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Abstract: The oxidation behaviour of Ti alloys is a crucial aspect for structural components
operating at high service temperature. The aim of this study is to identify the oxidation
kinetics and mechanism of binary Ti-Cu alloys with a progressively higher amount of Cu
with the alloys having a o + 3 lamellar structure. It is found that all the alloys followed a
non-ideal (i.e., n # 2) parabolic relationship, as controlled by anionic oxygen diffusion,
with a distinct effect from both oxidation temperature and alloy chemistry. Specifically,
faster oxidation kinetics are found both at higher temperatures and for higher Cu contents,
resulting in the formation of thicker oxide scale layers. The oxidation mechanism primar-
ily entails the formation of the stable TiO: rutile polymorph. However, transitions through
metastable phases (e.g., anatase) and texturing of rutile are also revealed as dictated by
the composition of the alloy at specific oxidation temperature/time pairs.

Keywords: titanium alloys; oxidation kinetics; oxidation mechanism; XRD; eutectoid
precipitation

1. Introduction

Ti and its alloys are used in a variety of industrial applications including relatively
high temperature operating engineering components such as low-pressure jet engine tur-
bine blades [1]. This is because Ti alloys are able to maintain a good mechanical behaviour
at relatively high temperatures, conventionally up to 550-600 °C [2], which is in general
impractical for other structural metals like steel and aluminium alloys. The primary factor
limiting the application of Ti alloys at higher service temperatures is their affinity for ox-
ygen, which results in their oxidation [3]. Therefore, understanding of the oxidation reac-
tions and of the resulting phase changes are critical aspects of alloy development for the
selection of the appropriate operating conditions [4]. In particular, higher service temper-
atures will enhance the efficiency of the combustion process and reduce fuel consumption
and greenhouse gas emissions. Both the operating atmosphere and the chemistry of the
material affect the outcome of the oxidation process and, thus, the actual thermal cycling
and the intrinsic thermodynamics and kinetics properties of the alloy are crucial. A further
major drawback is the high cost of Ti alloys as a consequence of the high affinity for oxy-
gen leading to the need of using specialised processes for their manufacturing [5]. There-
fore, the development of alternative cheaper compositions and manufacturing processes
is crucial.

When it comes to the oxidation of Ti alloys, the oxide generally nucleates on the metal
surfaces and oxygen diffuses inwards into the metallic substrate owing to the very high
maximum solubility of oxygen in Ti (i.e., ~30 at.% in a-Ti) [6,7]. Ti is characterised by very
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high thermodynamics affinity for oxygen, therefore easily forming stable TiO15-2 oxides
[8]. However, ascertain of the formation of one or the other of the three atmospherically
stable polymorphic Ti oxides phases (i.e., rutile, anatase, and brookite) is not straightfor-
ward. In particular, the general TiO:z phase is known as a nonstoichiometric compound
with fully charged oxygen deficiency, TiO2« [9]. This leads to the need of two Ti* occupied
regular sites in the tetragonal structure to conserve the local charge neutrality, which is
temperature and oxygen partial pressure dependent [10]. Moreover, the presence of
strong oxide-forming alloying elements, such as Al in the Ti-6Al-4V alloy [11,12], affects
the outcome of the oxidation process. For example, the formation of hematite (i.e., Fe2Os)
was found in low cost Fe-bearing Ti alloys [13], and the concurrent formation of Ti- and
Al-based oxidation products has been widely reported for Al-bearing Ti alloys [14-18].
Specifically, a drop of the partial oxygen pressure at the TiO2/substrate has been indicated
for the Ti-6Al-4V alloy after the initial nucleation of TiOz, and this consequently leads to
the formation of Al2Os at the external gas/oxide interface [19].

A survey of current literature shows that the oxidation response of Ti alloys has pri-
marily been assessed for standard alloys, which include Ti [20,21], near-« Ti alloys [7], Ti-
6Al-4V [22-26], Ti-6Al-7Nb [18], and Ti-6Al-25n-4Zr-2Mo-Si (i.e., Ti6242s) [27] produced
using the classical wrought plus heat treatment route [7,18,21-23,25-27]. The most widely
studied oxidation conditions entail a temperature between 500 °C and 900 °C
[7,18,20,22,23,25,27] combined with exposure times that range from 0 h to 300 h
[7,18,20,22,23,25,27]. Near-a and a + 3 Ti alloys [28], which commonly include Al as a
primary alloying element are the most broadly studied. For example, Leyens et al. [29]
analysed the behaviour of the IMI 834 and TIMETAL 1100 alloys isothermally oxidised at
750 °C for 100 h in air. It was found that, although there is less dependence on the micro-
structure in the IMI 834 alloy, in both alloys, the highest oxidation resistant was achieved
when they had a lamellar microstructure and the lowest when they had a globular struc-
ture. Guleryuz and Cimenoglu [25] analysed the oxidation behaviour of the Ti-6Al-4V
alloy in air determining the oxidation kinetics, the oxygen diffusion zone depth, and the
hardness. It was found that the rate of oxidation transitions for a parabolic kinetics to a
linear one when the oxidation temperature exceeded 700 °C. A temperature-compensated
time parameter was also proposed for predicting the extent of oxidation. Gaddam et al.
[27] performed oxidation experiments on the Ti6242s alloy demonstrating that different
temperature/time pairs lead to different changes in oxidation kinetics (e.g., cubic to para-
bolic at 500 °C as a function of the exposure time). These changes were justified by the
differences observed in the oxide scale, but no details about the crystalline structures of
the oxide were provided.

Although in recent years, binary Ti-Cu have been investigated due to their antibac-
terial behaviour, the addition of Cu was originally considered to improve the strength and
enhance the burn resistance for aeronautical applications. In particular, the binary Ti-
2.5Cu was developed to manufacture bypass ducts of turbines due to its combination of
formability, weldability, and higher strength than pure Ti [2], and for automobile exhaust
systems [30]. Ternary Ti-Al-Cu alloys have good burn resistance as a consequence of their
combination of good thermal conductivity, low melting point, and the presence of the
low-melting point Ti2Cu phase [31]. Arc melting followed by ingot casting was the pri-
mary manufacturing method used to produce binary Ti-Cu alloys [32-34], although pow-
der metallurgy has also been investigated [35-38]. The majority of the studies analysed a
Cu content of up to 10 wt.% [32-35,37,38], and post-processing heat treatments were some-
times also considered [33,39,40]. In terms of properties, tensile and compressive behav-
iour, micro- and macro-hardness, bio-corrosion, and antibacterial response were ana-
lysed. The oxidation behaviour has been far less investigated where, for instance, Otsuka
et al. [30] analysed the high-temperature (500-700 °C) oxidation response of the Ti-1Cu
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and Ti-1Cu-0.5NDb alloys, whereas Chen et al. [41] used thermogravimetric analysis to
quantify the oxidation of binary Ti-Cu alloys with a Cu content of up to 20 wt.% in the
1000-1300 °C temperature range.

It is evident from literature that there is a lack of knowledge on the oxidation re-
sponse of Al-free Ti alloys as the majority of conventional wrought Ti alloys entail Al in
their chemistry. Moreover, to the best of the authors” knowledge, the understating of the
oxidation kinetics of binary Ti-Cu alloys is lacking in literature. To fill these gaps, in this
study, representative binary Ti-Cu alloys were isothermally oxidised in the 600-800 °C
temperature range up to 312 h. The aim was to establish their oxidation kinetics and clarify
the evolution of the crystal structure of the oxide forming, simulating the service of the
alloys at high temperatures under air.

2. Materials and Methods

Sintered Ti-xCu (x=0.5, 2.5 and 5 wt.%) alloys were used as representative Al-free Ti
alloys in this study. As per [37], the alloys were obtained via the blended elemental ap-
proach, cold pressed at 600 MPa, and vacuum sintered (ZS] — 20 x 20 x 30) at 1250 °C
during 2 h. This ensures the achievement of a homogenous chemistry due to complete
dissolution of Cu into the Ti matrix. Isothermal oxidation experiments were performed at
600 °C, 700 °C, and 800 °C in a muffle furnace (Carbolite RHF 16/8) in static laboratory air.
Upon reaching the desired temperature, individual samples for each alloy composition
were removed after 5h, 25 h, 75 h, 150 h, and 312 h. It is worth mention that the 20 x 20 x
4 mm?3 specimens were originally cut from bigger samples via electrical discharge machin-
ing and, therefore, their surfaces were ground with emery papers (up to #600 grit) to
standardise the surface roughness and eliminate any byproduct of the cutting process.
Three samples for each condition were used in order to obtain a representative measure-
ment for each case.

The dimensions of the samples were measured by means of a digital 2-digit calliper
and their weight before and after isothermal oxidation was quantified using a 4-digit an-
alytical scale (Mettler Toledo, Greifensee, Switzerland). Such data were then used to cal-
culate the associated mass gain per unit area. Original microstructures of the binary Ti-
Cu alloys were examined via optical (Olympus BX 60, Tokyo, Japan) microscopy on pol-
ished samples, which were chemically etched using a Kroll etchant (2 mL HF, 6 mL HNOs,
and 92 mL of H20). Scanning electron microscopy (Hitachi S4700, Tokyo, Japan) was used
for cross-sectional observation to measure the thickness of the oxide layer for which the
samples were prepared using a standard metallographic method entailing mounting,
grinding and polishing. Symmetrical shooting X-ray diffraction (Philips X'Pert, Almelo,
The Netherlands) with Cu Ka radiation was used to identify the phases in the oxide scale
using a scanning step of 0.013° with dwell time of 1s in the 20-60° 20 diffraction angle
range. It is worth mentioning that the data were converted into relative values to identify
the peak with the highest relative intensity. Moreover, the sum of the relative intensity of
the different peaks belonging to the same phase was used to quantify the relative amount
of each phase present in the surface of the oxidised alloys.

3. Results

Figure 1 shows representative images of the original microstructure of the binary Ti-
Cu alloys where it can be seen that the microstructure is lamellar and thus composed of
equiaxed a-Ti grain boundaries and a + 3 lamellae (Figure 1a—c). A progressive refinement
of the microstructural features is found as the Cu content increases. Moreover, a eutectoid
substructure entailing the precipitation of the Ti2Cu intermetallic phase is found within
the 3 lamellae when the Cu content is >2.5 wt.% (Figure 1c inset). Based on their
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microstructure and conventional methods used to classify Ti alloys, Ti-0.5Cu is a near-a
alloy, and Ti-2.5Cu and Ti-5Cu are a + 3 alloys [37].

Figure 1. Representative optical (and SEM as inset) micrographs of the binary Ti-Cu alloys: (a) Ti-
0.5Cu, (b) Ti-2.5Cu, and (c) Ti-5Cu.

Figure 2 shows the curves of isothermal oxidation kinetics (i.e., mass gain per unit
area over time) of the binary Ti-Cu alloys at 600 °C, 700 °C, and 800 °C. Regardless of the
Cu content, the mass gain increases with the elapsed isothermal oxidation time. However,
the mass gain is both temperature and chemistry dependent as it can be noticed from the
comparison of the overall y axis scale and those of the insets. Specifically, the higher the
oxidation temperature the higher the mass gain independently of the chemical composi-
tion where, at 312 h, the maximum mass gain ranges from 2.6-3.6 mg/cm? at 600 °C, 8.5-
14.7 mg/cm? at 700 °C, and 32.0-64.3 mg/cm? at 800 °C, respectively. Therefore, it is found
that the overall mass gain is remarkably higher at 800 °C with respect to lower tempera-
tures and the behaviour between 600 °C and 700 °C is less significantly different. Regard-
ing the effect of the alloy chemistry, the higher the amount of Cu the higher the mass gain
independently of the oxidation temperature.

(a) ETi-0.5Cu #Ti-2.5Cu @ Ti-5Cu (b) mTi-0.5Cu @ Ti-2.5Cu ®Ti-5Cu
80 - 80 -
—_ 4 _ 20
~ <—/’§ NE
§ o 600°c 3 -3 5 604 700°c "° )
> ] > »
E 2 £ 10 ]
£ 40 - £ 40 -
© 1 Rt [ 5 . -
o i o e |
7] . 7] 0
& 20 0 ; & 20 1 0 100 200 300
s 0 100 200 300 s -
Time [h] Time [h]
(C) HTi-0.5Cu *Ti-2.5Cu ® Ti-5Cu
80 -

~

?, 60 1 800°C 8

k=)

E 3

£ 40

©

=] i

7]

7]

©

=

0 100 200 300
Time [h]

Figure 2. Oxidation kinetics curves of the binary Ti-Cu alloys: (a) 600 °C, (b) 700 °C, and (c) 800 °C.
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Identification of the oxidation kinetics’ law (i.e., linear, parabolic, or logarithmic) was
done by fitting the experimental data; the best fitting equation turned out to be AM " = k. ¢
where AM is the mass gain per unit area (mg/cm?), n is the oxidation exponent, k» is the
rate constant (mgr/cm?2vh), and ¢ is the isothermal oxidation time (h). The values of kx, 1,
and associated coefficient of determination (R?) are shown in Table 1. Generally, k. is
higher for higher isothermal oxidation temperatures whereas no specific trend is found
for n. Furthermore, it can be noticed that the oxidation kinetics of the binary Ti-Cu alloys
does not follow an ideal parabolic relationship (i.e., n # 2) as the overall range of n values
is 1.23-1.70. A clear influence from the chemistry of the alloy is also found where, gener-
ally, the higher the amount of Cu the higher the k« and n values.

Table 1. Parameters of the oxidation kinetics’ law.

Alloy Temperature [°C] kn [mgr/cm?2n-h] n R?
600 0.01 1.33 0.97
Ti-0.5Cu 700 0.01 1.33 0.99
800 0.02 1.32 0.99
600 0.06 1.32 0.99
Ti-2.5Cu 700 0.09 1.34 0.99
800 0.10 1.30 1.00
600 0.24 1.23 0.97
Ti-5Cu 700 2.24 1.70 0.99
800 1.87 1.53 1.00

Figure 3 shows the variation of the oxide layer thickness as a function of the isother-
mal oxidation time where it can be seen that the thickness increases with the elapsed time.
It is also found that a thicker oxide layer forms as the Cu content increases. For instance,
the oxide layer thickness ranges are, respectively, 0.4-3.8 pm, 0.8-6.6 um, and 1.1-8.0 pm
for the Ti-0.5Cu, Ti-2.5Cu, and Ti-5Cu alloys isothermally oxidised at 600 °C. Similarly, a
thicker oxide layer is formed at higher oxidation temperatures. For example, the oxide
layer thickness ranges are 4.6-33.6 pm and 19.4-141.8 um for the Ti-5Cu alloy isothermally
oxidised at 700 °C and 800 °C, respectively.
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Figure 3. Oxide layer thickness kinetics curves of the binary Ti-Cu alloys: (a) 600 °C, (b) 700 °C, and
(c) 800 °C.

Fitting the oxide layer thickness experimental data generated a similar kinetics to that
of oxidation, resulting in the AW! = kit equation where AW is the oxide thickness (um), [
is the growth exponent, and ki is the rate constant (umn/h). The values of the latter two are
reported in Table 2. The analysis of the oxide layer growth kinetics yields similar conclu-
sions to those of the oxidation kinetics: generally higher rate constant ki values for higher
isothermal oxidation temperatures, and non-ideal parabolic relationship (i.e., [ =1.42-2.07)
are found in most instances. However, the growth exponent [ remains practically constant
for each alloy.

Table 2. Parameters of the kinetics of oxide layer growth.

Alloy Temperature [°C] ki [um~/h] 1 R?
600 0.02 1.42 0.96
Ti-0.5Cu 700 0.17 1.42 0.96
800 1.32 1.42 0.96
600 0.11 1.84 0.94
Ti-2.5Cu 700 1.65 1.84 0.95
800 23.21 1.84 0.95
600 0.25 2.07 0.99
Ti-5Cu 700 4.88 2.07 0.99
800 96.08 2.07 0.99

XRD analysis was performed on the surface of the isothermally oxidised binary Ti-

Cu alloys. For the sake of simplicity, only representative cases are subsequently reported
and discussed as per Table 3, which shows a summary of relevant events (i.e., transition
from a dominant structure to another) as determined from the peak of the phase with the
highest relative intensity in the XRD pattern.
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Figure 4 shows the XRD pattens of the Ti-0.5Cu alloy isothermally oxidised at 600 °C.
Only peaks of the a-Ti phase were detected in the original alloy (i.e., 0 h), although of its
lamellar microstructure (Figure 1a). The a-Ti(101) plane is the one with the highest rela-
tive intensity. This means that the amount of stabilised 3-Ti phase is below the detection
limit of the XRD equipment. Oxidation of the Ti-0.5Cu alloy starts (i.e., 5 h) with the for-
mation of TiO:z in the form of anatase (i.e., a-TiO2) and rutile (i.e., r-TiOz), where the rela-
tive intensity of the main plane of the former is significantly stronger than that of the latter.
However, a-Ti is still the predominant phase, which the is result of the reduced thickness
of the oxide layer formed (i.e., few pum as per Figure 3). The relative amount of anatase
increases with the oxidation time and at 25h is almost as strong as that of the a-Ti phase
(Figure 4b). As the oxidation time progresses, the relative amount of anatase decreases,
that of rutile increases, and a small amount of brookite (i.e., b-TiOz) is detected from 75 h.
As per Table 3, the final relevant structural transition happens between 150 h and 312 h
where rutile becomes the predominant phase. It is worth mentioning that the inward dif-
fusion of oxygen also leads to a progressive shift of the a-Ti phase peaks towards slightly
lower diffraction angles as a consequence of the straining of the hexagonal lattice induced
by the interstitial oxygen atoms. Moreover, a small amount of a-Ti is still detected via
XRD even at 312 h due to the thickness of the oxide layer (Figure 3) being smaller than the
X-ray beam penetration depth.

A similar trend is found for the Ti-2.5Cu alloy (Figure 5a) isothermally oxidised at
600 °C with the only difference that the a-Ti phase transitions directly to r-TiO2 when the
oxidation time is increased from 75 h to 150 h. The transition through anatase is hidden
by the faster oxidation kinetics (Figure 2) as anatase is still present (Figure 5b). Once more,
it can be noticed that the a-Ti phase is detected at 312 h due to thickness of the oxide layer
(Figure 3) being lower than the XRD penetration depth. As per Table 3, this same behav-
iour is applicable to the binary Ti-5Cu alloy isothermally oxidised at 600 °C.

Table 3. Phase with the highest relative intensity peak in the XRD pattern of the isothermally oxi-
dised binary Ti-Cu alloys.

Alloy AlloyType T(C) O0h 5h 25 h 75 h 150 h 312h
Ti-0.5Cu Near-a o-Ti a-Ti a-Ti—Anatase a-Ti—Anatase Anatalislee —Ru- Rutile
Ti-2.5Cu a+p 600 a-Ti a-Ti a-Ti a-Ti Rutile Rutile

Ti-5Cu o+ o-Ti a-Ti o-Ti o-Ti a-Ti—Rutile Rutile
Ti-05Cu  Near-a o-Ti “'Tlt;‘:na' Rutile Rutile Rutile Rutile
Ti-2.5Cu a+p 700 ""Tlt;‘:na' Rutile Rutile Rutile Rutile

Ti-5Cu a+f a-Ti  a-Ti—Rutile Rutile Rutile Rutile Rutile
Ti-0.5Cu Near-a a-Ti Rutile Rutile Rutile Rutile Rutile
Ti-2.5Cu a+p 800 a-Ti Rutile Rutile Rutile Rutile Rutile

Ti-5Cu a+f o-Ti Rutile Rutile Rutile Rutile Rutile
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Figure 4. Results of the XRD analysis performed on the Ti-0.5Cu alloy isothermally oxidised at 600

°C: (a) XRD patterns, and (b) relative amount of the different phases present in the surface of the

oxidised alloy.
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Figure 5. Results of the XRD analysis performed on the Ti-2.5Cu alloy isothermally oxidised at 600
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Regarding the binary Ti-Cu alloys isothermally oxidised at 700 °C, a couple of

changes were detected with respect to the alloys oxidised at 600 °C. Firstly, the direct tran-
sition of the a-Ti phase to r-TiO2 at 25 h rather than at 75 h (Figure 6) due to the faster
kinetics. Secondly, analysing the peaks with the highest relative intensity there seems to
be a transition of the main plane of growth of rutile from r-TiO2(110) to r-TiO2(101). This
transition was detected at 75 h for the Ti-0.5Cu alloy and at 150 h for the Ti-2.5Cu and Ti-
5Cu alloys (Table 4), highlighting the effect of the chemistry of the alloy and the associated

microstructural features.
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Figure 6. Results of the XRD analysis performed on the Ti-0.5Cu alloy isothermally oxidised at 700

°C: (a) XRD patterns, and (b) relative amount of the different phases present in the surface of the

oxidised alloy.
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Table 4. Phase with the highest relative amount and associated Miller Index plane with the highest

relative intensity in each XRD pattern.

Alloy Alloy Type T (°C) 0Oh 5h 25h 75h 150 h 312 h
Ti-0.5Cu Near-a a-Ti(101)  ac-Ti(101)  a-TiO2(004) r-TiOx(110) r-TiOx(110) r-TiOx(110)
Ti-2.5Cu a+f 600 «-Ti(101) «-Ti(101) a-Ti(101)  r-TiO2(110) r-TiO2(110) r-TiO2(110)

Ti-5Cu a+p a-Ti(101)  ocTi(101)  o-Ti(101)  r-TiOx(110) r-TiO«(110) r-TiO«(110)
Ti-0.5Cu Near-a a-Ti(101) a-TiO2(004) r-TiOx(110) r-TiO(101) r-TiOx(101) r-TiOx(101)
Ti-2.5Cu a+f 700  «-Ti(101) r-TiO2(110) r-TiO2(110) r-TiO2(110) r-TiO2(101) r-TiO2(101)

Ti-5Cu a+p a-Ti(101) r-TiO«(110) r-TiOx(110) r-TiOx(110) r-TiO«(101) r-TiO«(101)
Ti-0.5Cu Near-a a-Ti(101) r-TiOx(211) r-TiOx211) r-TiOx(110) r-TiOx(110) r-TiOx(110)
Ti-2.5Cu a+p 800 a-Ti(101) rTiO211) r-TiOx211) rTiOx211) rTiOx211) r-TiOx(110)

Ti-5Cu o+ a-Ti(101) r-TiO2(211) r-TiO2(211) 1r-TiO2(211) 1r-TiO2(211) r-TiO2(110)

Concerning the Ti-0.5Cu alloy isothermally oxidised at 800 °C, it is found that at this
temperature (Figure 7) the system is characterised by the direct transition of the a-Ti phase
to the r-TiO:z at 5 h. From Table 4 it can be seen that eventually, at 75 h, the main plane of
growth of rutile becomes r-TiO2(110). The same behaviour is found in the other Ti-xCu
alloys even though the r-TiO2(211)—r-TiO2(110) main growth mode change occurs at a
later stage, for instance at 312 h, as a consequence of the difference in microstructural fea-

tures.
-Ti % Rutile + Brookite . ) )
(3)6 me (b) m o-Ti Rutile Brookite
* *, 312h
T lo* -
5 L x L 100
> 150h g
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Figure 7. Results of the XRD analysis performed on the Ti-0.5Cu alloy isothermally oxidised at 800
°C: (a) XRD patterns, and (b) relative amount of the different phases present in the surface of the
oxidised alloy.

4. Discussion

In this study, binary Ti-xCu (x = 0.5, 2.5 and 5 wt.%) alloys [37] were used with the
aim of clarifying their oxidation kinetics and associated formation of the oxide layer over
time (0-312 h) as a function of different isothermal oxidation temperatures (600-800 °C).
Such an array of compositions was chosen because of three fundamental aspects: available
knowledge, type of microstructure, and precipitation behaviour. Regarding the former, as
indicated in the introduction, there is a general lack of understanding of the oxidation
behaviour of experimental binary Ti-Cu alloys with respect to well-established wrought
Ti alloys, most of which bear Al in their composition (e.g., Ti-6Al-4V, the Ti workhorse
alloy). In terms of type of microstructure, this spans from fine to very coarse lamellar en-
tailing different amounts of stabilised (3-Ti phase (Figure 1). Regarding the precipitation
behaviour, Cu is known as eutectoid [3 stabiliser as its addition to Ti can lead to the pre-
cipitation of intermetallic phases, the most common of which is Ti2Cu as per the binary
Ti-Cu phase diagrams [42]. It is worth mentioning that such eutectoid phase
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transformation is characterised by extremely fast reaction kinetics. This means that, for a
sufficiently high amount of Cu, the Ti2Cu intermetallic phase does precipitate even when
using high cooling rates (i.e., quenching) from high temperatures [43,44]. The presence or
absence of the precipitated Ti2Cu phase in the starting alloys is confirmed by the XRD
results. Specifically, Figure 5 shows that the Ti2Cu intermetallic phase was detected in the
original (i.e., slow cooled after sintering) binary Ti-xCu alloy for Cu = 2.5 wt.%, as per [37].

4.1. Isothermal Oxidation Kinetics

The oxidation kinetics of the binary Ti-Cu alloys was quantified using mass gain per
unit area over time measurements and through fitting of the experimental data where
weight gain becomes more obvious at 800 °C, fundamentally obeying the AM" = k.t para-
bolic law. This indicates that the growth of the oxide layer is controlled by diffusion, as
such parabolic behaviour is derived from Fick’s first law. The adsorption of oxygen leads
to the nucleation of an outer layer and its subsequent inward growth is controlled by an-
ionic transport mechanisms [10]. Therefore, the principal point defects involved in this
transport mechanism are oxygen vacancies and oxygen in interstitial sites [45]. Specifi-
cally, the nucleation of a TiO: lattice entails the oxidation of one Ti atom and the genera-
tion of two oxygen vacancies (i.e., Tialloy — Titio2 + 2Vo + 4e") [10]. The growth of the super-
ficial oxide layer is limited by the diffusion of oxygen in the oxide scale, but a portion of
the flux of oxygen anions is not consumed in the growth process and diffuses inside the
metal. This leads to an increment of the oxygen concentration, which is reflected in the
shift of the XRD peaks of the metallic phase towards lower angles due to the stretching of
the hexagonal lattice. Therefore, the oxidation behaviour of the binary Ti-Cu alloys inves-
tigated is essentially the sum of two complementing phenomena: the nucleation and
growth of the outer oxidised layer and the interstitial diffusion of oxygen. It is worth men-
tioning that the shift of the XRD peaks is clearly detected for the a-Ti phase already at 600
°C after 25 h (Figure 4). This is because the solubility of oxygen is ~30 at.% in the hexagonal
a-Ti lattice at room temperature [6,7].

The analysis of the parameters of the isothermal oxidation kinetics parabolic law
yields that the rate constant k» exponentially increases with the oxidation temperature
(Figure 8a). Moreover, it can be noticed that the chemistry of the alloy and the associated
microstructure has a significant effect on the oxidation resistance; for instance, the Ti-
0.5Cu alloy is characterised by remarkably lower k. values. Conversely, no unified trend
is found for the oxidation exponent n (Figure 8b), highlighting the effect of the alloy chem-
istry, which leads to a monotonic decrease in the n value for the Ti-0.5Cu alloy and an
exponential increase for the other binary Ti-Cu alloys. The increase in n value is an indi-
cation that the oxide layer becomes intrinsically more protective, even though the oxida-
tion kinetics is faster at higher temperatures. Regardless, it is clear that the oxidation ki-
netics of the binary Ti-Cu alloys does not follow an ideal parabolic relationship (i.e., n #
2). This deviation from an overall pure parabolic model is not surprising as it is linked to
the change in oxidation kinetics regime as Kofstad et al. [46] empirically confirmed the
transition from parabolic to linear at high temperatures (800-1200 °C). Furthermore, Kof-
stad and Hauffe proved that the oxidation kinetics of pure Ti is temperature/time depend-
ent, switching from a cubic to a parabolic regime in the 350-650 °C temperature range for
long expositions, and afterwards, to a linear regime [47]. It can be noticed that the expected
change in oxidation kinetics from parabolic to linear after 700 °C fits well with the Ti-
0.5Cu alloy but not with the Ti-2.5Cu and Ti-5Cu alloys.
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Figure 8. Variation of the oxidation kinetics law parameters as a function of the temperature: (a) rate

constant ks, and (b) oxidation exponent #.

The ideal parabolic rate constant (ky) has a well-established theoretical significance;
therefore, to make the comparison with other data with literature possible, regression
lines fitting a parabolic model of the oxidation experimental data were used. The variation
of ky as a function of the inverse of the temperature, when plotted logarithmically (Figure
9a), leads to an Arrhenius-type behaviour with comparable activation energy, whose av-
erage is 210 + 14 J/mol, which is of comparable magnitude to those reported for pure Ti
and Ti alloys ~190 k]J/mol [22,45]. The calculate activation energy value is similar to that
of oxygen diffusion in a-Ti (i.e., 200 kJ/mol [48]). However, it can be noticed that the actual
activation energy monotonically increases with the amount of Cu. This is due to the higher
the amount of stabilised 3-Ti phase within the microstructure as the activation energy for
diffusion of oxygen in 3-Ti is higher (i.e., 288 kJ/mol [49]) than that of a-Ti.

(a) W Ti-0.5Cu @ Ti-2.5Cu ® Ti-5Cu (b) W Ti-0.5Cu ¢ Ti-2.5Cu @ Ti-5Cu
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Figure 9. Arrhenius diagram of the mass gain (a) and of the oxide layer growth (b) kinetics of the
binary Ti-Cu alloys.

The calculated ky values are reported in Table 5 where it can be seen that the k value
of the binary Ti-Cu alloys of this study is comparable to that of other powder metallurgy
and wrought Ti-based alloys. It can be noticed that the Ti-6Al-4V isothermally oxidised at
600 °C has higher oxidation resistance (i.e., smaller ky) due to the presence of Al in its
composition. However, the gap in oxidation resistance progressively decreases with the
increase in the oxidation temperature and comparable k, values between Al-free and Al-
bearing Ti alloys are eventually obtained. It is worth noting that the ky value of the binary
Ti-Cu alloys isothermally oxidised at 800 °C is remarkable lower with respect to that of
the wrought Ti-6Al-4V alloy.
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Table 5. Values of the parabolic rate constant (ky) for different powder metallurgy (PM) and wrought
(W) Ti-based alloys.

Alloy Temperature (°C) ky (mg?cm*h) Ref.
600 0.02
Ti-0.5Cu (PM) 700 0.25 This work
800 3.45
600 0.03
Ti-2.5Cu (PM) 700 0.49 This work
800 7.25
600 0.04
Ti-5Cu (PM) 700 0.72 This work
800 13.59
Ti (PM) 600 0.42 [13]
Ti-6Al-4V (PM) 600 0.004 [15]
Ti-6Al-4V (W) 600 0.004 [22]
Ti-6Al-4V (W) 650 0.015 [22]
Ti-6Al-4V (W) 700 0.12 [22]
Ti-6AL-4V (W) 800 86.37 [50]
Ti-7Fe (PM) 600 0.18 [13]
Ti-7Fe-3Al (PM) 600 0.11 [13]
Ti-7Fe-5Cr (PM) 600 041 [13]

4.2. Oxide Layer Growth Kinetics

As oxygen vacancies are the main species responsible for the growth mechanism, and
thus the process is diffusion controlled, the oxide layer growth kinetics still follow a par-
abolic law (AW = kit). Consequently, independently of the composition of the binary Ti-
Cu alloy, the oxide layer thickness increases with the oxidation time and it is notably more
pronounced at 800 °C compared to 600-700 °C (Figure 3) due to the faster oxide layer
growth kinetics. Specifically, the rate constant ki exponentially increases with the oxida-
tion temperature (Figure 10a). Considering the growth exponent /, a common constant
trend is shared by all the binary Ti-Cu alloys (Figure 10b). The assessment of the oxide
layer growth kinetics using the ideal parabolic rate and regression lines fitting leads to an
activation energy value of 223 + 1 k]/mol as seen from the Arrhenius-type behaviour (Fig-
ure 9b). Therefore, oxide layer growth kinetics is still dictated by the inwards diffusion of

oxygen.
(a) B Ti-0.5Cu @ Ti-2.5Cu @ Ti-5Cu (b) ETi-0.5Cu #Ti-2.5Cu ® Ti-5Cu
100 - ° 292 -
! @ L R °
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Figure 10. Variation of the oxide layer growth kinetics law parameters as a function of the temper-

ature: (a) rate constant ki, and (b) growth exponent I.
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4.3. Oxidation Mechanism

From the analysis of the crystalline structure during the evolution of the oxide layer
with the exposure time, it can be seen that the three TiO2 polymorphs form in different
alloys at different stages, although rutile is the most stable structure. Specifically, three
key aspects can be highlighted considering the isothermal oxidation behaviour at 600 °C.
Firstly, the formation of the TiO: layer starts in the form of anatase, which is clearly de-
tected in the Ti-0.5Cu isothermally oxidised at 600 °C (Table 3). The a-Ti(101) and a-
TiO2(004), respectively, are the XRD peaks with the highest relative intensity (Figure 4a).
Subsequently, anatase transforms into rutile where the r-TiO2(110) plane has the highest
relative intensity and it is the phase with the highest relative amount (Table 4). Even
though anatase is metastable at all temperatures, and rutile is the equilibrium polymorph,
anatase initially forms due to its lower surface energy associated with the (004) plane re-
sulting into its preferential (001) growth [51,52]. Commonly, anatase begins its irreversible
transformation to rutile in air at ~600 °C [53], but this temperature is alloy-dependent. The
established anatase to rutile transformation entails the nucleation of rutile at anatase {112}
twin boundaries as a consequence of the low activation energy [54]. Four orientation rela-
tionships are thus possible: (010)4l [{110)r with {112}4l [{200}r [54], (110)al1{011)r with
{112}41 1{200}r [55], (201)al[(111)r with {101}al [{101}r [56], and [001]all[100]z with
(020)a 1 1(011)r [57]. The latter orientation relationship is coherent with the results of Table
4. DTF (density functional theory) simulation shows that the anatase lattice undergoes
shearing along different directions, with associated strains and Ti-O bonds breaking and
reforming, to transform into the rutile lattice [57]. Due to the faster oxidation kinetics, this
transition is masked in the other binary Ti-Cu alloys, although anatase is still detected in
their respective XRD patterns (e.g., Figure 5). This is due to the higher relative amount of
-Ti phase stabilised in the microstructure. It can be also noticed that from the peak with
the highest relative intensity there seems to be a direct transition from the «-Ti phase to -
TiO2 which shifts to longer oxidation times as the amount of Cu increases (Table 3). This
is related to the concurrent eutectoid precipitation of the Ti2Cu phase. Regardless of the
transitions and shifts discussed, rutile is the predominant phase constituting the oxide
layer from early (i.e., 25-75 h) oxidation times (Table 4).

The increase in the isothermal oxidation temperature expectedly moves the initial
formation of anatase and the eventual transition to the equilibrium rutile polymorph at
much shorter oxidation times (i.e., <5 h, Table 3) regardless of the specific oxidation tem-
perature. However, it is found that isothermal oxidation at 700 °C leads to the texturing
of rutile where the r-TiO2(101) plane becomes the one with the highest relative intensity
(Table 4) instead of the r-TiO2(110) plane. The presence of the eutectoid transformation
shifts this texturing towards longer exposure times. It is also found that as the oxidation
temperature is raised to 800 °C, texturing of rutile occurs along the r-TiO2(211) starting
from the a-Ti phase from very short exposure times. Such texturing is maintained for sig-
nificantly longer exposure times when the eutectoid precipitation concurrently takes place
(Table 4).

5. Conclusions

This study investigated the oxidation kinetics, and associated oxide layer structure,
of binary Ti-Cu alloys characterised by different microstructures. The oxidation resistance
of the binary Ti-Cu alloys decreases with the increment of the temperature, with more
obvious weight gain at 800 °C, essentially obeying a non-ideal parabolic law for both oxi-
dation and oxide layer growth kinetics. Mass gains ranging from, respectively, 2.6-3.6
mg/cm? at 600 °C, 8.5-14.7 mg/cm? at 700 °C, and 32.0-64.3 mg/cm? at 800 °C were found
at 312 h of exposure time where the lowest values correspond to the Ti-0.5Cu alloy and
the highest to the Ti-5Cu alloy. Similarly, oxide layer thicknesses in the range of 0.4-3.8
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um for the Ti-0.5Cu, 0.8-6.6 um for the Ti-2.5Cu, and 1.1-8.0 pm for the Ti-5Cu alloy,
respectively, isothermally oxidised at 600 °C were obtained.

The oxidation mechanism is governed by anionic inward diffusion of oxygen leading
to the nucleation/growth of the oxide layer. The incoming flux of oxygen anions is primar-
ily consumed in the growth process and the remaining portion increases the oxygen con-
centration of the alloy. The interstitial diffusion of oxygen stretches the lattice of Ti, lead-
ing to the shift of its XRD peaks towards lower angles, and destabilises the 3-Ti phase as
oxygenis a a stabiliser. The oxidation/oxide layer growth kinetics law rate constant expo-
nentially increases with the oxidation temperature, ranging from 0.01 to 96.08, with a mi-
nor effect from the alloy type. Conversely, the kinetics law exponent is highly dependent
on the alloy chemistry leading to a different behaviour for the oxidation (i.e., n=1.23-1.70)
and oxide layer growth (i.e., [ = 1.42-2.07) kinetics.

Overall, the oxidation resistance decreases with the amount of Cu present in the bi-
nary Ti-Cu alloys, which determines the amount of stabilised (3-Ti phase. The analysis
with the well-established ideal parabolic rate constant yields that the binary Ti-Cu alloys
have comparable oxidation behaviour to other Al-free and Al-bearing Ti alloys. Finally,
this study demonstrates that different TiO2 polymorphs compose the oxide layer of dif-
ferent alloys at different stages entailing the initial formation of the metastable anatase
phase due to its lower surface energy. In particular, the alloys start from being composed
of 83-100% of a-Ti phase and end up with an oxide layer on average composed of 80-90%
of rutile and 10-20% of brookite at 312 h of exposure time. Anatase eventually transforms
into rutile via specific orientation relationships. The increment of the amount of Cu and
higher oxidation temperatures mainly shifts this transition to shorter oxidation times.
However, specific combinations of oxidation temperature/time and alloy chemistry in-
duce texturing in rutile and the formation of the metastable brookite TiOz polymorph.
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