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Abstract: The creep response in the air of commercially pure titanium was investigated at 550, 600,
and 650 ◦C to assess the effect of oxidation on the mechanical response. Experiments demonstrated
that prolonged exposures at high temperatures produced a marked reduction in the minimum creep
rate under a given applied stress. Microhardness measurements showed that a hardened zone formed
in proximity to the surface due to oxygen penetration into the metal. A simplified composite model
was then used to describe the creep response. In this model, the sample consisted of two zones, the
hard case that was enriched in oxygen and the soft pure-titanium core, both creeping with similar
strain rates. Calculations led to an estimation of the dependence of the minimum creep rate on stress
and temperature for the hard high-oxygen zone. The simplified composite model presented here
provided a good description of the experimental creep data for pure titanium, tested in its air, and a
reliable picture of the effect of oxidation on complex Ti alloys.

Keywords: creep; oxidation; titanium; constitutive equations

1. Introduction

The effect of oxidation of titanium and its alloys is a subject that has aroused keen
interest among investigators due to the importance of these materials for medium- and
high-temperature applications. Detailed studies, such as [1], just to quote a single example,
have shown that an increase in the oxidation temperature from 600 to 700 ◦C significantly
intensifies the process of oxide-scale growth. Hardness is very high in correspondence with
the oxide layer and gradually decreases as the distance from the surface increases. This
high hardness below the oxide layer clearly indicates the presence of an oxygen diffusion
zone. A hard and brittle “α-case,” rich in oxygen, thus forms due to oxygen diffusion [2]. In
castings, the α-case is the result of a reaction between liquid Ti and the mold wall that leads
to the early formation of TiO2 and then of a hard, solid solution of oxygen into titanium
on the surface of the part. The case is very brittle, and its cracking during straining causes
the early fracture of the sample [2]. This fact is of some relevance when creep tests on
Ti and its alloys are carried out in air, since high temperature exposure also causes the
penetration of oxygen into the alloy and the formation of the α-case [3]. Oxygen exposure
results in a reduction in the minimum creep rate [3,4], although an opposite behavior was
once reported [5] (indeed, after testing a single experimental condition). In this context,
the analysis of the creep response in the air of commercially pure titanium remains an
interesting subject to be dealt with. At least two recent studies have provided a clear
picture of the oxidation phenomena that can occur during creep exposure and of their
effects on the mechanical properties of pure Ti. Magazzeni and co-workers investigated the
oxygen diffusion layer generated on a CP titanium specimen exposed for 230 h at 700 ◦C in
air [6]. These authors compared nanoindentation and electro-microprobe analysis maps,
concluding that there is a clear power–law relationship between hardness and oxygen
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concentration. The same conclusion was previously reached by Zheng-Chen et al. [7]. The
Vickers hardness (HV) was found to be proportional to [O]m, where [O] was the oxygen
concentration (wt.%) and m was close to 0.5. The oxide scale formation and the diffusion of
oxygen in pure metal have, thus, been investigated in some detail, but the effects of oxygen
on the creep response of pure Ti in itself remains largely unexplored.

This study is part of a wider research project aimed at clarifying the effects of friction
stir welding (FSW) [8] on the creep response in the air of commercially pure Titanium. To
properly identify the effects of the extensive microstructural changes introduced by FSW on
the creep response, the independent effects of oxidation should be preliminarily quantified.
This part of the study aimed at investigating this phenomenon, trying to quantify the effects
of oxygen enrichment on the minimum creep rate dependence on stress and temperature.
In addition, a simple, easy to handle, and still reasonably accurate model for quantifying
the effects of oxidation on creep response (minimum creep rate) will be proposed.

2. Materials and Methods

The material investigated in the present study was commercially pure Ti (grade 2) (CT-
Ti Gr.2, UTS of 500 MPa) in the form of a 3 mm thick plate. The material was in an annealed
state with a grain size of 20–30 µm. The hardness of the plate (150–160 HV) was typical of
an annealed Ti CP-2 containing 0.15% O [7]. Dog-bone creep samples with the geometry
illustrated in [8] (3 mm × 3 mm square section, 25 mm gauge length) were creep-tested in
constant load machines at 550, 600, and 650 ◦C. Two types of experiments were carried out:
constant load experiments (CLEs) and variable load experiments (VLEs). In most of the
CLEs, the samples were loaded after soaking for 0.5 h at the testing temperature, and the
load was maintained until interruption of the tests, well in tertiary stage but before fracture.
Two CLE samples were annealed at the test temperature (650 ◦C) for 70 h before loading.
In VLEs, the sample was loaded after soaking, but the initial load was maintained until
the minimum creep rate was reached and then changed until a new value of the minimum
creep rate was attained. In both CLE and VLE experiments, the tests were interrupted
during the tertiary stage at strains between 30 and 40%, well before fracture.

To maintain a homogeneous heating profile in the furnace, the test temperature was
measured using four thermocouples. Elongation was continuously measured using a linear
variable displacement transducer (LVDT). All creep experiments were carried out in air.

Crept samples were mechanically ground, polished, etched using Kroll’s reagent
(100 mL H2O + 2 mL HF + 4 mL HNO3), and then observed using a Leica DMi8 (Leica
Microsystems, Wetzlar, Germany) optical microscope.

Microhardness measurements under a 25 g load were carried out on sample heads, or,
in other words, in unstrained portions of the specimen, to evaluate the hardening effect of
oxygen and its penetration.

3. Results
3.1. Creep Response

Figure 1 plots the strain rate vs. strain curves for CLEs and VLEs; the stress values are
the nominal ones, calculated with reference to the initial cross-sectional area of the sample.
The creep curves exhibited the usual, conventional three-stage shape with a well-defined
primary region, a minimum creep rate range, and a prolonged tertiary stage. Figure 1d
shows the CLE tests carried out under 20 and 40 MPa (nominal) after 0.5 and 70 h of soaking
at the testing temperature. The samples annealed for 70 h exhibited substantially lower
values for the strain rate at a given stress. Table 1 summarizes the experimental values
of the minimum creep rate (

.
εm). Figure 2 plots the minimum creep rate as a function of

the true stress (σ), or, in other words, the stress corresponding to the strain in which the
minimum creep rate was measured. Figure 2a does not discriminate between the data
obtained via CLEs or VLEs and seems to suggest that the usual power law

.
εm ∝ σn (1)
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is substantially obeyed. A major point is that the stress exponent n, quite unusually,
increased with temperature from 4.6 at 550 ◦C to 5.8 at 650 ◦C. A higher creep exponent
is, in general, observed when a strengthening mechanism, such as the particle-dislocation
interaction, is operative, which is obviously not the case for the pure Ti considered in
the present study. Nevertheless, the increase in stress exponent with temperature clearly
suggests that a permanence at high T causes a reduction in the minimum creep rate.
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Table 1. Summary of results of the experimental tests.

Test Temperature
(◦C)

Stress, Nominal
(MPa)

Minimum Strain Rate
(s−1)

VLE10 650
6 1.9 × 10−9

15 1.8 × 10−7

40 8.0 × 10−5

VLE14 650
12 5.2 × 10−7

9.5 1.3 × 10−7

CLE13 * 650 20 3.0 × 10−6

CLE01 650 20 6.0 × 10−6

CLE05 650 32 6.2 × 10−5

CLE02 650 40 2.2 × 10−4

CLE08 * 650 40 1.4 × 10−4

CLE06 650 45 3.6 × 10−4

VLE12 600
10 1.6 × 10−8

25 2.5 × 10−6

35 1.6 × 10−5

VLE11 600
15 2.3 × 10−7

44 7.3 × 10−5

CLE20 600 40 4.0 × 10−5

CLE07 600 41 4.9 × 10−5

CLE04 600 60 2.6 × 10−4

CLE03 600 70 5.0 × 10−4

VLE19 550
15 2.3 × 10−8

82 4.4 × 10−5

CLE18 550 20 1.3 × 10−7

CLE20 550 30 1.0 × 10−6

CLE17 550 40 3.7 × 10−6

CLE16 550 60 2.1 × 10−5

CLE15 550 100 3.0 × 10−4

* The sample was loaded after 70 h at the testing temperature.

An interesting feature is that, after load-changes in the VLEs, the minimum creep rates
were well below those recorded under similar loads in the CLEs. This phenomenon is well
apparent for the VLE10, where the strain rate under 40 MPa (nominal; the true stress value
was 42.9 MPa) was much lower than that measured in a CLE under the same nominal stress.
Additionally, Figure 2 provides similar evidence; a clear picture of the material response
can be obtained by differentiating the symbols of the experimental data according to the
duration of high-temperature exposure they experienced when the considered minimum
creep rate was recorded (Figure 2b–d). The minimum creep rates after load changes in VLEs
were invariably lower than those that could be calculated by the curve that interpolated
the data from CLEs.

Figure 2 clearly suggests that, indeed, the experimental data roughly align on parallel
curves, which shift toward lower strain rates when the time of exposure increases. Thus,
both Figures 1 and 2 demonstrate that high-temperature exposure results in a substantial
hardening of the sample. A similar effect can hardly be explained in terms of microstructural
mechanisms in this pure metal unless the effect of oxidation is considered. Thus, a more
detailed and quantitative analysis of the hardening effect of oxidation is required.
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hardness of the surface and the thicker was the hardened zone. The formation of a hard 
and brittle oxide surface layer at 650 °C during the longest time of exposure, on the other 

Figure 2. Minimum strain rate as a function of true stress: (a) all experiments; (b) 550 ◦C;
(c) 600 ◦C; (d) 650 ◦C. In (b–d), symbols are differentiated according to the duration of high tempera-
ture exposure in correspondence with the minimum creep rate.

3.2. Oxidation and Hardening Effect: Microhardness Profiles

Figure 3a shows an example of microhardness measurements on the heads of the
samples that experienced a long exposure at high temperatures. As expected, the higher
was the temperature and the longer was the duration of exposure, the higher was the
hardness of the surface and the thicker was the hardened zone. The formation of a hard and
brittle oxide surface layer at 650 ◦C during the longest time of exposure, on the other hand,
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is easily noticeable in Figure 3a. This oxide layer was much thinner, or even unnoticeable, at
lower temperatures and shorter times of exposure. The hardness of the base metal remained
substantially unchanged with respect to the initial value (150–160 HV). This evidence
confirms that permanence at these temperatures, in the absence of a significant applied
stress, did not produce important changes in the microstructure of the annealed plate.
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Figure 3. (a) Microhardness measurements in the VLE sample tested at 650 ◦C for 625 h;
(b–d) microhardness (circles) and calculated profile of oxygen (XO parameter, curves) for the longest
tests at 550 ◦C (b), 600 ◦C (c), and 650 ◦C (d).

The hardening effect illustrated in Figure 3 is fully consistent with similar findings
in the literature, which demonstrates that this behavior is due to oxygen diffusion in Ti
(see, for example, [9,10]). Thus, a correct estimation of oxygen penetration in the material
becomes an interesting point to be analyzed.

The simplest model for oxygen penetration [11] is the solution of Fick’s second law in
semi-infinite material, which assumes a constant concentration at the surface and a constant
diffusion coefficient, as in

XO =
Cx − C0

Cs − C0
= 1− er f

[
x

2
√

Dt

]
(2)

where C0 is the initial oxygen concentration in the metal, Cs is the surface concentration,
Cx is the concentration at the distance x from the surface, t is time, and D is the diffusion
coefficient of oxygen in Ti, as in

D = D0exp
(
− Q

RT

)
(3)
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where D0 = 2 × 10−7 s−1 and Q = 169 kJ mol−1 [12]. Figure 3, which also plots the XO
variation with the distance from the surface, shows that an increase in microhardness is
notable even where the enrichment in oxygen is so low that it is almost unnoticeable.

Figure 4a replots the hardness profile of the sample head that experienced the longest
permanence at 650 ◦C (528 h). The figure also includes the value of the hardness in cor-
respondence with the oxide surface layer, omitted in Figure 3d. The figure shows the
existence of four different zones: i. the oxide surface layer (Ia), which cracks even under the
HV indenter and, possibly for this reason, exhibits a relatively low HV value; ii. an interme-
diate zone (Ib) of an almost constant and very high (roughly 700 HV) microhardness—these
HV values, in oxygen-rich Ti, are known to correspond to very low ductility [13], hardly
capable of tolerating any notable deformation [2]—iii. a zone of decreasing hardness (II);
iv: the unaltered core of the sample. For the sake of clarity and simplicity, we will assume
in the following paragraphs that zone-Ib corresponds to what is usually called the “α-case”
in Ti and Ti alloys. Figure 4b–d shows extensive cracking in the oxide layer, which is
detached from the underlying oxygen-rich zones. Many wide cracks, perpendicular to
the loading direction, pass through zones Ia and Ib. Finer cracks also develop in zone
Ib, but propagate along directions parallel to the surface. Figure 4d shows the different
metallographic contrast after etching between the base metal and the oxygen-rich surface.
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Figure 4. (a) Microhardness profile on the head of the sample that experienced a prolonged
(528 h, VLE10) holding at high temperatures; (b,c) gauge length, cracking of the oxide layer of
zone Ib; both large cracks of length ≈ (xox + xα), perpendicular to the surface, and longitudinal
fine cracks that propagate under the oxide layer, can be easily observed. The oxide layer is heavily
cracked and, in many locations, detached from the underlying oxygen-rich zone; (d) gauge length
and microstructure after etching, with vertical fissures occasionally appearing in different locations
of the oxygen-rich layer, near the surface (white arrows). The insert shows the microstructure of the
plate in as-received state [8]; (e) unetched gauge length after creep at 650 ◦C, CLE13, and an overall
exposure duration of 171 h.
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The metallographic preparation was enough to introduce a certain level of cold work
into the soft-base metal (the dark region), while the oxygen-rich zone (the bright area)
remained substantially unaffected. It should be recalled here that both the oxygen-rich
layers and the sample interior had an hcp-structure, which was easily distinguishable only
because the O-rich part was much harder and did not suffer from significant cold working
during metallographic preparation. The grain size of the base metal did not substantially
change after this long time of exposure. The situation was similar along the gauge length
of the sample tested under 20 Mpa after a 70 h soaking at 650 ◦C (Figure 4e). Again,
the oxide layer was heavily damaged, and cracks propagated for roughly 10 µm in the
oxygen-rich zone.

4. Discussion
4.1. Strengthening Role of Oxygen-Rich Layers

The main issue in properly addressing the roles of the different layers is the iden-
tification of the strengthening contribution of zones Ia, Ib, and II. The early cracking of
non-deformable surface layers during creep straining should significantly reduce their
strengthening role. In particular, the oxide layer largely detaches from the substrate during
creep (Figure 4), and for this reason, its strengthening contribution can be thought to be
negligible. On the other hand, cracking in the scarcely deformable layer, Ib, during early
creep deformation, also illustrated in Figure 4b–e, interrupts the local material continuity,
undermining its load-bearing capacity [2]. Thus, zone Ib may also provide a negligible
contribution to the creep response in correspondence with the minimum creep rate. This
analysis is fully consistent with Rosen and Rottem’s findings [3]. These authors removed
from few oxidized samples what they identified as the “α-case”, presumably, what corre-
sponded mostly to zone Ib in Figure 4. The identification of the Rosen–Rottem “α-case”
with zone Ib is justifiable, since they were fully aware that microhardness descended to-
ward the original value of the unoxidized Ti-6Al-4V (zone-II in Figure 4a) beyond the depth
of their “α-case”. Its removal from the exposed specimen did not significantly change
the minimum creep rate, since

.
εm remained roughly 1/3 of that measured in the absence

of oxidation, as in samples that maintained their α-case. This fact proved that the real
strengthening effect was played by the oxygen-rich zones below the α-case.

Vaché and Monceau [11] proposed a model equation for the decrease in hardness with
distance from the surface of oxidized material in the form

XHV =
HVx − HV0

HVmax − HV0
=

√
1− er f

[
x

2
√

Dt

]
(4)

where HV0 is the hardness of the metal with the initial oxygen concentration, HVmax is the
maximum hardness, and HVx is the hardness at the distance x from the point where HVmax
is measured, usually the surface. Equation (4) implies the same parabolic relationship
between microhardness and oxygen concentration obtained in [7], so that a constant HV
corresponds to a constant oxygen content. On the other hand, based on the above reasoning,
both the oxide layer/zone Ia (thickness xox) and the “α-case”/zone Ib (thickness xα) do not
significantly contribute to creep strengthening. Rather, Equation (4) could be tentatively
used to quantify the hardness variation with depth in zone II, under the layers of depth
(xox + xα). Figure 5 plots the variation in hardness and depth according to Equation (4),
with HVmax = 700 HV and HV0 = 150 HV. The correlation between the curves and the
experimental profiles is reasonably good, so Equation (4) can be used to estimate the depth
of the hardened, oxygen-rich zone II, which causes a significant reduction in the creep rate.
The limit for this layer was here tentatively quantified as the x value corresponding to
XHV = 0.01.
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4.2. Constitutive Equation for CP-Ti (No or Minor Effects of Oxidation)

A very good description of the creep response of a dataset of pure Ti samples [14] was
recently provided by an equation whose derivation was illustrated in detail in [15,16]. This
equation assumes the form

.
εm = A

D0LGb
kT

( σ
G

)3
exp
(

σb3

kT

)
exp

{
−QL

RT

[
1−

(
σ

Rmax

)2
]}

, (5)

where D0L = 1 × 10−8 m2s−1 and QL = 193 kJ mol−1 describe the self-diffusion mechanism
in low-purity Ti through Equation (3) [17], G is the shear modulus, b is the length of the
Burgers vector (2.95 × 10−10 m), T is the absolute temperature, k is the Boltzmann constant,
R is the gas constant, and A = 40 [15]. The Rmax parameter was tentatively obtained as
follows [15]:

Rmax = 1.5UTS
GT
GRT

(6)

where GRT and GT were the shear moduli at room temperature and at testing T, respectively.
Figure 6 plots the minimum creep rate vs. stress curves calculated using Equation (5) with
A = 40 and Rmax from Equation (6), compared with the data from [14] and the results of the
present study from CLEs of short durations, where oxygen can be reasonably assumed to
have minor effects. In the case of the samples tested in [14], the effects of oxygen diffusion
could be, in the first instance, neglected due to the substantially larger size of the samples
(5 mm in diameter; this point will be further discussed in the following). The figure
demonstrates that the constitutive equation, in this form, strongly underestimated the creep
rate in the high stress regime. Reconsidering the quantification of the Rmax term is, thus,
needed. A much better description was, indeed, obtained with

Rmax = 2.8UTST , (7)

where UTST is the tensile strength at testing temperature and A = 50. This simple modifica-
tion led to a much better description of the creep response of CP-2 Ti in the intermediate
and high strain rate regimes (solid lines in Figure 5).
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Figure 6. Experimental data for pure Ti from [14] (round samples 5 mm in diame-
ter) and from present study (CLE, very short test duration), and calculated curves from
Equation (6); broken lines: A = 40, Rmax from Equation (6), with UTS = 500 MPa; solid lines:
A = 50, Rmax from Equation (7), with UTST = 105, 75, and 55 MPa at 550, 600, and 650 ◦C, respectively
(obtained from data for annealed CP-2 Ti in [18]).

The next step was the study of the effects of oxidation on the value of the minimum
creep rate for the longer test duration.

4.3. Quantification of the Effect of Oxidation on Creep Response

The evidence for marked differences in the creep rates of CLEs and VLEs, provided in
the previous section, demonstrates that oxygen diffusion results in an increase in microhard-
ness and a reduction in creep rate under a given stress. Pure Ti, in proximity to the surface,
is significantly enriched with oxygen as the time of exposure increases. Thus, a “hard
zone” (II in Figure 4), not homogeneous in composition, encloses a core of pure Ti. It is
obvious that such a complex material can be hardly modeled unless a strong simplification
of its structure is applied. In the present study, the real material has been very simply
modeled, as presented in Figure 7. Following this approach, and based on the well-known
composite material model (CMM), the soft core of the sample (unmodified pure Ti) was
surrounded by a hard layer of oxygen-rich titanium of homogeneous composition and
properties. The latter assumption is, thus, the major departure from the real situation, since
in the crept samples, the oxygen content progressively reduced as the distance from the
surface increased.
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Figure 7. Composite material model (CMM) of the oxidized creep sample. A soft interior zone
(pure Ti, light grey) is surrounded by an external hard zone (oxygen-rich Ti, dark grey) of depth xH.
(a) section, side 3 mm; (b) gauge length (tensile axis is horizontal). For the sake of simplicity, the hard
zone is homogeneous in oxygen content and properties, an obvious deviation from the real case.
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The depth of the hard zone II, xH, can be approximatively estimated by Equation (4)
in correspondence with the minimum creep rate. The volume fraction of the hard zone, the
surface layer rich in oxygen, can be thus expressed as

fH = 1− fS = 1−
(

l − 2xH
l

)2
(8)

where l is the length of side of the sample cross-section, here taken as 3 mm, thus neglecting
the effect of elongation, and fS is the volume fraction of the unmodified Ti soft zone.

In the CMM of Figure 7, both the hard and soft zones deform in parallel with the same
creep rate under different local stresses (σH and σS, respectively). As a result, load is trans-
ferred from the soft (sample interior) to the hard (zone II) portions of the sample, giving,

σ = fHσH + (1− fH)σS (9)

Zones Ia and Ib do not contribute to load transfer since detachment and cracks in-
terrupt their continuity. To make proper use of Equation (9), a constitutive equation
correlating stress, temperature, and strain rate for the hard zone II should be available.
This is a major—and practically unsolvable—problem, due to the complete lack of in-
formation about the creep response of O-rich titanium. Nevertheless, one can reason-
ably assume that the model material for the hard zone creeps according to the classical
phenomenological equation,

.
εm = AHσH

nexp
(
−QH

RT

)
(10)

where AH and n, in this simplified approach, are constant, and QH is the apparent activation
energy. For the sake of simplicity, it will be supposed here that QH is also stress and
temperature independent. In the case of the VLE at 650 ◦C, the three data points correspond
to times of exposure of 400, 513, and 530 h, while for the VLE at 550 ◦C, the two values of
the minimum creep rate were obtained after 618 and 625 h. Equation (4) was then used to
estimate xH for XHV = 0.01 after 450 h at 650 ◦C and 620 h at 550 ◦C, which provided fH and
fS. For a given strain rate, σS is obtained directly from Equations (5) and (7). The model
parameters AH, n, and QH were thus tentatively estimated using a fitting procedure of the
VLE data at 650 ◦C and 550 ◦C.

A good fit of the VLE data at 650 and 550 ◦C was obtained by taking n = 10,
AH = 1 × 108 s−1 Mpa−10, and QH = 620 kJ mol−1. Once the parameters in Equation (10)
were estimated, the CMM could be easily used to obtain the model curves at 550, 600,
and 650 ◦C for different exposure durations. Figure 8 plots a direct comparison between
the experimental data and model curves. The curves for exposures shorter than 5 h were
calculated by assuming that the hard oxygen-rich layer (zone II) was too thin to produce
any significant effects. In general terms, the accuracy of the model is more than acceptable.

Figure 8d reports the experimental data from [14]. The authors did not specify if a
protective atmosphere was used, which leads one to suppose that testing was performed
in air. Unfortunately, no information on the time of exposure in correspondence with the
minimum creep rate can be deduced from the source, since the creep curves reported in [14],
one CLE (interrupted after 50 h, estimated strain rate = 5 × 10−8 s−1), and one VLE (load
change after 70 h, estimated strain rate = 2 × 10−8 s−1), indeed applied to a composite.
Nevertheless, one can reasonably assume that a similar testing scheme was followed when
they investigated unreinforced Ti; that is, for minimum creep rates in the range from
2 × 10−8 to 5 × 10−8 s−1, the time corresponding

.
εm should range between 50 and

100 h. If a 70 h time of exposure is used to estimate xH and the relevant fH volume fraction
in a sample 5 mm in diameter, as used in [14], the model curve reported in Figure 8d is
obtained. The description of the low-stress experimental data is indeed quite accurate.
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Figure 8. Comparison between model curves and experimental data (a–c, 3 mm × 3 mm sample;
d, round sample 5mm in diameter): (a) 650 ◦C, model curves calculated for exposure durations of
0, 63, and 620 h; (b) 600 ◦C, model curves calculated for exposure durations of 0, 40, and 380 h;
(c) 650 ◦C model curves calculated for exposure durations of 0, 70, and 450 h; (d) 650 ◦C, data
from [14], model curves calculated for exposure durations of 0 and 70 h for a sample 5 mm in
diameter (Φ). In a-c, the calculated value of the stress acting at a given strain rate in the hard zone
(layer II) is also reported.
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4.4. Critical Assessment of the Model

The CMM in the form presented here was based on a highly simplified picture of the
real situation, and, for this reason, it did not have the ambition to provide a physical-based
description of creep in oxygen-rich Ti (a task otherwise impossible to fulfill due to the
already mentioned lack of experimental data). Thus, another obvious question can be raised:
is the quantification of the creep strength of the hard zone, shown in Figure 8, reasonable?

To answer this question, we must firstly address the problem of possible strengthening
mechanisms operating in oxygen-rich zones. Even a relatively moderate content of oxygen
(0.8%) increases the UTS of pure Ti well above 1000 MPa with a hardness just below
400 HV [13,19,20]. According to Figures 3–5, most of the oxygen-rich zone II exhibits
experimental microhardness values in a range between 200 and 600 HV (Figure 4a, the
average of the four microhardness measurements in zone II gives 385 HV, which, as
mentioned above, corresponds to a UTS close to 1000 Mpa in a Ti-O alloy). For reference
purposes, Ti-6Al-4V alloys [15,16] also usually exhibit a UTS close to 1000 Mpa. This fact
implies that oxygen-rich, pure Ti is assimilable, in terms of tensile properties, to more
complex industrial alloys. The source of this remarkable strength is usually attributed
to solid solution hardening [20]; namely, it may depend on a strong interaction between
screw dislocation cores and oxygen atoms. In addition, a recent study provided evidence
that even small additions of oxygen (>0.15%) cause the formation of ordered precipitates
with a Ti6O-type structure in CP-Ti, grade 2 [21]. Thus, the oxygen-rich layer is indeed a
very complex material, where solid solution hardening and possibly a particle–dislocation
interaction play a significant role in enhancing strength at room and high temperatures. In
the present study, the complex, oxygen-rich zone II was “replaced” by a model material
with a homogeneous O content, well above 0.15%, and with different xH thicknesses. Due
to the high oxygen content, a solid solution should have surely been operative there. If
the ordered precipitates also play any hardening role, which would be realistic, the use of
the phenomenological Equation (10) for the model material should indeed result in high
values of the apparent stress exponent and activation energy (n and QH) [16], exactly as
those tentatively estimated here.

Let one suppose that the creep properties of the oxygen-rich layers in Ti-6Al-4V are
reasonably close to those calculated here for pure Ti. Rosen and Rottem investigated the
effects of a 3 h pre-oxidation in air at 900 ◦C on the creep response of the Ti-6Al-4V at
400 ◦C [3]. Pre-oxidation produced an “α-case” ≈140 µm thick. The samples were tested
using VLEs, but creep deformation did not exceed a total strain of 1%, which suggests an
overestimation of the minimum creep rate under the lowest stresses—see, for example,
the shape of the strain rate vs. that of the strain curves in [15,16]. The Rosen and Rottem
creep data for the alloy annealed at 900 ◦C in a vacuum were thus compared with those
published by Whittaker et al. [22], Figure 9a. The figure also plots the model curve for
Ti-6Al-4V, calculated, as above, using Equation (5), with the same values for the various
parameters used in [16] (D0L = 1.4 × 10−3 m2s−1, QL = 303 kJ mol−1 [18], Rmax ≈ 1150 Mpa)
and A = 50. The model curve clearly does not consider the effects of oxygen. The figure
shows that the agreement between the model curve and the data from [22] is more than
tolerable. In addition, it confirms that the values of the low-stress minimum creep rate
calculated by Rosen and Rottem using VLEs should be treated cautiously, although they
still represent an invaluable source of information on relative differences in the behavior of
alloy in oxidized and non-oxidized states (Figure 9b). The minimum creep rate values for
exposed material are significantly lower than those for the material annealed in vacuum.
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Figure 9. (a) Minimum creep rate 400 ◦C for the Ti-6Al-4V alloy annealed at 900 ◦C for
3 h in vacuum [3] and for a similar alloy with bimodal α + β microstructure [22]. The model
curve (no effects of oxygen) was calculated using Equation (5) with D0L = 1.4 × 10−3 m2s−1,
QL = 303 kJ mol−1 [17], Rmax ≈ 700 MPa and A = 50. (b) Rosen and Rottem data [3] from VLE
at 400 ◦C for the Ti-6Al-4V annealed at 900 ◦C for 3h in a vacuum or in air. The curves represent the
behavior of non-oxidized and oxidized alloys (see text for details).

Now, let us assume, as suggested in the previous section and following Rosen and
Rottem’s reasoning, that the α-case (i.e., the more superficial O-rich layer, Ib) does not
significantly affect the minimum creep rate values of exposed alloy, in our view because,
as the strain accumulates, cracks develop in this zone. No information was provided on
the oxide scale, so it will be neglected here. The cracks do not usually penetrate beyond
the α-case in creep tests of a relatively short duration [23]. This thick layer could even be,
thus, removed, without significantly influencing the creep response. The thickness of the
oxygen-rich zone II after 3 h at 900 ◦C, given by Equation (4) for XH = 0.01, is xH = 44 µm.
The CMM (Equations (8)–(10)) provided the broken curve in Figure 9b for the exposed
material, to be compared with the model curve for the alloy annealed in vacuum (same
curve in Figure 9a).

Further oxidation at the testing temperature of 400 ◦C could be reasonably neglected.
If one considers the predictable overestimation of creep rates under lower stresses in [3],
the agreement between model curves and experiments is notably accurate. We have, thus,
a direct confirmation of the adequacy of this simplified approach in estimating the effects
of oxidation on Ti alloys.

5. Conclusions

The creep response in the air of CP-2 titanium was investigated at temperatures of 550,
600, and 650 ◦C. Experimental data demonstrated that high-temperature exposure resulted
in a marked decrease in the creep rate, suggesting a hardening role of the oxygen-rich
layer formed during tests. The growth of the hard superficial layer was, thus, modeled
as a function of temperature and time of exposure. The creep sample was modeled as
a composite formed by an inner soft core (pure titanium) and a hard outer zone rich in
oxygen and homogeneous in composition and properties. A fitting of two-variable load
experiments at 550 and 650 ◦C was used to quantify the creep response of the hard-zone.
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The resulting composite model, although based on an overly simplified description of the
real structure, was able to provide an excellent description of the material response in all
the investigated ranges of temperatures and test durations. The model also provides a quite
reliable description of the creep response of more complex Ti alloys, such as Ti-6Al-4V.
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