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Abstract

Silver-copper-titanium ternary alloys are oftendias active braze alloys for joining ceramics
to metals at temperatures ranging from 780 °Cifib#ing point of the Ag-Cu eutectic) up to
900 °C. When Ti/Ag-Cu joints are brazed at low tenapure (near 800 °C), the intermetallic
compound TiCus (tetragonal, P4/nmm, a = 0.313nm, ¢ = 1.395nnsysematically missing
from the interface reaction layer sequence. An expntal investigation based on isothermal
diffusion experiments in the Ag-Cu-Ti ternary systdas then been undertaken in order to
clarify the issues of thermal stability and forroatikinetics of this compound. Evidences
have been brought for the stability obCQus at temperatures ranging from 790 to at least 860
°C. By heat-treating Ag-Cu-Ti powder mixtures atO7€ for increasing times, it has
moreover been shown that,Cius forms at a much slower rate than the two adjace«@ur
compounds: TiCy the first phase to form, and ;0w. This explains why although
thermodynamically stable, ZTu; is not obtained when temperature is too low octiea
time too short.

Keywords: intermetallics, stability, ternary phasediagram, experimental study

1. Introduction

Alloys of the Ag-Cu-Ti ternary system are often dier brazing ceramics to metals in the
temperature range 800-900 °C [1]. Some alloy comipas containing 40 at% of copper
(28 wt%Cu, binary eutectic alloy with a melting pbiat 780 °C) and a few percents of
titanium are commercially available in the formpwé-alloyed powders, ribbons or plates. To
develop high performance metal/ceramic brazed goimiore especially when the metal is a
titanium base alloy [2, 3], a thorough knowledgetioé phase diagram of the Ag-Cu-Ti
system is needed.

Thermodynamic data on the binary Cu-Ti system dral ternary Ag-Cu-Ti system are
available from different sources [4-14] and assesdmhave recently been made [15, 16].
The 800 °C section reported in Fig. 1 and the @lgptiojection drawn in Fig. 2 show the most
probable phase equilibria in the Ag-Cu-Ti systemtanperatures ranging from 780 to
860 °C. It is to note that the reaction scheme rgive[16] is drawn in dotted line for that
temperature range because of uncertainty on thdisstaf Ti,Cus in the binary Cu-Ti and
the ternary Ag-Cu-Ti systems. For Eremenko et dlowonducted extensive experimental
investigations on both systems Qs is stable only at temperatures ranging from 805 to
890 £4 °C in the Cu-Ti binary system and from 803890 °C in the ternary Ag-Cu-Ti
system [6-7]. For other authors who achieved thelynamic modelling, BCus is stable at
any temperature lower than 875 = 10 °C [13] or 88514]. Enthalpies of formation and
crystallization of the Ti-Cu compounds were expemially determined [17] but the values
thus obtained do not remove the uncertainty orstaleility of TLCus.

In the course of a recent investigation on the gbalmeactivity near 800 °C of liquid Ag-Cu
eutectic alloy with solid titanium [4], the questi@rose why the intermetallic compound
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Ti,Cus was systematically missing from the reaction lagyequence that was observed to
develop at the liquid/solid interface [4]. To prdeia response to that simple but practical
issue, more detailed information had to be acquaedhe thermal stability and formation
kinetics of the intermetallic compound,Tus. It is with this aim in view that isothermal
diffusion experiments were undertaken in the AgXCgystem between 700 and 860°C.

2. Experimental

For isothermal diffusion experiments, mixtures ofrenercial powders of silver (99.99 wt%,
grain size d1100um, Goodfellow) copper (99 wt%, grain siz&ld0um, Goodfellow) and
titanium (98.5 wt%, grain size 3 < d < 30, Fluka) were ball-homogenized and cold-
pressed under 200 MPa into small rods (3 mm x6 Btmm). The titanium powder was
previously sifted two times so that the diametertlué biggest particles was lower than
100pm. Each rod was then placed in an alumina boatl with yttria (STOPYT 62A,
Morgan Wesgo) and heated in a silica reaction fiobaip to 500 h under pure argon (3-
5 10" Pa) in the presence of titanium powder as ga®mettis to note that at 850 °C and
above, heat treatments were realized under dynarim@ary vacuum and the annealing time
was reduced down to 50 min to avoid spreading efAQ-Cu-Ti liquid on the alumina boat
through the yttria liner. The horizontal furnaceswagulated to better than + 1 °C. The exact
treatment temperature was controlled by puttinghbejunction of a K type thermoelectric
couple inside the alumina boat in place of the rédthe end of the isothermal treatment, the
reaction tube was pulled out of the furnace analadtl to cool in ambient air. Starting from a
heating temperature in the range 790-860 °C, thairgp rate measured during the first
100 °C drop was faster than 10 °€.s

Two samples were analysed by differential thermadlysis (TGA/SDTA 851, Mettler-
Toledo) in AbOs crucibles (sample weight: 1-100 mg) undet P& argon. The other samples
were characterized after heat treatment by X-rdfyadtion (XRD), optical metallography
(OM), scanning electron microscopy (SEM) and etactiprobe microanalysis (EPMA). The
XRD spectra were recorded on grossly polished @esti using standard diffraction
equipment (Panalytical MPD-Pro diffractometer eqeigh with a back monochromator and a
X'celerator detector, Cu & radiation). OM and SEM observations were made iamdnd
polished sections. SEM observations and EPMA aegalygere carried out using a Camebax
apparatus (Cameca) equipped with an energy dispessialyser. The accelerating voltage
was of 10 kV and the beam current of 9 nA. Afteckzaound subtraction, the counting rates
obtained for Ag, Cu and Ti in at least eight diéfier points were averaged and referred to the
counting rates recorded under the same conditionpwe and freshly polished element
standards. After corrections for atomic number,ogttson and fluorescence, the atomic
contents of Ag, Cu and Ti in the different phaseswihg from the Cu-Ti binary system were
obtained with accuracy better than £ 0.5 at%.

3. Results and discussion
3.1 Synthesis and annealing at 815 °C and above

All authors who have reported on the Ag-Cu-Ti systegree that in the temperature range
810-830 °C, TiCus is in equilibrium with an Ag-Cu-Ti liquid [6-12]Therefore, first attempts

to synthesize the compound,Cus from the elements in the ternary Ag-Cu-Ti systesrav
carried out in this temperature range. More prégidaree different powder mixtures with
compositions F, F' and G (Fig. 1) were preparedtaated at 815 °C or 825 °C (Table 1). In
full agreement with the literature data, all theated samples contained as a major constituent
Ti,Cus (tetragonal, P4/nmm, a = 0.313 nm, ¢ = 1.395 njp [B3Cuw, (tetragonal, 14/mmm,
a=0.313 nm, c = 1.994 nm) was still presenttitelamounts in sample F1 heated at 815 °C
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for 205 h but was no more detected in samples A2akd G1 heated at higher temperature
(825 °C) and for longer durations (350 h or morEyCus grown from the liquid during
isothermal heating always appeared in the form wdlobcrystals (Fig. 3). These were
surrounded by a very thin layer of TigCarystals (orthorhombic, Pnma, a = 0.453 nm, b =
0.4342 nm, ¢ = 1.293 nm) that were formed on cgolwear 808 °C, as a product of the
incomplete ternary transition reactiong(d Fig. 2):

L + TiCu — TiCu + Ag (2)

Ti

800°C

Ag Liq Cu
Fig. 1. Ag-Cu-Ti isothermal section at 800 °C, adoog to experimental data and
thermodynamic evaluations [6-16]. The tie linenjog Ag; to Ti,Cuz have been drawn in
dotted lines since for Eremenko et al. [6-8LCi is not stable at 800 °C

Table I. Crystal nature and composition of the peggoduced by reacting Ag-Cu-Ti
mixtures at 815 or 825 °C

Initial composition, Reaction duration Phases by XRD Composition by

at% and (decreasing EPMA, at%
Sample Ag Cu Ti temperature abundance) Ag Cu Ti
F1 20 50 30 205hat815°C Ag 84 16 -
Ti.Cus 1.3 58.3 404
F2 20 50 30 353hat825°C TiCu 2.1 75.6 22.3
TisCu* - - -
F'1 20 51 29 353hat825°C TiCu(AlLSi)* - 47 51
Cu 4.9 91.2 39
Gl 5 61 34 424 hat825°C 0w 1.5 58.4 40.1
TiCu, 1.6 76.2 22.2
Ag 87 13 -
TiCu(Al,Si)** - 48.4 49.6

(*):little amounts detected by XRD only in samplg, Rot found by EPMA
(**): small crystals containing Al and SiRat%) not characterized by XRD but analysed by EPMA

Once treated at 815 or 825 °C, the samples contniii,Cu; were annealed at higher
temperatures. Results obtained by XRD for samm@esFshown in Fig. 4. On the one hand, no



4

significant modification occurred in the phase cosipon after annealing at 825 °C (for
353 h), 835 °C (for 237 or 277 h) and 850 °C (férmain). TeCu, initially present at 815 °C
just disappeared upon subsequent annealing. Gatliee hand, an important change occurred
upon re-heating for 50 min at 854 °C or 860 °C eEffilvely, the intensity of the diffraction
peak characteristic for Jqu; at B ~ 43 ° considerably decreased between 850 and 854 °C
whereas a new peak characteristic foCli, appeared (it is to note that in the 37-47 ° angula
range represented in Fig. 4, the XRD lines charsti® for Ti,Cus and TgCw are
distinguishable only at®2~ 43 °). At the same time, the morphology of thestails changed
from globular to plate-like (Fig. 5). Given that&&0 °C, samples with composition F (or F)
are lying inside a tie triangle JGus-Ags-L, such changes mean that upon re-heating at 854 o
860 °C, TCus and solid silver have reacted according to thestmation (| in Fig. 2):

Ti.Cw + Ag — TisCw + L (2)

860°C U7
TiCll4
843°C Us
Agg
808°C Uo
<— Ag 783°C Uo> at% Cu —>
| I780°C/; | I |
20 40 60

Fig. 2. Partial liquidus projection between 860 &i&® °C of the Ag-Cu-Ti phase diagram,
according to [7, 10, 15, 16] (transformations adexed like in reference [16])

Fig. 3. TkCus globular crystals in a silver-rich matrix, as dwsized in mixture F after
heating at 825 °C for 353 h: small crystals in thatrix analyse for TiCu(Al,Si) whereas
TiCu,4 crystals are stuck onto,Ous



6]

\_825°C
\_835°C
\_850°C
"\_854°C
\_860°C

2001

Counts A ¢
(A.U) ] g TiCus [ TiCus
Ag
- L 815°C

100+

TisCus | TisCui
TizCU3 TizCU3
I

40 position (°2Theta) 4°

Fig. 4. Evolution of the XRD pattern for mixturefiFst reacted 205 h at 815 °C (sample F1)
and then annealed at higher temperatures: 82538385854 and 860 °C

Fig. 5. TgCuw, plate-like crystals groWn in mixture F first reatttat 825 °C for 353 h and then
annealed at 854 °C for 50 min (note the differenith Fig. 3)

According to the foregoing XRD and metallographlzservations, the temperature of that
invariant transformation is of 852 + 2 °C.

Conversion of TiCus into TisCw, was also observed in samples with compositiont& &0
min annealing at 860 °C, but,Uu; remained abundant. This can be explained by tbe fa
that mixtures F and G are different in compositiéonsequently, only the compoundCiy

is in equilibrium with the liquid L at 854 and 88C in samples with composition F or F'
whereas in samples with composition G, the thresseth equilibrium BCus-TisCw-L tends

to be reached when approaching 860 °C, as shoWwigir2.

In the experimental approach by Eremenko et al. f1¢ invariant transformation (2) is
reported to occur at 843 °C, whereas we find 85 + 2 °C. The slight shift between these
two values may have different origins, one of thlkesmg the purity of the samples. Indeed,
isothermal diffusion needs use of fine powders ti@anot be as pure as the massive ingots
used by Eremenko's co-workers. An illustrationho$ tpurity problem is given in Fig. 3 and
Fig. 5 with the presence in the solidified liquitismall well-facetted crystals that analyse as
TiCu with extra aluminium and silicon for a totamaunt of 2-3 at% (Table 1, phase
designated as TiCu(Al,Si)). Because of their too Ebundance, these crystals could not be
characterized by XRD. They might be either of te&agonal TiCu type (P4/nmm, a =
0.3107 nm, ¢ = 0.5919 nm [13]) stabilized by impas or of another crystal type like B2
cubic CuyAITI, as evoked for crystals with an approachingiposition in a paper by He et al.
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[18]. It is to note that the weak reflection & 2 39° in Fig.4 might be a strong X-ray
diffraction line coming from the small crystals ©fCu(Al,Si) and that Al and Si were not
detected in the other phases constituting the sssnpl

3.2 Synthesis and annealing below 815 °C

A part of sample F1 that was first heated for 208 B15 °C was placed in an alumina boat
along with an untreated cold-pressed mixture of &g, and Ti powders having the same
composition. Both samples were heated at 790 °C38frh and characterized (Table 2,
samples F3 and F4). In sample F3 first heated at’8land annealed at 790 °C,Ciiz was
still the major constituent. The only change conedrthe compound 3T, that disappeared
upon annealing at 790 °C. The cold-pressed mixtiinectly heated at 790 °C (sample F4)
also contained 3Cu; as major constituent but some;Qiy was present, like in sample F1
before annealing at 790 °C.

Table 2. Phases characterized in Ag-Cu-Ti mixtafeey reaction or annealing at 790 and
700 °C

Initial composition, Heat treatment Phases by XRBComposition by
at% (decreasing EPMA, at%
Sample Ag Cu Ti abundance) Ag Cu Ti
F3 20 50 30 205 hat815°C Ag 843 15.7 -
+ Ti.Cus 15 58.7 39.9
330 hat790 °C TiCuq 1.3 76.2 225
TiCu(Al,Si)* - 475 49.3
F4 20 50 30 330 hat 790 °C Ag 85.1 149 -
Ti.Cus 14 58.0 40.6
TiCuy 1.2 76.4 22.4
TisCu** - - -
G2 5 61 34 424 h at 825 °C Ti,Cus 0.9 59.3 39.8
+ TiCuy 1.2 76.6 22.2
512hat700°C Ag 913 8.7 -
TiCu(Al,Si)* - 48 50
G3 5 61 34 512hat700°C 30w 0.7 55.7 43.6
TiCuy 0.9 76.6 22.5
Ag 909 91 -

(*): small crystals containing Al and Sifat%) not characterized by XRD but analysed by EPMA
(**): still present in little amounts by XRD, nobéind by EPMA

The same type of experiment was reproduced at CGih°samples with composition G. After
512 h annealing at 700 °C, only small changes oeduin the sample previously treated at
825 °C (Table 2, samples G2),Ci, TiCuw, and Ag were still the major constituents. As to
the cold -pressed mixture directly reacted in thiedsstate at 700 °C (Table 2, sample G3), it
only contained BCuw, and TiCu; no trace of TiCu; at all was found.

If there is no ambiguity from the foregoing resudtsout the existence of ;0u; at 790 °C,
things are not so simple at 700 °C. Effectivelprtang from the same initial composition, a
mixture heat-treated for a long time at 700 °C aod either TiCus, TiCw, and Ag or TiCuy,
TiCus and Ag according as it has previously been heatachigher temperature (790-850 °C)
or not. As a matter of fact, equilibrium has noembeeached in one of the two mixtures
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treated at 700 °C. Complementary experiments hhea been carried out at 790 °C to
acquire more detailed information on that question.

Counts
(A.U.)

300

Untreated
10 min
. [NA.5 min
\-/i\_/\/_wm
\_30 min
W“\ 12 h
N
TisCus| ThCus TT-330h
Ti:Cus! TiCus TijCus 1iCUs4

2001

:

100

ii%?i?ﬁ

0

40 position (°2Theta) *°
Fig. 6. Evolution of the XRD pattern of mixture Faped for increasing times in a tubular
furnace held at the constant temperature of 790 °C

3. 3. Isothermal diffusion at 790 °C

Cold-pressed powders of Ag, Cu and Ti with the atomwomposition F (Ag:Cu:Ti =
20:50:30 at%) were placed in the furnace at 79@diCdurations varying from 10 min to
330 h. It will be recalled that according to theapl diagram shown in Fig. 1, the chosen
composition lies either inside the tie triangleQus-TiCus-Agse Or inside the wider triangle
TisCus-TiCus-Agsor

Results in terms of phase composition of the tceatamples are illustrated by the series of
XRD patterns presented in Fig. 6. After 10 minhe furnace, the three starting elements Ag,
Cu and Ti are still present. The only noticeablange is an increase in the full width at half
maximum and a shift in the angular position of ¥iRD peaks of these elements (Fig. 6,
10 min). After heating for 1.5 min more, the difftan lines characteristic for the compound
TiCus begin to appear ((Fig. 6, 11.5 min). After 15 ninthe furnace, these lines have
attained their maximum height while Cu has disapg@and TiCw, has become detectable
(Fig. 6, 15 min). Then, the diffraction lines charaistic for TiCu, slightly increase while
those characteristic for TiGulecrease and in the meantime, elemental titanemdst to
disappear (Fig 6, 30 min, 12 h and 64 h). FindliyCu; develops to the detriment of ;T

as the heat treatment time increases from 64 38@h3(Fig 6, 330 h). It is to note that for a
non ambiguous characterization, the unit cell patans of TiCus had to be refined. Indeed
as indicated by EPMA results (Table 2), 1.4 at%siNer enter (very likely by Ag/Cu
substitution) in the framework of JGus. The refined tetragonal unit cell parameters fofond
such a phase with Ag/Cu substitution were a = B&)3xm and ¢ = 1.4064(3) nm, which
corresponds to a slight increase compared withpine TpCus binary compound (a =
0.313nm, ¢ = 1.395nm).

Combining these XRD results with metallographicraietion and EPMA characterization,
a reaction scenario can be proposed for the foomati TLCu; from the elements at 790 °C.
The series of micrographs presented in Fig. 7tihiiss the four main stages of this reaction
scenario:
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Fig. 7. Morphological changes in mixture F afteatimg for increasing times at 790 °C: (a)
untreated cold-pressed mixture: Ag, Cu and Ti grafb) after 15 min in the furnace: small
TiCu, crystals around Ti and in the Cu-free solid Agnmaic) after 12h reaction: formation
of TizCw, and recrystallization of TiCu(d) after 330 h reaction: the stableQis-TiCus-Ags
three-phased equilibrium tends to be reached

Stage I: the first process that develops duringribe in temperature of the cold-pressed
powder mixture (Fig. 7a) is the solid state volumterdiffusion of atoms, more especially by
Ag/Cu substitution. Such a solid state interdiffusiis known to modify the unit cell
parameters of the two elements and a shift witlargeiment of their XRD reflections is
effectively observed in Fig. 6 after 10 and 11.% imeéating;

Stage Il: when the temperature attains 780 °C, hhoccurs between 10 and 11.5 min
heating, a eutectic reaction proceeds betweenrtiasgof Ag and Cu giving a Ag-Cu liquid
alloy. As soon as formed, the Ag-Cu eutectic aldpyeads at the surface of the titanium
grains by reactive wetting. Comparison between Fégand 7b clearly shows consumption of
copper and spreading of a silver rich phase owetitAnium grains. As previously shown by
XRD (Fig. 6, 11.5 min and 15 min) and confirmed BRMA, it is essentially TiCuthat is
produced in that fast rate process. Two simultas@eactions can then be written:

Ags + Cyu — L (3)
L + Ti —» TiCu + Agol (4)

At the end of this second stage, most of solid elgal copper initially introduced has been
first dissolved in the Ag-Cu liquid, L, and thenneerted into TiCy at the Ti grains surface.
It is this process that has left the large porstbig in Fig. 7b. As to the nearly eutectic liquid
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phase, L, it has disappeared. Indeed, formatiomiGfi, by reaction between the (Ag-Cu)
liquid, L, and solid Ti according to reaction (#plies the precipitation of solid Ag from the
liquid. Arrived at this point, the Ti grains arersaunded with a TiCureaction layer and
embedded in a white Ag base matrix with many smigitals of TiCy dispersed in it (Fig.
7b).

Stage llI: in a third stage, Fw, slightly increases, TiGuslightly decreases and elemental
titanium tends to disappear (Fig 6, 30 min, 12 & & h). This means that Tigreacts in the
presence of solid Ag with remaining Ti to formzCu, according to the reaction:

TiCus + 2Ti —» TiCus (5)

During the course of this reaction that proceedsl witanium is completely consumed,
remaining TiCy recrystallizes in blocky crystals, as shown in. Hig

Stage IV: in a last stage, 30w, and TiCy react by solid state diffusion through solid Ag to
form round-shaped crystals of,Cius (Fig. 7d). The reaction can be written:

5TisCu + TiCu — 8TpCw (6)

TioCus with 1.4 at% of silver substituted for Cu is tHesmed as the equilibrium phase for
mixture F reacted at 790 °C.

From a kinetics standpoint, it can be said thag&tih proceeds at a very fast rate. Indeed,
between the formation of the first liquid droplafter a little more than 10 min of temperature
rise and complete isothermal solidification at 7@00f the liquid by Cu depletion and Ag
precipitation, only five minutes have passed. Fast formation of TiCuy as first reaction
product is confirmed by the SDTA results reported=ig. 8. It can effectively be seen that
when titanium is added to an eutectic Ag-Cu powdekture, the endothermic peak
corresponding to the formation at 780 °C of a lilgwith the eutectic composition completely
disappears. In place of it appears an exothermak péich corresponds to the formation of
the compound TiCuby reaction of solid titanium with the Ag-Cu euiecliquid as it is
produced. Then, formation of 30w, during stage Ill proceeds at a medium rate (withfew
tens of hours) whereas conversion ofCL, into the equilibrium phase Xius during stage

IV proceeds at a very slow rate. Indeed, it hay belgun after 60 hours heating and reaction
has not yet gone to completion after 330 h.

AT (°C) T (°C)
12 .............................. —800

750

10 1

{700
8 -

0 — —
40 60 80 100  t (min)

Fig. 8. Thermal behaviour upon first cycle of twaldzpressed powder mixtures analysed by
SDTA at 4 °C.mifl: mixture R with composition Ag:Cu = 60:40 at% anikture A with
composition Ag:Cu:Ti = 43:28.5:28.5 at% (temperatuersus time is drawn in the upper part
of the graph)
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Of course, the real scenario might be more subilst, reactions may progress at different
rates depending on the size of Ti grains and onligtance between them. Secondly, because
of the detection limit inherent to the charactar@atechniques used, several minor reactions
have not been considered such as for instanceodghpe formation of TiCu or ICu in the
solid state at the interface between Ti argCWi. It remains that although a bit simplistic, the
proposed scenario describes the four main procéisaesuccessively develop in a Ag-Cu-Ti
mixture isothermally heated at 790 °C before att&int of equilibrium. The most striking
features are that (i) TiGus the first phase to form by interface reactiory@0 °C between
solid Ti and a liquid Ag-Cu eutectic alloy and (When TpCus and TgCu, are likely to form
from the elements, the former develops at a muaWwesi rate than the latter. This explains
why TiCw, and TgCuw, can be the major reaction products in a heatedunexvhereas 3Cus

is actually the equilibrium phase for that mixtuidhe same explanation remains valid to
justify that ThCug is "missing” from the reaction layer sequencehatinterface of Ti/Ag-Cu
couples brazed at 800 °C [4].

4. Conclusion

Ti.Cus has been synthesized by solid-liquid reaction fibgy Cu and Ti powder mixtures
after long time annealing at 790, 815 or 825 °C.ifNbcation for decomposition of ZTus at
700 °C for 500 h was observed being in line withadaescribed in references [11-16]. At
high temperature, ICus is stable in the Ag-Cu-Ti system up to at leadl 86, temperature
at which existence of the three-phased equilibriugCus-TisCu-L is confirmed. Occurrence
of the invariant transformation:

Ti,Cus + Ag — TisCw + L (2)

is also confirmed at a temperature that might lgg#y higher than 843 °C.

From a kinetics standpoint, it has been shown by/AIh the range 750-800 °C and by
isothermal diffusion at 790 °C that Ti¢is the first phase to form when a transient Ag-Cu
eutectic liquid spreads onto solid titanium betw&80 and 790 °C. Then, ;0w is formed

by reaction between TiGuand unconverted titanium. Finally, ;Cu; slowly appears as a
product of the reaction between TiCand TgCuw,. These features explain why,Tus is not
characterized after reaction at 790 °C for a tawtstme (less than 60 hours) or after reaction
for a long time (more than 500 h) at a too low temagure (700 °C). They also explain why
Ti,Cus can be missing from the reaction layer sequendé/Ag-Cu interfaces after brazing
near 800 °C.

AcknowledgementsThe authors gratefully acknowledge the staff ofuQUniversité Lyon 1,
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