti. Similar
concentrations were found at 1173 K. At 1373 K the
maximum titanium concentration in the Ti phase was
identical to the maximum concentration of tlgeTi,

i.e. 98.4 at % Tix-Ti can according to the Cu-Ti phase
diagram contain down to 86.5 at% Ti. In the present

(s>
(@]

[&)]
[s53

Ti Concentration in Phase [atomic-%)]

46 * study this value was found to be just above 80 at % Ti.
0 10 20 30 40 50 80 This indicates that Ti-phases and then especiailli
Nominal Ti Concentration [atomic-%] is precipitated during cooling.

Figure 9a Ti contentin TiCu quenched from 1373 K where (0) Graphite
base and-{) TiC t_)ase aII_o_ys. _Lines indicating upper and lower bounds 4.3. Precipitation of the phases
of the concentration of Ti in TiCu. Y . . .
The precipitation is best made using a Scheil type of
diagram outlining possible sequences. Such a diagram
Tiin TiCu at 1173 K is shown in Fig. 10a and b. At 1373 K the samples
5 (0=Graphite base, +:T'C'ba§e) consisted of molten Cu-Ti-C and TiC . It was not
possible to clarify whether or not this alloy consisted
of two liquids at treatment temperature. As the sam-
ple is quenched two liquids will precipitated if not al-
ready present. The copper-rich liquid precipitates more
or less according to the binary Cu-Ti phase diagram for
compositions close to the copper-rich side. Thus FCC
copper and TiCyis formed as well as the eutectic be-
tween TiCy and TiCy. This may occur for alloys of a
nominal concentration below typically 23 at % Ti. The
copper-rich liquid will also precipitate a titanium-rich
liquid. This titanium-rich liquid act identical to that al-
ready present due to the phase separation. The titanium-
rich liquid formed this way can precipitaéeTi or 8-Ti
0 20 30 40~ 50 under the subsequent formation 0bCu and the eu-
Nominal Ti Concentratian [atomic-%] tectic between BiCu and TiCu. The lower the nominal

Figure 9b Ti contentin TiCu quenched from 1173 K where (0) Graphite titanium content is the more “kely it is far-Ti or B-

base and-{) TiC base alloys. Lines indicating upper and lower bounds T1 tO precipitate. This is a result of the tilted tie-lines.
of the concentration of Tiin TiCu. On the other hand, the titanium rich liquid will precip-

itate a copper rich liquid. This copper-rich liquid will
also precipitate FCC copper and Tigar TiCuwg. If the

treated at 1173 K this range of variation was fromnominal concentration of titanium is high the precipi-
49 at% Tiup to 60 at % Ti, Fig. 9b. This is a wider range tated copper-rich liquid will predominantly precipitate
than earlier accepted in the binary system [2, 15]. TheliCus. This occurs for concentrations typically above
only possible explanation for this is that carbon can dis37 at % Ti.
solve into TiCu. This was again not possible to confirm. In the range of nominal concentrations between 30

Ti,Cu were found at both 1373 and 1173 K. At and 37 at% Ti the precipitation is somewhat obscure
1373 K it was found in two different regions, between since the difference between the two liquids is small.
16 and 21 at% Ti and above 40 at% Ti. The variationlt is however likely that the titanium rich liquid will
in concentration of HiCu was, at 1373 K, in between basically precipitate TiCu and follow the cascade of
63.6 and 75.2 at% Ti. This range is slightly shifted peritectic reactions. The behaviour of the copper rich
toward lower titanium contents than earlier reported.iquid is not clear. It was impossible to clarify whether
At 1173 K Ti,Cu were found at several different con- the originally present copper rich liquid or the copper
centrations below 32 at% Ti and even down to 1.25rich liquid precipitated by the titanium rich liquid pre-
at% Ti. cipitates the FCC copper. It is also possible that the

Ti as a solid phase were found at both 1173 andcopper-rich liquid will follow cascade of peritectic re-
1373 K. At 1173 K evidence of Ti were found below actions from TiCy and down. However, at 1373 K in
nominal concentrations of 25 at % Ti. The reason for thethis range both TiCyand TiCy tends to be absent.
presence of a Ti-phase with dissolved copper is again At 1173 K the phases present originally is differ-
the fact that a Ti-rich liquid is formed. The presence ofent from those present at 1373 K giving a different

Ti Concentration in Phase [atomic-%]
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Figure 10a Scheil type of schematic representation of the possible reactions occurring from 1373 K. Note that equilibrium not is prevailing during

INCREASING TI-CONTENT IN THE MELTS

L
>
L1412
L16>Cu L2111
L1+Cu L1¢Cu
>
TiCuy
L1 L1
& i
TiCug+TiCu,y Cu+TiCus

solidification and thus Gibbs phase rule is not applicable.

L24>TiCu L2 & Ti
L2+TiCu L2+Ti
“ &
Ti3CU4 Tizcu
L2+Ti3Cuy L2
© hd
TiCu, TizCu+TiCu
L2 Ordering
& Ti(Cu)
TiCuytTiCuy &
TizCu

INCREASING TI-CONTENT IN THE MELTS Y
X <30 30 < X <37 XF<37
[at.-% Ti] [at.-% Ti] [at. % Ti]
[ CutLl ] | Lo+TisCuy | [ L2+TiCu | [ L2+Ti
L1$Cu L2+Ti5Cuy L2
> L4
TiCuy Ti,Cu+TiCu
g L24TiCu
i &
i TisC
Li+Ca ’ n
STiCuy
L2+ TizCug
&~
TiCu,
= Iz Ordeing
TiCug+TisCu < Hoat
M TiCugt ©
TiCuy TiCu

In addition the following reactions occur during cooling
(Compare to the reactions occurnng from 1373 K)

L2¢<L1 L1eL2
L1¢&Cu L2¢>TiCu
L1+Cue>TiCus L2 TiCu+Ti2Cu

Figure 10b Scheil type of schematic representation of the reactions occurring from 1173 K. Note that equilibrium is not prevailing during solidification
and thus Gibbs phase rule is not applicable.

4543



precipitation sequence. At concentrations below aption of titanium. At 1373 K the concentration window
proximately 30 at % Ti the phases possible at 1173 Kapproximately 4 at % Ti, while at 1173 K the window

is the copper- and titanium-rich liquids, TiC ) and
solid FCC copper. Itis interesting to note that TiCu does
not appear below a nominal composition of 17 at% Ti
if TIC is added, while it is present in the whole exper-
imental range if graphite is added. This implies that
titanium rich liquid does not appear before a nomi-
nal concentration of 17 at% Ti under true equilibrium
conditions, since graphite is forcing the carbon activity
toward unity and the fact that residual graphite could
be found. Otherwise the precipitation is similar to that
at 1373 K. At 1173 K Ti as a phase was only found in
samples below a nominal concentration of 25 at% Ti
made from graphite. This indicates that the titanium-

tal

increases.
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