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THERMODYNAMIC ASSESSMENT  
OF THE Cu–Ti–Zr SYSTEM. I. Cu−Ti SYSTEM 

M. A. Turchanin,1,2 P. G. Agraval, 1 and A. R. Abdulov1 
UDC 669.5.017.11:546.56′82 

The CALPHAD method is used for the thermodynamic assessment of the Cu–Ti system that bounds 
the ternary Cu–Ti–Zr system, which is capable of forming amorphous alloys. The self-consistent 
parameters of thermodynamic models of the phases are obtained from data on the phase equilibria 
and thermodynamic properties of liquid alloys and intermetallic compounds. The Gibbs energy of 
the liquid phase is described using the associated ideal solution model. To describe the 
thermodynamic properties of the Cu4Ti and CuTi intermetallic compounds with homogeneity range, 

sublattice models are used. The calculated phase diagram of the system and the thermodynamic 
properties of the phases are in good agreement with experimental data. 

Keywords: phase diagram, thermodynamics, thermodynamic modeling, copper–titanium alloys. 

INTRODUCTION 

The interest in metal systems that are prone to form amorphous alloys under nonequilibrium synthesis 
conditions is due to their unique mechanical (hardness, strength, plasticity), chemical (corrosion resistance, gas-
absorbing ability), magnetic, and electric properties. Most amorphous alloys were obtained by melt-quenching at 
cooling rates from 105 to 106 K/sec. Therefore, this involved many technological difficulties, and fast-quenched 
amorphous alloys could only be obtained in the form of thin ribbons, flakes, filaments, or powders. The new family 
of amorphous alloys based on multicomponent systems, such as Cu−Ti−Zr, exhibits extraordinary susceptibility to 
amorphization. This makes it possible to obtain amorphous compositions at low cooling rates (1−102 K/sec) close 
to the traditional foundry conditions. Alloys of this family are called bulk amorphous alloys. 

Though the possibility of developing new compositions of fast-quenched and bulk amorphous alloys 
appears promising, there are still few such systems and compositions [1, 2] because there has been no systematic 
theoretical study of the phenomenon. Since the discovery of amorphous alloys, emphasis has been placed on the 
development of new dot-like multicomponent compositions. While the mechanical and some other physical 
properties of such alloys have generally been studied, their thermodynamic properties as well as the thermodynamic 
properties of their melts are yet to be understood. It is currently impossible to compare the thermodynamic stability 
of the phases that compete during amorphization because no data are available on the thermodynamic properties of 
equilibrium and supercooled melts in the corresponding systems. Therefore, the phenomenon cannot be described 
quantitatively and the factors that affect it cannot be identified. In this regard, the Cu−Ti−Zr system is suitable 
for the theoretical treatment of the processes used to produce fast-quenched and bulk amorphous alloys. The  phase  
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transformations in this system were experimentally studied in [3−7] for equilibrium alloys and in [8−10] for 
amorphous alloys. The data on equilibrium phase transformations obtained in [4, 5] were used, together with the 
CALPHAD method, in [11] for the thermodynamic assessment of the system. The merits and demerits of the results 
obtained in [11] were detailed in [12]. New experimental data on the mixing enthalpy of Cu−Ti−Zr melts [13], 
phase transformations in the system [7], the mixing enthalpy of Ti−Zr melts [14], and the temperature dependence 
of the integral mixing enthalpy of Cu−Ti [15] and Cu−Zr [16] melts provide the basis for new thermodynamic 
assessment. 

DATA ON PHASE TRANSFORMATIONS  
AND THERMODYNAMIC PROPERTIES OF THE PHASES 

Phase Transformations. Stable phase transformations in the Cu–Ti system have long been the subject of 
numerous research efforts [17−37], which are reviewed in Table 1 and whose results are presented in Figs. 1−4. The 
coordinates of invariant equilibria obtained by different authors are systematized in Table 2. The results obtained 
until 1983 were detailed in [38]. 

The liquidus of the (Cu)-phase (Fig. 1) was studied in [18−20, 26, 27]. The data obtained in [20, 26, 27] are 
in good agreement and indicative of the flatness of this liquidus line. The results of [18, 19] correspond to higher 
temperatures. Note that in the range xTi = 0.2−0.5 the liquidus data obtained in [20, 26, 27] are also in good 

agreement, whereas the data of [18, 19] regularly deviate from them. Therefore, the data from [18, 19] will be 
ignored below in describing the liquidus of the (Cu)-phase as well as other sections of the liquidus in the range 
xTi = 0.2–0.5. The region of the (Cu)-phase (Fig. 1) was studied in [19–23, 30, 31, 36]. Comparing data on the 

solubility of titanium in copper, we favor those obtained in [20−23, 36]. 
According to the experimental data [3, 18−20, 24−28, 31−35, 37, 39−41], a number of intermetallic 

compounds form in the system. In [18−20, 25, 39], the copper-richest intermetallic compound was assumed to be 
Cu3Ti. It was established in [39] that this compound forms in the concentration range xTi = 0.21−0.25. It is Cu4Ti 

according to [26−28, 31]. It was revealed in [26, 27] that this compound is homogeneous in the range 
xTi = 0.20−0.22. According to [28], Cu4Ti with xTi = 0.191 is in equilibrium with the (Cu)-phase. In [31], it was 

discovered that the alloys are one-phase in the range xTi = 0.202−0.216. Analyzing experimental data on the region 

of the Cu4Ti phase (Fig. 1), we favored the information from [27, 28, 31]. It is pointed out in [31] that there are two 

modifications of Cu4Ti between which peritectoid transformation occurs at 773 K. Since this information was not 

supported by other authors, we will not take it into account. 
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TABLE 1. Review of Experimental Studies on the Stable Phase Equilibria in the Cu−Ti System  

Reference Method Phase diagram region analyzed 

[17] Heterogeneous equilibrium T = 1023–1173 K, xTi = 0.95–1; (βTi)/(( αTi) + (βTi)), 

(αTi)/(( αTi) + (βTi)) 

[18] Thermal and x-ray analyses, metallography T = 873–1373 K, xTi = 0.18–1; liquidus (Cu), Cu4Ti, Cu3Ti2, 

and CuTi phases; (βTi)/(CuTi2 + (βTi)), (βTi)/((αTi) + 

(βTi)), (αTi)/((αTi) + (βTi)), (αTi)/(CuTi2 + (βTi)) 

[19] Ditto T = 673–1333 K, xTi = 0–0.7; liquidus (Cu), Cu4Ti and CuTi 

phases; (Cu)/((Cu) + L), (Cu)/((Cu) + Cu4Ti) 

[20] «     T = 573–1373 K, xTi = 0–0.75; liquidus (Cu), Cu4Ti, Cu2Ti, 

Cu3Ti2, CuTi, and CuTi2 phases; (Cu)/((Cu) + Cu4Ti) 

[21] Thermal analyses, metallography, 
microhardness testing 

T = 573–1223 K, xTi = 0–0.25; (Cu)/((Cu) + L), 

(Cu)/((Cu) + Cu4Ti) 

[22] Metallography T = 873–1273 K, xTi = 0–0.067; (Cu)/((Cu) + L); solubility 

of Ti in (Cu)-phase 

[23] Microhardness and resistance testing  T = 573–1123 K, xTi = 0–0.065; solubility Ti in (Cu)-phase 

[24] X-ray and X-ray microspectrum analyses, 
metallography  

xTi = 0.05–0.55; invariant transformations with Cu4Ti, 

Cu2Ti, Cu4Ti3, and CuTi 

[25] X-ray analysis xTi = 0.25–0.5; crystalline Cu4Ti, Cu2Ti, Cu3Ti2, and CuTi  

[26] Thermal and x-ray analyses, metallography T = 1073–1356 K, xTi = 0–0.8; liquidus (Cu), Cu4Ti, Cu2Ti, 

Cu3Ti2, Cu4Ti3, CuTi, and CuTi2; (Cu)/((Cu) + L) 

[27] Thermal and x-ray analyses, metallography T = 1073–1356 K, xTi = 0–0.8; liquidus (Cu), Cu4Ti, Cu2Ti, 

Cu3Ti2, Cu4Ti3, CuTi, and CuTi2 

[28] Electron microscopy T = 1023 K, xTi = 0.057; Cu4Ti structure 

[29] Thermo-emf measurement T = 748–1048 K; solubility of Cu in (αTi) 

[30] X-ray analysis, microhardness and resistance 
testing 

T = 443–1143 K, xTi = 0–0.073; solubility of Ti in (Cu)-

phase 

[31] Metallography, X-ray analysis, resistance 
testing 

T = 673–1223 K, xTi = 0–0.21; solubility of Ti in (Cu)-phase; 

Cu4Ti homogeneity range  

[32] Differential thermal analysis, metallography, X-
ray analysis  

T = 1100–1357 K, xTi = 0.48–0.52; Tm
CuTi, phase 

transformations with CuTi 
[33] Thermal and x-ray analyses, X-ray 

microspectrum analysis, metallography  
T = 1223–1373 K, xTi = 0.67; melting temperature of CuTi2 

[34] Scanning electron microscopy, X-ray 
microspectrum analysis  

T = 1023–1373 K, xTi = 0.66–1.0; (βTi)/(L + (βTi)), 

(βTi)/(CuTi2 + (βTi)), (βTi)/((αTi) + (βTi)), 

(αTi)/((αTi) + (βTi)), (αTi)/(CuTi2 + (βTi)) 

[35] Metallography, scanning electron microscopy, 
X-ray microspectrum analysis  

T = 1123 ±10 K, xTi = 0–1; Cu4Ti, Cu2Ti, Cu3Ti2, CuTi, and 

CuTi2 

[36] X-ray analysis  T = 723, 1173 K, xTi = 0.02–0.07; solubility of Ti in (Cu)-

phase 
[37] Differential thermal analysis, electron 

microscopy, X-ray analysis  
T = 293–1373 K; xTi = 0.725−0.8; transformations with 

CuTi3 

Comment. In [18–21, 25], Cu3Ti was used instead of Cu4Ti. 
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Fig. 2. Experimental and theoretical phase boundaries for intermetallic compounds of the copper–
titanium system 

The liquidus line in the concentration range where the intermetallic compounds Cu2Ti, Cu3Ti2, Cu4Ti3, 

CuTi, and CuTi2 exist (Fig. 2) was examined in [18, 20, 26, 27, 32, 33]. In [25−27], the phases Cu2Ti, Cu3Ti2, and 

Cu4Ti3 were experimentally discovered in the range xTi = 0.25−0.45. Generalizing these studies, we conclude that 

the intermetallic compounds do not have homogeneity ranges. 
The compound Cu4Ti3 forms at a temperature higher than 1200 K according to [20, 27] and at 1190 K 

according to [18, 26]. 
It is pointed out in [19, 39] that there are two phases in CuTi: one with excess copper and the other with 

excess titanium. The concentration range for the CuTi phase is xTi = 0.45−0.53. It was later established in [26, 27] 

that the system has only one phase CuTi with a tetragonal B11-type lattice and the homogeneity range 
xTi = 0.48−0.52 at T ≤ 1173 K [26] and xTi = 0.50−0.52 at 1073 K [27]. In [32], it was discovered that annealed 

alloys are single-phase in a narrower range (xTi = 0.495−0.506). According to the differential thermal analysis 

(DTA) [32], the polymorphic transformation of the CuTi phase can occur at 1190−1205 K. In modeling the CuTi 
phase, we used the homogeneity range of this compound established in [32]. The polymorphic transformation of 
CuTi cannot be described, according to [32], because of the lack of data for constructing thermodynamic models. 

That CuTi2 exists was established in [3, 18, 26, 27, 33, 40]. This compound is stoichiometric according to 

[3, 18, 40], and its homogeneity range is xTi = 0.67−0.70 according to [26, 27]. Agreeing with [38], we favor the 

results of [3, 18, 40] and consider the CuTi2 phase to be stoichiometric. The CuTi2 compound forms in the peritectic 

reaction L + (βTi) ⇔ CuTi2 according to [18] and in the eutectic reaction L ⇔ CuTi2 + (βTi) according to [20, 26, 27, 

33]. In [20, 26, 27, 33], this compound is considered congruently melting (Fig. 4, Table 2). 
There still remains the disputable question of whether CuTi3 can form in an equilibrium system. That this 

compound exists was established in [37, 39, 41]. According to [37], the reaction CuTi2 + (βTi) ⇔ CuTi3 occurs at 

1163 K. However, it was shown in [37] that CuTi2 forms instead of CuTi in slow-quenched samples (cooling rate 

5 K/min). Therefore, we may say that the CuTi3 compound does not form in equilibrium conditions. 
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TABLE 2. Coordinates of Invariant Equilibria in the Cu–Ti System 

L + (Cu) ⇔ Cu4Ti 

T, K x L
Ti  x (Cu)

Ti  x TiCu
Ti

4  Reference 

Experimental data 
1158 − 0.056 0.25 [18] 
1163 0.33 0.063 0.20–0.25 [19] 
− 0.230 ± 0,01 − 0.25 [24] 

1143 − − 0.20–0.22 [26] 
1165 ± 3 − − 0.20–0.22 [27] 
>1123 − >0.073 0.207–0.215 [31] 

Calculated data 
1169 0.208 0.079 0.192 [47] 
1169 0.225 0.070 0.194 P. p.* 

L ⇔ Cu4Ti + Cu2Ti 

T, K  x L
Ti   x TiCu

Ti
4  x TiCu

Ti
2  Reference 

Experimental data 
1146 0.34 0.2–0.25 0.333 [18] 
1148 − − − [19] 
1153 0.29 0.25 0.333 [20] 

 0.270 ± 0.01 0.25 0.333 [24] 
1133 0.27 0.2–0.22 0.333 [26] 
1151 0.27 0.2–0.22 0.333 [27] 

Calculated data 
1158 0.265 0.214 0.333 [47] 
1156 0.279 0.217 0.333 P. p. 

Cu2Ti ⇔ Cu4Ti + Cu3Ti2 

T, K x TiCu
Ti

2  x TiCu
Ti

4  x 23TiCu
Ti  Reference 

Experimental data 
1145 0.333 – – [20] 

>1133 ± 10 0.333 0.2–0.25 0.4 [25] 
1123 0.333 0.2–0.22 0.4 [26] 

1138 ± 3 0.333 0.2–0.22 0.4 [27] 
Calculated data 

1142 0.333 0.213 0.400 [47] 
1138 0.333 0.217 0.400 P. p. 

L + Cu4Ti3 ⇔ Cu2Ti 

T, K x L
Ti  x 34TiCu

Ti  x TiCu
Ti

2  Reference 

Experimental data 
1165 - 0.4 0.333 [20] 
− 0.290 ± 0.01 0.4 0.333 [24] 

1151 − 0.429 0.333 [26] 
1158 ± 3 − 0.42–0.43 0.333 [27] 

Calculated data 
1160 0.272 0.429 0.333 [47] 
1158 0.287 0.429 0.333 P. p. 
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TABLE 2. Continued 

Cu2Ti + Cu4Ti3 ⇔ Cu3Ti2 

T, K x TiCu
Ti

2  x 34TiCu
Ti  x 23TiCu

Ti  Reference 

Experimental data 

1158 0.333 – 0.4 [20] 
>1143 0.333 0.429 0.4 [25] 
1138 0.333 0.429 0.4 [26] 

Calculated data 

1148 0.333 0.429 0.400 [47] 
1150 0.333 0.429 0.400 P. p. 

L + CuTi ⇔ Cu4Ti3 

T, K x L
Ti  x CuTi

Ti  x 34TiCu
Ti  Reference 

Experimental data 

1189 − 0.5 0.4 [18] 
1208 − 0.5 0.4 [20] 
− 0.375 ± 0.005 0.5 0.4 [24] 

1191 − 0.48–0.52 0.429 [26] 
1202 ± 4 − 0.50–0.52 0.42–0.43 [27] 
1208 ± 5 − − 0.429 [32] 

Calculated data 

1206 0.360 0.485 0.429 [47] 
1189 0.347 0.490 0.429 P. p. 

L ⇔ CuTi 

T, K x L
Ti  Reference 

Experimental data 

1245 0.5 [18] 
1278 0.5 [19] 
1255 0.5 [20] 
1257 0.5 [26] 

1257 ± 5 0.5 [27] 
1253 ± 5 0.5 [32] 

Calculated data 

1248 0.507 [47] 
1251 0.505 P. p. 

L ⇔ CuTi + CuTi2 

T, K x L
Ti  x CuTi

Ti  x 2CuTi
Ti  Reference 

Experimental data 

1227 0.57 0.5 0.667 [18] 
1233 0.57 0.5 0.667 [20] 
1233 0.57 0.48–0.52 0.67–0.7 [26] 

1233 ± 3 0.43 0.5–0.52 0.67–0.7 [27] 
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TABLE 2. Continued 

L ⇔ CuTi + CuTi2 

T, K x L
Ti  x CuTi

Ti  x 2CuTi
Ti  Reference 

Calculated data 
1242 0.564 0.517 0.667 [47] 
1234 0.569 0.513 0.667 P. p. 

L ⇔ CuTi2 

T, K x L
Ti  Reference 

Experimental data 

1288 0.667 [20] 
1288 0.667 [26] 

1283 ± 3 0.667 [27] 
1285 ± 3 0.667 [33] 

Calculated data 
1282 0.667 P. p. 

L ⇔ CuTi2 + (βTi) 

T, K x L
Ti  x Ti)(

Ti
β  x 2CuTi

Ti  Reference 

Experimental data 
1282 ~0.69 – 0.667 [20] 
1273 0.69 – 0.667 [26] 

1276 ± 3 0.69 – 0.67–0.7 [27] 
1275 – 0.840 0.667 [34] 

Calculated data 
1231 0.754 0.875 0.667 P. p. 

 (βTi) ⇔ CuTi2 + (αTi) 

T, K x Ti)(
Ti
β  x 2CuTi

Ti   x Ti)(
Ti
α  Reference 

Experimental data 
1049 0.93 0.667 0.9875 [17] 
1071 0.945 0.667 0.984 [18] 
1073 – 0.67–0.7 – [26] 

1073 ± 5 – 0.67–0.7 – [27] 
1053 ± 5 – 0.667 0.986 [29] 

1073 0.944  0.984 [34] 
Calculated data 

1072 0.951 0.667 0.986 [47] 
1065 0.953 0.667 0.984 P. p. 

* Data of the present paper. 

The liquidus and solidus of the (βTi)-phase at high temperatures remain the least understood sections of the 
phase diagram. The liquidus of the (βTi)-phase at 1400−1941 K has scarcely been analyzed. The ranges where the 
(αTi)- and (βTi)-phases exist below 1300 K (Fig. 4) were studied in [17, 18, 29, 34]. According to these data, the 
solubility of copper in the (βTi)-phase is many-fold higher than in the (αTi)-phase. 

Thermodynamic Properties of the Phases. The experimental studies into the thermodynamic properties of 
liquid alloys of copper and titanium were analyzed in detail in [15]. 
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All available experimental data on the thermodynamic properties of liquid alloys of this system indicate 
considerable negative deviations from the ideal behavior. According to [15], the minima of the integral mixing 
enthalpy shift toward titanium-rich alloys. The following temperature-dependence of the mixing enthalpy was 
established in [15]: the mixing enthalpy becomes less exothermic with increasing temperature. The thermodynamic 
properties of the melts of the system were described in [15] using an ideal associated-solution (IAS) model [42] 
with two associates: CuTi and CuTi2. 

The thermodynamic properties of the intermetallic compounds of the system were analyzed in [32, 43−45]. 
The data on the equilibrium pressure of hydrogen over alloy and hydride obtained within 673−823 K were used in 
[43] to calculate the free energies of formation of Cu4Ti, CuTi, and CuTi2. In [44], the enthalpy of formation of 

CuTi was determined by the calorimetric method. The enthalpies of formation of Cu4Ti, Cu4Ti3, Cu3Ti2, CuTi, and 

CuTi2 were analyzed in [45] by mixing calorimetry (in liquid aluminum). A quantitative differential thermal 

analysis was carried out in [32] to determine the mixing enthalpy of CuTi. Table 3 summarizes the results from a 
study into the thermodynamic properties of intermetallic compounds. All available data on the thermodynamic 
properties of the compounds have been taken into account in optimization. 

 

TABLE 3. Thermodynamic Properties of the Intermetallic Compounds of the Cu–Ti System 

Compound T, K ΔfG, J/mole ΔfH, J/mole ΔfS, J/(mole ⋅ K) Reference 

298 – –5530 ± 1070 – [45] 
673 –4627 – – 
723 –4694 – – 
773 –4789 – – 
823 –4501 – – 

[43] 

298 – –7346 –1.85 
673 –6864   
723 –6793   
773 –6731   

Cu4Ti 

823 –6676   

Calculated 

Cu2Ti 298  –9871 – Calculated 
– –9350 ± 1300 – [45] Cu3Ti2 298 
 –13927 –2.08 Calculated 
 –9650 ± 880 – [45] Cu4Ti3 298 
 –14921 –2.32 Calculated 

– –11120 ± 1720 – [45] 298 
– –9610 ± 370 – [44] 

673 –9815 – – 
723 –9875 – – 
773 –9715 – – 
823 –9835 – – 

[43] 

298 – –17534 –3.37 
673 –16384   
723 –16077   
773 –15776   

CuTi 

823 –15481   

Calculated 

298 – –8600 ± 1620 – [45] 
773 –8750 – – [43] 
298  

CuTi2 

773 –18778 
–24220 –8.5 Calculated 

Compound T, K ΔmH, J/mole ΔmS, J/(mole ⋅ K) Reference 

1248 15800 12.7 [44] 
1250 18635 15.0 [32] 

CuTi 

1251 15895 12.64 Calculated 



 352

THERMODYNAMIC ASSESSMENT OF THE SYSTEM AND MODEL 

The copper−titanium system was repeatedly subjected to thermodynamic assessment. The paper [46] was 
the first to obtain the phase diagram of the system theoretically. There, thermodynamic models were constructed 
just for three compounds: Cu0.77Ti0.23, CuTi, and CuTi2. The thermodynamic assessments of the system performed 

up to 1994 are reviewed in [38]. What these assessments have in common is that no thermodynamic models of 
Cu2Ti and Cu3Ti2 were constructed. The paper [47] was the first to do a rigorous thermodynamic assessment of the 

system with allowance for the currently adopted set of intermetallic compounds and the homogeneity regions of the 
phases Cu4Ti and CuTi. However, the paper [47] disregarded the results obtained in [27, 32, 33, 35, 36] in studying 

the phase equilibria and in [15, 45, 48] in analyzing the thermodynamic properties of the phases. As a consequence, 
the melting of CuTi2 is considered in [47] to be incongruent and the thermodynamic model of liquid alloys 

disregards the temperature dependence of the integral mixing enthalpy. Moreover, the thermodynamic models of 
solid solutions adopted in [47] indicate positive deviations from the ideal behavior, which contradicts the way the 
components of the system interact. All of this provided the basis for a new thermodynamic assessment of the 
system. 

The thermodynamic description of the system performed here is based on the CALPHAD-method. We will 
use the following models to describe the temperature and concentration dependences of the Gibbs energy of the 
phases. 

Liquid Phase. The temperature–concentration dependence of the free energy of a liquid alloy is described by 
the expression 

+−+−−= ))(())()(1(),( SER
Ti

L
TiTi

SER
Cu

L
CuTiTi

L HTGxHTGxTxG oo

),())(ln)(1ln)((1R Ti
Lex,

TiTiTiTi TxGxxxxT Δ++−−+ , 
(1) 

where xTi is the mole fraction of titanium; SER
Cu

L
Cu )( HTG −o  and SER

Ti
L
Ti )( HTG −o  are the free energies of pure 

liquid copper and titanium [49]; and ),( Ti
Lex, TxGΔ  is the excess Gibbs energy of the liquid alloy. In this 

expression, the sum of the first and second terms describes the free energy of a mechanical two-component mixture, 
the third term the free mixing energy of an ideal solution of the components, and the fourth term the excess free 
mixing energy of a melt. Here the excess free mixing energy of melts is described with the ideal-associated-solution 
model proposed in [15]. 
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Fig. 3. Experimental and theoretical phase transformations for CuTi 
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Fig. 4. Experimental and theoretical phase boundaries in the titanium-rich region of the phase 
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Solid Solutions. The temperature–concentration dependence of the Gibbs energy of φ -solid solution is 

described by the expression 

+−+−−= φφφ )())(1(),( SER
TiTiTi

SER
CuCuTiTi HGxHGxTxG oo +−−+ )1(ln)1((R TiTi xxT

)()21()1()ln
0

TiTiTiTiTi ∑
=

+−−++
n

i
ii

i TBAxxxxx , 
(2) 

where )( SER
CuCu HG −φo  and )( SER

TiTi HG −φo  are the Gibbs energies of pure copper and titanium with φ -structure 

[49]; and Ai and Bi are the model coefficients. 

Intermetallic Compounds. To model the thermodynamic properties of the Cu4Ti and CuTi phases with 

homogeneity region, we use the Compound Energy Formalism (CEF) [50−52]. The model with two sublattices 
(Cu, Ti)k : Cu, Ti)l proposed in [47] is based on this formalism. The sublattice formula (Cu, Ti)4 : Cu, Ti)1 was used 

for Cu4Ti and the formula (Cu, Ti)1 : Cu, Ti)1 for CuTi. In these formulas, the first sublattice is that of copper and 

the second sublattice is that of titanium (the main component is underlined.) 
Within the CEF, the temperature–concentration dependence of the free energy per one mole of CukTil is 

described by the following expression [51−53]: 
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where Cu
s y  and Ti

s y  are the fractions of the components in the sublattice s; lkG TiCu
Cu:Cu , lkG TiCu

Ti:Cu , lkG TiCu
Cu:Ti , and 

lkG TiCu
Ti:Ti  are the free energies of hypothetical compounds with a similar structure in which each of the sublattices is 

occupied by atoms of the components indicated by the subscript; lkL TiCu
Cu:TiCu, , lkL TiCu

Ti:TiCu,  lkL TiCu
TiCu,:Cu , and lkL TiCu

TiCu,:Ti  are 
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parameters characterizing the interaction of the components in sublattices. The fractions of Cu and Ti in the 
sublattice s are given by 
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where Cuns  and Tins  are the number of sites occupied by atoms of the components in the sublattice; Ns  is the 

total number of sites in the sublattice. The mole fraction of the components are related to the fractions of the 
components in the sublattices by 
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For the CukTil compound with a narrow homogeneity range, the free energies of the hypothetical 

compounds lkG TiCu
Cu:Cu , lkG TiCu

Ti:Cu , lkG TiCu
Cu:Ti , and lkG TiCu

Ti:Ti  are described by the following expressions [53]: 
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where lkHf
TiCuΔ  and lkSf

TiCuΔ  are the enthalpy and entropy of formation; F is a parameter that accounts for the 

free energy of formation of a compound with antisite atoms and may depend on temperature. The parameters 
characterizing the interaction of the components in sublattices are expressed as Redlich–Kister polynomials [53]: 
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where, vs A  and vs B  are parameters describing the excess Gibbs energy in the sublattice s; v is the degree of the 

Redlich–Kister polynomial. We can use expression (3) with Cu
1 y = 1, Ti

1y = 0, Cu
2 y = 0, and Ti

2 y = 1 to derive an 

expression for the Gibbs energy of a CukTil intermetallic compound that does not have homogeneity ranges. For 
compounds of such type, the temperature dependence of the Gibbs energy per one mole is described by the model 
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where lkHf
TiCuΔ  and lkSf

TiCuΔ  are the enthalpy and entropy of formation. A similar model was used to assess 

the thermodynamic properties of Cu2Ti, Cu3Ti2, Cu4Ti3, and CuTi2. 

Optimization of Model Parameters. The model parameters for the phases have been optimized in three stages. 
The first stage employs the data [18, 20, 24−27, 31−33] on the temperatures of invariant transformations and 
compositions of the phases and the data [32, 43−45] on the thermodynamic properties of the phases. At this stage, 
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parameters A0 and B0 are chosen for thermodynamic models of terminal solid solutions, and the Gibbs energy of all 

intermetallic compounds is described by expression (12). 
At the second stage, the data [20, 26, 27, 32] on the liquidus position and on the concentration ranges of the 

(Cu)-phase [20–23, 36] and the (αTi)- and (βTi)-phases [17, 18, 29, 34] are added to the optimization set and the 
thermodynamic models of solid solutions are refined. The parameters A0 and B0 are used to describe the 

thermodynamic properties of the (Cu)-phase. For the (αTi)-phase, the parameter A0 appeared sufficient. The 

properties of the (βTi)-phase are described using the parameters A0, B0, and A1. It was established that a model with 

one parameter corresponding to the enthalpy of formation of ΔfH 2CuTi  can be used to describe the thermodynamic 

properties of Cu2Ti. 

At the third stage, the optimized data set is supplemented with experimental data on the homogeneity range 
of Cu4Ti [27, 28, 31] and CuTi [27, 32]. The thermodynamic properties of the Cu4Ti and CuTi phases are described 

by expression (3). The values of lkHf
TiCuΔ  and lkSf

TiCuΔ  obtained at the second stage are used as starting 

values for the corresponding parameters in (4)–(7). It is assumed that F = 5000 J/mole [47]. The optimized model 
parameters are summarized in Table 4. The calculated coordinates of invariant equilibria are given in Table 2. The 
calculated phase diagram of the system is plotted in Fig. 5. 

RESULTS AND DISCUSSION 

Figures 1–4 demonstrate satisfactory agreement between calculated results and the majority of 
experimental data on phase equilibria in the system. In the range of copper-rich alloys (Fig. 1), the theoretical 
results are in the best agreement with the data from [20–23, 26, 27, 31, 36]. The calculations confirm the peritectic 
formation of Cu4Ti established in [18, 19, 24, 26, 27, 31]. The calculated homogeneity range of Cu4Ti (Fig. 1) is in 

good agreement with the experimental data from [27, 28, 31]. Comparing the results of modeling and studying the 
thermodynamic properties of this intermetallic compound (Table 3) reveal good agreement between the calculated 

and experimental values [43, 45] for ΔfG
TiCu4  and ΔfH

TiCu4 . 

Satisfactory agreement is also achieved in describing the liquidus in the middle region of the phase diagram 
(Fig. 2). The calculated parameters of the phase equilibria for intermetallic compounds are in good agreement with 
the data from [20, 24–27, 32] (Table 2). The calculated temperature of the reaction L+ CuTi ⇔Cu4Ti3 is 1189 K, 

which agrees well with the data from [18, 26]. The calculated homogeneity range of CuTi (Fig. 3) is conformed by 
the experimental data [32]. The melting point of this compound is 1253 ± 5 K according to the DTA [32] and is 
1251 K according to the calculation for xTi = 0.505. Also, there is good agreement between the experimental [32, 

44] and calculated (Table 3) values of the melting enthalpy for ΔmH CuTi . No quantitative agreement is achieved 

between experiment [43–45] and theory in modeling the thermodynamic properties of other intermetallic 
compounds in this region of the phase diagram. Attempts to improve their description deteriorated the thermal 
stability of the compounds and decreased the temperatures of invariant transformations and liquidus. Therefore, we 
preferred the data from [20, 26, 27, 32, 33], which are in satisfactory agreement with each other, in describing the 
central region of the phase diagram, while the data from [43–45] were used in optimization with a low weight 
coefficient. 

The calculated results confirm that CuTi2 forms congruently (Fig. 4), as established in [20, 26, 27, 33]. 

Table 2 indicates that the calculated temperature of formation of this compound is in good agreement with the 
results obtained in [20, 26, 27, 33]. The calculated temperature of the eutectic reaction L ⇔ CuTi2 + (βTi) is 

1231 K (Table 2), which is close to that reported in [20, 26, 27, 34]. Below 1400 K, the calculated results and 
experimental data for the liquidus [18, 20, 26, 27, 34] and solidus [18, 34] of the (βTi)-phase are in good agreement. 
Above 1400 K, just qualitative agreement with [18] is achieved. The calculated phase boundary 
(βTi)/(CuTi2 + (βTi)) fits well the data from [18, 34]. The calculated phase boundaries (βTi)/((αTi) + (βTi)) and 

(αTi)/((αTi) + (βTi)) are in good agreement with the experimental data from [17, 34]. Good agreement is achieved  
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TABLE 4. Model Parameters for the Gibbs Energy (J/mole) of the Phases in the Cu–Ti System 

Parameters 
Phase 

ΔH CuTi  ΔS CuTi  ΔH
2CuTi  ΔS

2CuTi  

L –29500 –10 –67500 –23.7 

∑
=

φ +−−=Δ
n

i
ii

i TBAxxxTxG
0

TiTiTiTi
 ex, )()2(1)(1),(  

Phase i Ai Bi 

(Cu) 0 –14326 2.9 
(αTi) 0 –10000 – 

0 –10881.2 –9.66 (βTi) 
1 2341.6 – 

Parameters 
Phase TiCu4HfΔ  TiCu4SfΔ  

Cu4Ti –7603 –3.12 

TiCu
Cu:Cu,Ti

4L = TiCu
Ti:TiCu,

4L = TBA 0101 +  

Phase 01A  01B  

Cu4Ti –35823 17.342 

TiCu
Cu,TiCu:

4L = TiCu
Cu,Ti:Ti
4L = TBA 0202 +  

Phase 02 A  02B  

Cu4Ti –4009.8 –2.726 

lklklk STHTG fff
TiCuTiCuTiCu -)( ΔΔ=Δ  

Phase ΔfH
lkTiCu  ΔfS

lkTiCu  

Cu2Ti –9871 – 
Cu3Ti2 –13927 –2.078 

Cu4Ti3 –14920.7 –2.321 

Parameters 
Phase CuTiHfΔ  CuTiSfΔ  

CuTi –17534 –3,372 
CuTi

Cu:Cu,TiL = CuTi
Ti:Cu,TiL = TBA 0101 +  

Phase 01A  01B  

CuTi 1000 – 
CuTi

Cu,TiCu:L = CuTi
Cu,Ti:TiL = TBA 0202 +  

Phase 02 A  02B  

CuTi 10000 – 

lklklk STHTG fff
TiCuTiCuTiCu -)( ΔΔ=Δ  

Phase ΔfH
2CuTi  ΔfS

2CuTi  

CuTi2 –24220 –8.5 
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Fig. 5. Calculated phase diagram of the copper–titanium system 

in describing the solubility of copper in (αTi) [18, 29, 34]. The calculated temperature of the reaction (βTi) ⇔
CuTi2 + (αTi) is 1065 K, which agrees well with the data [17, 18, 26, 27, 29, 34]. 

The calculated phase diagram of the Cu-Ti system features convex liquidus and solidus of the (βTi)-phase. 
As follows from [47, 54], these lines are less curved. In our opinion, the calculated phase boundaries for the liquid 
and (βTi) phases are justified enough because the associated thermodynamic models allow correct description of the 
adjacent regions L + CuTi2, (βTi) + CuTi2, and (αTi) + (βTi) and the phase boundaries (βTi)/(CuTi2 + (βTi)), 

(βTi)/((αTi) + (βTi)), L/(L + (βTi)), and (βTi)/(L + (βTi)). A model of the (βTi)-phase, which indicates positive 
deviations of its thermodynamic mixing functions from the ideal behavior was used in [47] to describe the titanium-
rich region of the phase diagram, which is similar to that presented in [54]. As mentioned above, this behavior of 
the model is inconsistent with the way the components of the system interact. It is obvious that a conclusion on the 
concentration dependence of the liquidus and solidus of the (βTi)-phases can be drawn only after special 
experimental research. 

An important feature of this thermodynamic assessment of the system is the use of the IAS model for the 
thermodynamic properties of liquid alloys [15]. As shown in [15], this model successfully describes the 
thermodynamic properties of liquid alloys over wide ranges of temperatures and concentrations, and extrapolating it 
to the supercooling range makes it possible to reproduce well the thermodynamic properties of the amorphous 
alloys studied in [45]. As will be shown in the next papers, this is a decisive factor that allows correct description of 
the phase transformations for the liquid phase in the Cu–Ti–Zr system at temperatures above 1000 K and modeling 
of metastable transformations involving it. 
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