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A B S T R A C T   

Titanium alloys have been gaining importance in various industries due to their advantageous combination of 
strength, low density, excellent corrosion/oxidation resistance, and superior mechanical properties at elevated 
temperatures. Recently, eutectoid Ti–Cu alloys have been explored as promising candidates for advanced pro-
cesses. This work investigates the effects of Fe and Al on a Ti-5.9Cu alloy using multi-scale characterization 
techniques. While Fe acts as a β-stabilizing element (despite being a sluggish eutectoid former), Al acts as an 
α-stabilizer. This work focuses on the effects of combined addition of these elements, studied in different heat 
treatment conditions. The results show that a fine, equiaxed microstructure is obtained in the binary Ti-5.9Cu 
alloy, whereas the addition of 2 wt% Fe, or 2 wt% Fe combined with 2 wt% Al to the Ti-5.9Cu alloy de-
teriorates the effect of grain refinement and coarse, columnar grains result and a small amount of β-phase is 
retained. Further, the microstructure resulting from the eutectoid decomposition is altered dramatically from a 
lamellar pearlitic in the binary alloy to a lath-like α-phase with diverse decomposition products in the ternary 
and quaternary alloys accompanied by increasing hardness values. Evaluation of the α misorientation suggests 
that a substantial amount of non-Burgers α is present in the Ti-Cu alloy in contrast to the results of the ternary 
and quaternary alloys. The observed Cu-rich intermetallic compound was identified as Ti2Cu phase with off- 
stoichiometric composition. Results obtained explain how adding either Fe or Fe and Al leads to substantial 
hardening.   

1. Introduction 

Titanium alloys have been incorporated into modern aerospace 
structures since the early 1950s due to their high specific strength and 
stiffness, enabling lightweight design [1,2]. Thereby, efficiency is 
improved resulting in a reduction of the emission of environmentally 
detrimental pollutants [3] – a goal, which is outlined in today’s strategic 
policies such as in Ref. [4]. 

Available commercial titanium alloys are classified based on their 
major constituent phases – a result of the allotropic modifications of 
titanium and the interplay of the respective phase stabilities with the 

alloying elements [1]. Most applications use wrought alloy grades 
relying on fine-grained microstructures resulting from recrystallization. 
Depending on the field of application, phase fractions and their mor-
phologies are tailored to meet the specific criteria of usage. Modern 
advanced processes, such as additive manufacturing, require a more 
detailed understanding of the alloying effects on solidification and 
subsequent heat treatment to enable control of microstructure and 
properties. 

Transition metals such as Cu, Ni, Fe or Co (to name a few) induce a 
eutectoid transformation, whereby the decomposition of the high tem-
perature β-phase into α-phase and an intermetallic compound of varying 
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stoichiometry occurs [5,6]. While a large body of literature deals with 
the effects of various α- and β-stabilizing elements, relatively few pub-
lications explore the effects of eutectoid forming elements or their 
interplay in complex ternary or quaternary alloys. Depending on the 
kinetics of decomposition, eutectoid forming elements are separated 
into active elements, where even on rapid cooling the transformation can 
hardly be suppressed, and sluggish elements, where long durations of 
annealing are required to induce the phase transformation. Although 
known for decades, no commercial alloys exploit the occurrence of 
eutectoid decompositions in titanium. Here, Fe is the exception as it can 
be used as a low-cost alternative for β-isomorph elements due to the 
extremely low eutectoid decomposition kinetics at low temperatures 
rendering this equilibrium transformation irrelevant. Recently, it has 
been demonstrated that in binary Ti-Cu alloys, the transformation re-
sults in a pearlitic microstructure [7–9]. Binary alloy variants, including 
alloys with e.g. Cu [7], Ni [10], Fe [11,12], or combinations thereof with 
ternary elements [13–15], have been shown to meet or even outperform 
mechanical properties of conventional Ti-6Al-4V. Other works report on 
the beneficial modification of the microstructure of Ti-6Al-4V through 
the addition of Cu [16–18], Ni [19], Fe [19–21], Co [22] or their com-
binations [23,24]. 

The present study was conducted as there is a clear deficit in the 
understanding of the vital role played by the addition of the sluggish 
transforming element Fe and the solid-solution strengthener Al on the 
eutectoid Ti-5.9Cu alloy. In this context, we therefore explore (i) how 
ternary and quaternary alloy modifications based on the Ti-5.9Cu sys-
tem affect the solidification microstructure; (ii) how sluggish eutectoid 
forming elements (Fe) influence the eutectoid decomposition of an active 
eutectoid system (Ti-5.9Cu), and (iii) how the eutectoid transformation 
in the Ti-5.9Cu system and the mechanical properties are affected by the 
addition of an α-stabilizing element (Al), which is also a strong solid- 
solution strengthener. The in-depth studies to answer these three 
major research questions of the present work will provide fundamental 
knowledge to further design eutectoid titanium alloys. For this purpose, 
a multi-scale characterization campaign was launched encompassing 
scanning electron microscopy (SEM), including electron-backscatter 
diffraction (EBSD), X-ray diffraction (XRD), as well as high-resolution 
techniques including transmission electron microscopy (TEM) and 
atom probe tomography (APT). Gathered structural and chemical data is 
correlated to mechanical properties using microhardness measurements. 
The experimental results are corroborated using thermodynamic cal-
culations. All data gained is merged to provide an in-depth under-
standing of the effects of Fe and Al on the pathways of phase 
transformation in the Ti-5.9Cu alloy providing a basis for the future 
exploitation of the eutectoid decomposition to design next generation 
titanium alloys. 

2. Materials and methods 

2.1. Alloy composition and processing 

The investigated alloys were prepared as 20 g buttons from 
elemental materials Ti, Cu, Fe and Al pellets. Fabrication was conducted 
in an Edmund Bühler MAM-1 button arc-melter under Argon 5.0 pro-
tective atmosphere. Five consecutive remelting steps ensured chemical 
homogeneity as the tendency for segregation of the solutes is well 
documented [25–27]. Table 1 summarizes the nominal chemical com-
positions. The actual compositions are considered to closely match these 

as there is hardly any evaporation/oxidation under Argon conditions, 
and no spatter was observed. All chemical compositions referred to in 
this manuscript are given in weight percent unless specified otherwise. 
Subsequently, cylindrical specimens with 5 mm diameter and 10 mm 
length were fabricated and heat treated in a Bähr 805 A/D dilatometer, 
where they were short term aged at 600 ◦C for 15 min followed by rapid 
quenching with Helium. 

2.2. Computational and experimental techniques 

Phase fraction diagrams were calculated using Thermo-Calc 2021b 
with the TCTi3 thermodynamic database. Further, Scheil-Gulliver sim-
ulations without back-diffusion were used to calculate the freezing 
ranges of the alloys under investigation. The information obtained by 
these calculations was used to determine the growth restriction factor, Q 
[28] and the freezing range ΔT. The earlier can be calculated for multi 
component systems according to Eq. (1) [29]: 

Qoverall ≅
∑n

i=1
C0,imL,i(ki− 1), (1)  

where Qoverall includes the contributions of all solutes, C0,i refers to the 
nominal concentration of each solute, mL,i to the liquidus slope and ki to 
each element’s partitioning coefficient. 

Microstructure characterization was conducted using a Mira 3 
(Tescan) SEM in back-scattered electron (BSE) mode. The high- 
resolution BSE images were taken with a Gatan high signal-to-noise 
ratio (SNR) detector at 5 kV acceleration voltage. EBSD maps were 
collected at the center of the vertical cross-section of the buttons using a 
JOEL 7200F SEM at 20 kV. AZtecCrystal software was used for pro-
cessing the EBSD data as well as the prior β-grain reconstruction and 
misorientation angle calculations. 

Hardness values were determined using a DuraScan 70 G5 (Zwick-
Roell) microhardness tester at 100 g load. Values reported correspond to 
mean values of at least five individual indents and the standard devia-
tion is given alongside. 

Local chemical compositions were analyzed using APT. For this 
purpose, a local electrode atom probe (LEAP 4000 X HR, Cameca) was 
used. After electrochemical polishing, the needle-shaped specimens 
were further sharpened using a Zeiss Auriga focused Ga-ion beam. The 
measurements were conducted in pulsed laser mode at 100 kHz with a 
laser energy of 50 pJ, a detection rate of 0.5 % and a sample temperature 
of 60 K. Data analysis was conducted using IVAS software version 
3.6.14. The reconstructions were based on the voltage progression and 
the tips’ geometries determined by SEM to guide the reconstruction. 

XRD was performed with a X’pert powder diffractometer (Siemens) 
in Bragg-Brentano geometry with X’Celerator detectors. Cu-Kα-radiation 
was used, and the scans were conducted with steps of 0.02◦. Phase 
analysis was performed with the X’pert HighScore software. 

Samples for TEM analyses were prepared using an FEI Scios Dual 
Beam focused ion beam (FIB)-SEM. Bright field (BF) images and selected 
area diffraction pattern (SADP) were performed on a JEOL 2100F TEM 
at 200 kV. 

3. Results and discussion 

3.1. Prevalent phases with respect to alloy composition 

Calculated phase fraction diagrams are shown in Fig. 1. In this figure, 
only β-phases and Cu-rich intermetallic compounds are shown for clarity 
as these are of highest interest when alloying the Ti-5.9Cu alloy with Fe 
and Al. Most importantly, the addition of Fe stabilizes the β-phase to 
room temperature, which is in agreement with its known β-stabilizing 
effect. Further, the addition of Al appears to stabilize a different variant 
of the Cu-rich intermetallic compound. While in the binary and the Fe- 
bearing alloy the formation of Ti3Cu is predicted, in the quaternary 

Table 1 
Nominal compositions of the alloys investigated in weight percent.  

Alloy designation Ti Cu Fe Al 

Ti-5.9Cu bal. 5.9 – – 
Ti-5.9Cu-2Fe bal. 5.9 2.0 – 
Ti-5.9Cu-2Fe-2Al bal. 5.9 2.0 2.0  
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system Ti2Cu forms, which transforms to Ti3Cu on further cooling. The 
results of this calculation contradicts findings of Bhaskaran et al. [30] 
and more recently of Zhang et al. [7], who have shown experimentally 
that in binary Ti–Cu alloys Ti2Cu is present, which is in agreement with 
the ab initio calculations available from Refs. [31,32] suggesting that the 
Ti3Cu compound decomposes to Ti + Ti2Cu under equilibrium condi-
tions. For the moment we will refer to the prevalent intermetallic 
compound as TixCu – its nature will be clarified in subsequently pre-
sented experimental analyses (see subsection 3.4). 

3.2. Microstructure evolution and hardness 

The EBSD inverse pole figure (IPF) maps after reconstruction of the β 
grains are shown in Fig. 2(a)–(c). Substantial differences in morphology 
and size of the grains, present in the three investigated alloys, are visible. 
In the case of the binary Ti-5.9Cu alloy (Fig. 2(a)) a fine-grained, equi-
axed structure is visible, which is in agreement with recent findings [7]. 
Upon addition of Fe or Fe and Al, the size of the β grains is at least a 
factor of ten larger and an elongated/columnar grain structure is 
observed (Fig. 2(b) and (c)). Apparently, the grain refinement effect 
promoted by the addition of Cu – an effect of the large growth restriction 
factor as rationalized by the Interdependence Theory [7,28] – is 
poisoned by the addition of Fe. The local conditions at the interface of 
the moving solidification front and its interaction with diffusing solutes, 
in particular pertaining to their interplay with nucleation remains a 
difficult topic. Recent work by Tyagi et al. [33] illustrates the com-
plexities of interacting phenomena upon solidification. As the trans-
formation behavior of β-to α-phase is strongly affected (see later 
paragraphs in subsection 3.2) it remains unclear whether artifacts are 
introduced through the reconstruction procedure as has recently been 
analyzed by Saville and Clarke [34]. 

Recently, Nartu et al. [35] have used the growth restriction factor, Q, 
and the solidification range, ΔT, to predict the microstructure formed 
upon rapid solidification (additive manufacturing) of various titanium 
alloys suggesting that better agreement with experiments is obtained 
using the ΔT value. This train of thought was followed here, with the 
calculated results retrieved from Thermo-Calc according to Eq. (1) 
tabulated in Table 2. For comparison, both Q and ΔT were calculated. 

Both, Qoverall and ΔT, suggest that the ternary and quaternary alloys 
should solidify at least as fine and equiaxed as the binary alloy. It is, 
thus, unexpected that the ternary and quaternary alloys show a coarse 
microstructure. This means that other factors are affecting the grain 
refinement apart from the constitutional supercooling effect. These may 
include native nuclei of differing potency or density, or the effect of 
cycling through the eutectoid transformation [34]. While this observa-
tion is clearly backed by our results, its physical foundation needs 
further analysis and clarification beyond this work. 

The microstructures of the three alloys are shown in Fig. 3 taken by 

Fig. 1. Equibrium phase fraction diagram of the three investigated alloys 
showing only β-phases and TixCu phases for clarity. Continuous lines corre-
spond to the β-phase fraction, whereas dashed lines correspond to TixCu 
phase fractions. 

Fig. 2. Parent β grain reconstructed EBSD IPF maps of (a) Ti-5.9Cu; (b) Ti-5.9Cu-2Fe; and (c) Ti-5.9Cu-2Fe-2Al (all heat treated at 600 ◦C for 15 min). Ternary and 
quaternary alloying element additions clearly affect the prior β-grain structure. 

Table 2 
Summary of morphological description of primary β-phase from EBSD results, calculation results for the growth restriction factors and freezing ranges from Thermo- 
Calc.  

Alloy Observed grain morphology Qoverall [K] ΔT [K] Predicted grain morphology 

Ti-5.9Cu Fine, equiaxed 49 621.5 Equiaxed 
Ti-5.9Cu-2Fe Coarse, columnar 71 658.5 Equiaxed 
Ti-5.9Cu-2Fe-2Al Coarse, columnar 72 692.0 Equiaxed  

T. Klein et al.                                                                                                                                                                                                                                    



Journal of Materials Research and Technology 27 (2023) 4978–4985

4981

SEM. The binary Ti-5.9Cu alloy shown in (a) comprises of a lamellar 
colony structure. These colonies are formed via coupled growth of the 
α-phase and TixCu at the expense of the decomposing parent β-phase as 
found in pearlite formation in steels [36,37]. Cardoso et al. [38] and 
Souza et al. [39] suggested that the precipitation of Cu-rich intermetallic 
phases cannot be suppressed in binary Ti–Cu alloys regardless of the 
cooling rate, which is in agreement with the active nature of the Ti–Cu 
eutectoid decomposition. 

The colony boundaries visible in Fig. 3(a) are decorated by zones of 
discontinuous precipitation (DP), whereby the fine lamellar structure is 
consumed and coarser agglomerates with reduced interfacial energies/ 
reduced interface areas remain [40]. The physical foundations of 
discontinuous reactions are established in Ref. [41]. The hardness values 
of the three alloys are summarized in Table 3. The hardness of the binary 
alloy is substantially below standard α + β alloys such as Ti-6Al-4V [42]. 

The addition of Fe changes the microstructure of the α-phase to lath- 
like features (Fig. 3(b)). A pronounced orientation contrast for the 
α-lamellae is visible. Bright phases with different contrast and a feathery 
microstructure are present along their boundaries. These are considered 
a mixed constituent of β-phases appearing bright due to large amounts of 
Fe, and TixCu also appearing bright due to high amounts of Cu. Such 
decomposition reactions have been reported by Bhaskaran et al. [30] 
and Cardoso et al. [38] occurring in Ti-Cu alloys with a martensitic 
microstructure, i.e., upon very high cooling rates. The observation of 
similar microstructural features in the present work in the alloys con-
taining Fe after moderate cooling suggests that the diffusive decompo-
sition is hindered by the presence of Fe. The likely cause is the 
substantial redistribution of Fe into the β-phase that is required for the 
α-phase to grow. Thus, diffusive growth of the α-phase is limited by the 
diffusivity of Fe in the β-phase (see subchapter 3.3 for detailed discus-
sion of prevalent redistribution phenomena). Additionally, Fe also 
decreased the martensite start temperature by approximately 300 ◦C 
(addition of 2 wt%) according to Ref. [43]. The observed microstruc-
tural changes are associated with a substantial increase in hardness with 
respect to the binary alloy by ΔHV0.1 ≈ 64 (see Table 3). 

Further, introducing Al to the ternary alloy system does not alter the 
morphological features of the microstructure in the alloy (Fig. 3(c)) in 
agreement with Oh et al. [44], which is backed by the fact that Al par-
titions toward the α-phase suggesting low effects on the interface 
mobility. However, a refinement of the α-laths is observed. As a result of 
this refinement, also the mixed β/TixCu constituent is significantly 
refined. Microstructural refinement and solid-solution strengthening by 

Al further increase the hardness by ΔHV0.1 ≈ 61, surpassing typical 
hardness values of Ti-6Al-4V [42]. 

Fig. 4 shows the misorientation angle distribution evaluated from the 
EBSD map of all three alloys. The Ti-5.9Cu alloy shows a nearly random 
distribution, whereas Ti-5.9Cu-2Fe and Ti-5.9Cu-2Fe-2Al shows maxima 
at ~10◦, ~55–65◦ and ~90◦. These peaks result from intersecting α/α 
variants according to the Burgers orientation relationship. Equivalently, 
the absence of these peaks suggests that a substantial amount of non- 
Burgers α-phase is present in the microstructure (see Ref. [45] for 
further information on variant selection during phase transformations). 
These observations are in line with the previous work of Saville and 
Clarke [34], who have observed a substantial amount of non-Burgers 
α-phase in a binary pearlitic Ti-Cu alloy sample. It is worth noting that 
variant selection is a phenomenon commonly observed in Ti-6Al-4V or 
similar alloys processed, e.g., by different additive manufacturing pro-
cesses [46]. Variant selection is, however, undesirable as it can promote 
strain localization, premature failure and can influence crack formation. 
Its suppression in the Ti-5.9Cu alloy is therefore considered beneficial. 

3.3. Alloying element redistribution upon phase transformation 

The phases present in the three considered alloy variants were 

Fig. 3. SEM BSE micrographs of (a) Ti-5.9Cu; (b) Ti-5.9Cu-2Fe; and (c) Ti-5.9Cu-2Fe-2Al (all heat treated at 600 ◦C for 15 min). Ternary and quaternary alloying 
element additions clearly affect the mode of eutectoid decomposition. 

Table 3 
Summarized microhardness values of the investigated alloys.  

Alloy Ti-5.9Cu Ti-5.9Cu-2Fe Ti-5.9Cu-2Fe-2Al 
Microhardness [HV0.1] 277 ± 17 341 ± 14 402 ± 14  

Fig. 4. Comparison of the misorientation angle distribution obtained from 
EBSD of the three investigated alloys evidencing distinct differences. 
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studied by APT. Fig. 5 shows the proximity histograms calculated across 
the phase interfaces visible in the respective insets. The chemical com-
positions of the phases are given in Table 4 (for comparison the reader is 
referred to a recent work of Goettgens et al. [47], who have modified 
Ti-6Al-4V with Cu additions). The reconstructions of the binary alloy 
(Fig. 5(a)) prove enrichment of Cu in TixCu lamellae. The observed Cu 
concentration neither matches the stoichiometric compositions of Ti3Cu 
nor Ti2Cu phases. Therefore, the nature of the precipitate phase cannot 
be determined unambiguously by APT. The prevailing off-stoichiometric 
composition certainly suggests the presence of point defects in the or-
dered crystal lattice. 

In the ternary Ti-5.9Cu-2Fe alloy two different phase boundaries 

were investigated (Fig. 5(b) and (c)). Similar Cu concentrations in the 
Cu-rich intermetallic are observed in comparison to the binary alloy. At 
both interphase boundaries, the Fe distribution is particularly inter-
esting. Its enrichment in the β-phase is clearly visible, while the α-phase 
is depleted. This observation is clearly in line with the β-stabilizing effect 
of Fe. Also, TixCu phase seems to be depleted in Fe (less pronounced). At 
both identified interphase boundaries, the Fe content is higher in the 
β-side with a ‘pile up’ near the interface. This is typical for a moving 
interface and a slow diffusing element [48]. As no interface could be 
delineated that would solely allow discriminating the α-phase, the mass 
balance was used to estimate the chemical composition given in Table 4 
according to Eq. (2): 

Fig. 5. Proximity histograms obtained using APT with the respective interfaces. (a) α/TixCu interface in Ti-5.9Cu; (b) α + β/TixCu interface in Ti-5.9Cu-2Fe; (c) 
α/TixCu interface in Ti-5.9Cu-2Fe-2Al; (d) α + TixCu/β interface in Ti-5.9Cu-2Fe; and (e) α/β interface in Ti-5.9Cu-2Fe-2Al. 
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cj
overall =

∑3

i=1
ficj

i (2)  

where cj
overall refers to the overall concentration of element j, fi is the 

phase fraction of each phase (here taken from thermodynamic simula-
tion), and cj

i is the concentration of element j in phase i. 
The proximity histograms of the Ti-5.9Cu-2Fe-2Al alloy show similar 

behavior with regard to Cu enrichment in TixCu and Fe enrichment in 
the β-phase (interfacial ‘pile-up’ again visible). At these interfaces the 
redistribution behavior of Al can be studied. In Fig. 5(d) substantial 
enrichment of Al in the α-phase is visible, which aligns well with known 
α-stabilizing effect, and concomitantly its depletion in both TixCu and 
β-phase is observed. A small ‘pile-up’ of Al at the α-phase side is observed 
– a result of its limited atomic mobility resulting in incomplete redis-
tribution during thermal exposure and the accompanying phase 
transformation. 

3.4. Structural characterization of the Cu-rich intermetallic compound 

XRD was used to determine the crystallography of the present major 
phases (Fig. 6). It is noted that the intensity may be affected by textures 
present in the button samples resulting from the solidification condi-
tions, thus, prohibiting quantitative phase analysis. However, the 
dominance of the α-phase in all three investigated alloys is clearly visible 
and the introduction of the β-phase through the addition of Fe can be 
observed, which agrees well with the thermodynamic predictions and 
APT results. The weak peaks linked to the Cu-rich intermetallic 

compound can be entirely indexed with the Ti2Cu structure in all alloys 
and not the Ti3Cu phase. For the binary alloy this observation is in 
agreement with recent works by Zhang et al. [7] and Saville et al. [49]. 

To further analyze the Ti2Cu particles, TEM was used for the Ti- 
5.9Cu-2Fe-2Al alloy. A bright field image is shown in Fig. 7(a) 
together with the indexed selected area diffraction pattern in Fig. 7(b). 
The nm-scaled particle (~100–200 nm) marked in Fig. 7 shows faceted 
morphology and can be unambiguously indexed as the Ti2Cu crystallo-
graphic structure (space group: I4/mmm; a = b = 0.297 nm; c = 1.0899 
nm [50]) shown as inset in Fig. 7. The observed structure is similar to the 
detailed results of the study of Ng et al. [51], who investigated alloy 
variants of Ti-10V alloys modified with either Ni or Cu. 

3.5. Technological implications 

3.5.1. Solidification microstructure and hardness 
Cu-modified titanium alloys are considered as prime candidates for 

manufacturing processes such as casting or additive manufacturing that 
do not employ thermo-mechanical processing. Beneficial effects on the 
grain structure in terms of a fine and equiaxed structure essentially free 
of texture were reported [7]. The present study reveals that appropriate 
solidification conditions are achieved using button arc-melting in the 
binary Ti-Cu alloy system. However, the addition of Fe or mixed addi-
tions of Fe and Al alter the solidification conditions in a way that very 
fine grains were not observed, i.e., reversing the refinement effect 
induced by Cu. Different hypotheses from the literature remain, how-
ever, unable to unambiguously explain this behavior. 

Alloying with Fe or Fe and Al results in substantial hardening. 
Therefore, it is concluded that both elements Fe and Al are capable of 
improving the mechanical performance of Ti-Cu alloys. Future work will 
therefore focus on (i) identification of the underlying mechanisms of 
grain refinement poisoning induced by Fe or Fe and Al, (ii) identification 
of suitable alloying element additions that equally harden the alloy 
without deteriorating the fine-grained β grain structure. 

3.5.2. Eutectoid decomposition and Ti2Cu precipitation 
The eutectoid phase transformation during the present processing 

conditions is clearly altered by the introduction of ternary and quater-
nary alloying elements (see Fig. 3). On the one hand, this is clearly 
visible in terms of morphology of the α- and the Ti2Cu-phases (identified 
by XRD and TEM), on the other hand, it is underpinned by different 

Table 4 
Chemical compositions of the constituent phases determined from the APT 
proximity histograms given in atomic percent.  

Alloy Phase Ti Cu Fe Al Others 

Ti-5.9Cu α 98.62 0.35 0.11 0.05 0.87 
TixCu 71.21 28.17 0.09 0.04 0.49 

Ti-5.9Cu-2Fe αa 99.56 0.00 0.02 0.03 0.39 
β 83.46 1.30 12.91 0.83 1.50 
TixCu 69.39 28.40 1.10 0.10 1.01 

Ti-5.9Cu-2Fe-2Al α 92.84 0.35 0.15 4.48 2.18 
β 82.83 1.40 12.57 1.97 1.23 
TixCu 69.21 27.13 1.39 0.73 1.54  

a Calculated from mass balance given in Eq. (2). 

Fig. 6. XRD diffractograms of the investigated alloys with the major pha-
ses indicated. 

Fig. 7. TEM BF image of a Ti2Cu particle with the SADP as inset evidencing its 
crystallographic nature. 
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α-phase variant selection. These changes can be employed to design 
specific heat treatments in the future allowing for balanced mechanical 
properties. 

The chemical compositions of the individual phases reveals low 
solubilites of the Ti2Cu-phase for both Fe and Al. Thus, substantial solute 
redistribution is required during its nucleation and growth. The tem-
poral dependence of these processes induces the observed morpholog-
ical changes in the ternary and quaternary alloy systems and can be used 
to specifically design the precipitate size distribution upon heat 
treatment. 

4. Conclusions 

Titanium alloys exploiting the beneficial effects of Cu on the primary 
grain formation and its solid-state eutectoid reaction have been sug-
gested as promising candidate materials to be used in future advanced 
processing. Further alloying refinement is suggested in the present work 
to modify the microstructure evolution. This work reports on the effects 
of Fe and Al on the eutectoid Ti-5.9(wt.%)Cu alloy. To understand the 
resultant microstructural changes, a multi-scale characterization 
approach was chosen. From the performed analyses the following major 
conclusions can be drawn:  

* The addition of Fe stabilizes the β-phase to ambient temperatures. 
The cooperative growth occurring during the eutectoid decomposi-
tion of the binary alloy is altered to a consecutive reaction with lath- 
like α-features and small Cu-rich precipitates. This variation of solid- 
state reaction affected the fine-scaled microstructural features and, 
thereby, led to a drastic increase in the hardness.  

* The addition of Al has little effect on the phases in comparison to the 
ternary alloy variant (Ti-5.9Cu–2Fe) except for refinement of the α 
lamellae. Also, Al substantially increases the hardness of the mate-
rial, which is argued to be a result of solid-solution strengthening.  

* The beneficial effects of Cu on the primary β grain size and 
morphology seem to be poisoned through the additions of Fe or Fe 
and Al. While the binary alloy is dominated by fine, equiaxed grains, 
the ternary and quaternary alloys are composed of large and 
columnar grains.  

* The alloying element additions strongly influence the α-phase 
variant selection. While the dominant variants in the ternary and 
quaternary alloy reflect the dominant transformation mode, a rather 
diffuse distribution of variants is observed in the binary alloy sug-
gesting that the Burgers orientation relationship is not prevalent 
during cooperative, pearlite-like growth.  

* The Cu-rich intermetallic phase was identified as the Ti2Cu phase 
crystallographically. Its chemical composition is, however, off- 
stoichiometric. 

In this work, it is shown that the addition of β-stabilizing elements to 
the eutectoid Ti–Cu system provides a suitable means to modify and 
control the solid-state transformation pathway. The presented research 
provides the basis for future exploitation of tailored titanium alloy 
compositions based on the Ti–Cu system. Future research directions 
should focus on the alloy design and accompanying heat treatment 
procedures resulting in optimum microstructures and properties 
following solid-state transformations, while maintaining a fine primary 
β grain structure, free of solidification texture. 
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