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Abstract

The iscthermal cross-section through the ternary phase diagram Cu-Fe-Ti at 1123 K was constructed by means of a special
diffusion technique developed earlier. The results have been verified on essential points by the investigation of equilibrated
alloys. Five ternary intermetallic compounds designated as T, (Ti»Cug_ Fe,; 1<x<2.5), T, (TinCug-.Fe; 5<x<17), Ts
(Ti45Cus; . Fe,; 21 <x<24), 7 (Tiy;Cug; -, Fe,; 6 <x<7) and 7, (TiysCuss.,Fe,; 4 <x <5) exist as equilibrium phases in this system
at 1123 K. Nearly 38 at.% Cu can be dissolved in cubic TiFe. This leads to an expansion of the lattice. It was found that
at 1123 K the Cu-based solid solution is in equilibrium with intermetallic compounds of the binary Ti-Fe system and with

the ternary phases T, and T;.
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1. Introduction

Nowacdays, Cu-Ag-Ti alloys are widely used as com-
mercial active filler metals for joining various ceramics
(ALO;, SiC, SizN,) to iron-based alloys (steel). Knowl-
edge about the quaternary phase diagram Cu-Ag-Ti-Fe
is needed in order to predict the reaction products
which are formed in the filler metal itself and at the
interface with the Fe-based alloy during the brazing
procedure and the further high temperature exposure
of the joints.

The ternary systems Cu-Ag-Ti and Cu-Ag-Fe are
already known quite satisfactorily [1-4]. However, no
reliable experimental work has been reported on the
Cu-Fe-Ti and Ag-Fe-Ti systems (phase equilibria in
the Ag-Fe-Ti system at 1123 K will be discussed in
a subsequent paper). Khan et al. [S] have studied the
Cu-rich Cu-Fe-Ti alloys (up to 5 wt.% Ti and 5 wt.%
Fe) in the temperature range 923-1173 K. They found
that the equilibrium Cu-TiFe, exists in this system.
Tekeuchi et al. [6] have reported on the partial liquidus
projection in this system.

The isothermal cross-section through the ternary
diagram Cu-Fe-Ti at 1123 K was constructed in the
present work by combining a special diffusion technique
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developed earlier [7] and the traditional methods of
equilibrated alloys.

Anticipating the specific results of the present study,
it seems worthwhile to make some general comments
concerning the use of the diffusion technique in in-
vestigating ternary phase diagrams.

2. Determination of a ternary isothermal cross-
section using diffusion methods

The idea to use diffusion couples for constructing
multicomponent phase diagrams is based on the as-
sumption of local equilibria in the diffusion zone. This
implies that each infinitely thin layer of such a diffusion
zone is in equilibrium with the neighbouring layers. In
this case the sequence of the phases in the reaction
zone and the distribution of the elements are determined
by the phase diagram.

There are two variations of the diffusion method. In
the first the sample to be studied is a classical semi-
infinite diffusion couple, which means that after the
diffusion annealing the couple ends still have their
original compositions. If volume diffusion in such a
system is the rate-limiting step, local equilibrium is
supposed to exist and the rules which relate the com-
position of the diffusion zone to the phase diagram
canbe used [8] (Fig. 1). Itis often necessary to investigate
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Fig. 1. The diffusion path in the reaction zone of a hypothetical
couple A/Z plotted on the isotherm of the A-B-C phase diagram.
The lower-case letters relate the structure to the appropriate com-
position on the isotherm.

[}
A |C B
(a)
[+3 oy &, o, o,
A ‘C, B A 7 B A N B ATl B
o A e
0 PN 7“4
v N
t=t, t=t, t=1, t=t,
(b)

Fig. 2. Schematic view of reaction zones and diffusion paths on an
isotherm after various annealing times: (a) initial sample; (b) mor-
phology of the reaction zone for different annealing times; (c) diffusion
paths for various annealing times.

couples with end members of various compositions in
order to get all information needed to find the equi-
librium data at the annealing temperature. The main
feature of this method is that the phase composition
of the reaction zone is independent of time and that
the diffusion path (the composition—distance plot) is
fixed.

Further development of the diffusion technique for
constructing phase diagrams is connected with changing
the macrostructure of the classical diffusion couple [7].
A sample is prepared by joining two plane-parallel
slices of metal (alloy) through a thin layer of the third
metal (alloy) (Fig. 2). In such a multilayered system
the diffusion path is not fixed as in the classical diffusion
couple. The phase composition of the complex diffusion
zone is changing continuously with time as a result of
the overlapping of two quasi-equilibrated diffusion
zones. To relate the morphology and composition of

the reaction zone to the phase diagram rules similar
to those for semi-infinite couples still can be used. For
instance, the compositions found in the phases «, and
o, at t=t; and 1, respectively are the end points of
two tie-lines in the two phase region.

3. Experimental details

Copper (99.99), iron (99.98) and titanium (99.98),
supplied by Goodfellow (UK), were used as initial
materials. The various Cu-Fe-Ti alloys were melted
in an arc furnace under argon atmosphere using a non-
consumable tungsten electrode. The ingots were re-
melted five times to improve their homogeneity. The
weight loss of the alloys after melting was less than
1 wt.% relative. The specimens were annealed in an
electroresistance furnace in evacuated quartz ampoules
at 1123 K for 120-1500 h. The temperature was con-
trolled within +3 K. After annealing the samples were
quenched in water.

The ‘sandwich’ samples copper +titanium foil +iron
and iron+copper foil+titanium were prepared and
heat treated in vacuum (5X10~° mbar) in an electron
beam furnace, designed in our laboratory and described
elsewhere [9]. The ‘sandwich’ couples were joined by
an external load of 2 MPa.

After annealing and standard metallographic prep-
aration, the ‘sandwich’ couples and alloys were examined
by optical microscopy, scanning electron microscopy
and electron probe microanalysis (EPMA). Because of
the coarse structure of the annealed alloys, X-ray
diffraction (XRD) analysis was performed with a cy-
lindrical texture camera using nickel-filtered Cu Ka or
manganese-filtered Fe Ka radiation [10].

4. Results

4.1. Interaction in the layered system Fe/Cu, foil (50
wm)/Ti at 1123 K

Microstructures of the reaction zone in the system
Fe/Cu, foil (50 um)/Ti after heat treatment at 1123 K
for 24, 96 and 312 h are given in Fig. 3. Intermetallic
compounds of the binary Ti—Cu system (Ti,Cu, TiCu,
Ti;Cu,, Ti,Cu,, TiCu,) with very low iron content (less
than 0.5 at.%) were found in the diffusion zone of the
‘sandwich’ sample mentioned above after annealing for
24 and 96 h. Besides that, the formation of a continuous
layer of the ternary phase T, (Ti;;Cug, _,Fe,; 1 <x<2.5)
between the layers Ti,Cu; and TiCu, was observed. A
layer of the copper-based solid solution (Cu,) was
still detected within the diffusion zone after heat treat-
ment of this sample even for 96 h (Fig. 3(b)). Further,
the formation of a fragmented layer of another
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Fig. 3. Morphology of the reaction zone in the system Fe/Cu, foil
(50 um)/Ti after heat treatment at 1123 K for (a) 24 h, (b) 96 h
and (c) 312 h.

ternary phase designated in the present work as T;
(Tis3Cus,_Fe; 21 <x<24) was clearly visible. This
phase was found to be in equilibrium with TiFe and
the Cu-based solid solution.

A characteristic feature of the reaction zones in the
samples annealed for 24 and 96 h is the appearance
of a layer of the Cu-based solid solution between TiFe,
and the Fe-based solid solution (Fe,). This under-

lines the existence of the three-phase equilibrium
Fe, +Cu,+TiFe, in the Cu-Fe-Ti system at this tem-
perature. With increasing annealing time up to 312 h
the layers of the Cu-based solid solution disappear
completely and the ternary phase T; (Ti,sCus,_,Fe,;
21<x<24) was found in equilibrium with the ternary
phase T, (Fig. 3(c)).

4.2. Interaction in the system Cu/Ti, foil/lFe at 1123 K

The morphology of the reaction zone in the ‘sandwich’
sample Cu/Ti, foil (100 um)/Fe after annealing at 1123
K for 256 h is shown in Fig. 4.

A layer of B-Ti was still detected inside the diffusion
zone. Nearly 15 at.% of iron and 5 at.% of copper
were found in this layer. Close to the iron side of the
reaction zone, layers of the intermetallic compounds
TiFe, and TiFe were formed. The concentration of
copper in the TiFe, layer is less than 0.5 at.% while
the layer of TiFe contains about 4 at.% Cu.

From the copper side of the transition zone the
sequence of layers of the intermetallic phases TiCu,,
Ti,Cu,, Ti;Cu, and TiCu with very low Fe content (less
than 0.5 at.%) was found. Deeper, however, the con-
tinuous layer of TiCu contains isolated precipitates of
TiFe with nearly 38 at.% of copper. Then, the mor-
phology of the two-phase region (TiCu + TiFe) changes
and an interpenetrating columnar-type structure was
observed. Columns of TiCu (with less than 1 at.% Fe)
are rooted in the adjoining TiCu matrix whereas the
irregular columns of TiFe are also constituents of the
next two-phase layer Ti,Cu + TiFe adjacent to the layer
of B-Ti. The concentration of copper in TiFe decreases
within the two-phase layers towards the B-Ti side. The
minimum Cu content in TiFe in equilibrium with B-
Ti was estimated as about 23 at.%.

For comparison we also annealed a ‘sandwich’ couple
in which the Ti foil was 4 times as thin (25 pm) during

B-Ti

Ti,Cu + TiFe
TiCu + TiFe
Ti,Cu,

.. Ti,Cu,
TiCu,

Cu

Fig. 4. Microstructure of the diffusion zone in the finite ‘sandwich’
sample Cu/Ti, foil (100 um)/Fe after annealing at 1123 K for
256 h.
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a time which was 16 times shorter (16 h). We expected
to find, in principle, the same layer sequence according
to the diffusion laws which predict a t'* dependence
of the layer thickness. However, no layer of B-Ti was
found inside the reaction zone after annealing this
‘sandwich’ sample. Instead, a layer sequence TiFe,,
TiFe, T;, T, and TiCu, was formed (Fig. 5(a)). A two-
phase layer consisting of particles of TiCu, in the matrix
of the ternary phase T, was observed within the diffusion
zone. Towards the Cu side of the reaction zone, the
morphology of this two-phase layer changed and pre-
cipitates of T, phase were visible inside the TiCu,
matrix.

Only a continuous layer of TiFe, and a two-phase
layer TiFe+ Cu, were detected after heat treatment
of the same sample for 64 h (Fig. 5(b)). It can be seen
from the micrograph that in some areas of the diffusion
zone the particles of the Cu-based solid solution are
in equilibrium with both intermetallic compounds of
the Ti-Fe system (TiFe and TiFe,). This proves the
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Fig. 5. Morphology of the reaction zone in the finite ‘sandwich’
sample Cu/Ti, foil (25 um)/Fe after annealing at 1123 K for (a) 16
h and (b) 64 h.

presence of a three-phase equilibrium TiFe +TiFe,
+Cu,, in the ternary Cu-Te-Ti system at 1123 K.

From the morphology of the reaction layers in the
diffusion zones of the ‘sandwich’ samples described
above insight was gained into the possible phase equi-
libria in the Cu-Fe-Ti system at 1123 K. Moreover,
information obtained with the diffusion technique was
used as a guide for selecting the compositions of the
alloys used to verify the provisionally found equilibria
and to determine the boundaries of the phase fields
in this ternary system.

4.3. Verification of the provisionally determined
equilibria by investigating terary equilibrated alloys

In Fig. 6 the microstructure of three-phase alloys
studied in present work is shown after annealing at
1123 K for 120-1500 h in evacuated quartz ampoules
and quenching. The composition of the phases present
in the alloys after heat treatment was measured with
EPMA and corresponding three-phase equilibria were
plotted on the isotherm.

In order to determine more precisely the phase
boundaries on this isotherm a number of two-phase
alloys were examined with EPMA and XRD analysis.
Results of this investigation are summarized in Table
1.

Finally, the results from phase analysis and equilib-
rium concentration measurements in ‘sandwich’ samples
and equilibrated alloys led to the cross-section of the
Cu-Fe-Ti diagram at 1123 K represented in Fig. 7.

5. Discussion

A conspicuous feature of the Cu—Fe-Ti system at
1123 K is the formation of a number of ternary
phases, designated as T,, T,, Ts, = and 7,. Phase T,
(Ti3;Cuq, _,Fe,; 1 <x <2.5) exists as an equilibrium phase
in this system at 1123 K. In the corresponding binary
Ti—Cu the phase TiCu, is not stable in its pure form
at 1123 K and can only be formed by the peritectic
reaction Ti;Cu,+L=TiCu, at higher temperature
1163110 K [11]. Probably, a small amount of iron
(about 1 at.%) stabilizes TiCu,, thus resembling the
stabilization of TiCu, by the substitution of Cu by Ni
atoms in the case of the Cu-Ni-Ti system [12].

The homogeneity region of the Ti,Cu phase extends
to about 2 at.% Fe in the ternary Cu-Fe-Ti system.
The existence of a Ti,Fe compound has been mentioned
previously {13], but this turned out to be a phase
stabilized by an impurity component such as oxygen
or nitrogen [14].

The structure of the phases T, and T; was found
to be closely related to that of Ti,Cu, (P4/nmm) and
Ti,Cu, (I4/mmm) respectively. Phase T, was found to
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Fig. 6. (continued)
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Fig. 6. Microstructures of three-phase alloys in the Cu-Fe-Ti system after annealing at 1123 K for 120-1500 h (backscattered electron images):
(a) CuyFe;sTigs; (b) CugoFesTiss; (€) CugoFesTiss; (d) CugFesTiss; () CugsFegTisr () CupFeasTisg (g) CusFessTias; (h) CusgFegoTiig; (i)
CugFesTiyz; (j) CuysFesTig. (The various phases on the micrographs are denoted by their binary formulae).

Table 1
Phases present in equilibrated alloys after annealing at 1123 K
according to electron probe microanalysis and X-ray diffraction
analysis®

Alloy Annealing time Phases present
(h) at 1123 K
CuysFegTias 768 TiFe,+ Cu,,
CusoFe3pTiae 480 TiFe+ Cuy
CugFeysTig; 480 TiFe + B-Ti
CuysFe,sTigo 624 TiFe + B-Ti
CusFe;sTig 624 TiFe+ B-Ti
CussFe o Tiss 120 TiFe+ Ti,Cu
CusoFesTiss 672 TiFe+ Ti;Cu
CuysFesTig 624 Ti,Cu+ B-Ti
Cuy FesoTig 480 TiFe+T,
CussFeyTiys 672 TiFe+T,
CussFe 6Tl 480 Cug,+ T,
CussFe o Tisy 504 TiCus+T;
Cus,FesTigy 1464 Ti;Cus + T,
CussFeqTise 768 T,+7
CuyoFe ;Tiy 768 TiFe+T,
CugyFeTis, 480 To+T,s
Cuy3FegTiag 672 TiFe + 7,

*The various phases are denoted by their binary formulae.

be stable between about 5 and about 17 at.% of Fe
and the ternary phase T, exists at this temperature at
higher Fe content (from about 21 to about 24 at.%).
It is possible that the T, phase is continuous with the
phase Ti,Cu; from the binary Ti~Cu system, containing
up to about 17 at.% Fe at this temperature. However,
the ternary phases 7 (Tiy;Cug;_,Fe,; 5<x<7) and 7
with a very narrow region of homogeneity (composition
of this phase was determined as Ti,sCus; _,Fe,; 4 <x<5)
have no isostructural compounds in binary Ti-Cu system.

Another characteristic feature of this isotherm is a
large solubility of Cu in the intermetallic compound
TiFe (up to 38 at.%) which was expected based on
the comparison of the Cu-Fe-Ti system with the
Ni-Fe-Ti and Cu-Ni-Ti isotherms (at 1143 K and 1173

Fe 20 40 60 80 Cu

60 80 Cu

Fig. 7. Isothermal cross-section through the ternary phase diagram
Cu-Fe-Ti at 1123 K determined in the present study: (a) general
view; (b) magnified Cu-rich region of the diagram.

K respectively) determined earlier [12,14]. Substitution
of Fe by Cu atoms leads to an expansion of the cubic
lattice of TiFe. A similar behaviour was found in the
case of substitution of Ni by Cu atoms in the cubic
lattice of TiNi (TiNi and TiFe are miscible at this
temperature completely).
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A narrow region of «-Ti still exists in this ternary
system at 1123 K, but the presence of iron and copper
stabilizes the b.c.c. structure of B-Ti.

6. Concluding remarks

It is very important to realize that a number of error
sources might appear when multiphase diffusion ex-
periments are used for constructing phase diagram
[7,15]. The difficulties connected with the accurate
determination of the boundary concentrations are a
problem for both semi-infinite (classical) and finite
diffusicn couples techniques. Steep concentration gra-
dients sometimes occur in growing layers in the reaction
zone. To estimate the boundary concentrations an ex-
trapolation is then necessary which might lead to quite
large errors. Moreover, accurate electron microprobe
measurements near the interface are sometimes very
difficult owing to fluorescence effects [16].

Another group of problems arises from the formation
of the quasi-equilibrated diffusion zone.

(1) Impurities present in the starting materials may
play a ‘arge role. Segregation of impurities (especially
O, N, C) can cause an enrichment in the diffusion
zone and the diffusion path might miss an equilibrium
phase. On the contrary, the same effect can cause the
formation of phases, stabilized by impurities.

(2) Metastable equilibria can be established in the
diffusion zone, especially at the initial stages of the
interaction. Again, some phases present at the equi-
librium isotherm can be missed. This can also be caused
by a slow growth rate (low diffusion coefficients) of
the missing phase.

Ungquestionably, the diffusion technique used in the
present study has large advantages. The efficiency of
this method is very high. By making only one finite
‘sandwich’ sample, reannealed and investigated various
times, nuch information can be gained about the whole
isotherm.

However, in order to increase the reliability of the
information obtained about the ternary isotherm a

combination of the diffusion methods with an inves-
tigation of selected equilibrated alloys is desirable.
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