Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 June 2023 d0i:10.20944/preprints202306.0624.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Oxidation effects on short-term creep response in air

of Commercially Pure Titanium (CP-2 Ti)

Michael Regev !, Alberto Santoni ? and Stefano Spigarelli >*

I Mechanical Engineering Department, Braude College, P.O.Box 78, Karmiel 2161002, Israel

2 Dipartimento di Ingegneria Industriale e Scienze Matematiche (DIISM), Universita Politecnica delle
Marche, via Brecce Bianche 60131, Ancona, Italy

* Correspondence: s.spigarelli@univpm.it

Abstract: The creep response of commercially pure titanium was investigated in air at 550, 600 and
650°C, to assess the effect of oxidation on the mechanical response. Experiments demonstrated that
exposure at high temperature produced a marked reduction of the minimum creep rate under a
given applied stress. Microhardness measurements showed that a hardened zone forms in proxim-
ity of the surface, due to oxygen penetration into 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,
enriched in oxygen, and the soft pure-titanium core, both creeping with similar strain rates. Calcu-
lation 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 here presented gave an excellent
description of experimental creep data for pure titanium tested in air and also provided a reliable
picture of the effect of oxidation on complex Ti-alloys.
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1. Introduction

The effect of oxidation on the creep response of titanium and its alloys is a subject that 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, showed that
oxidation reaction is very fast during the initial stage of the process and leads to the formation of
oxide layers composed of TiOz structures. After this initial stage, the oxidation kinetics become very
slow up to 650°C. In addition, a hard and brittle a-case rich in oxygen forms [2]. In castings, the a-
case is the result of the reaction between liquid Ti metal and the mold wall, that leads to the early
formation of TiO:z 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 early fracture of the sample [2]. This
fact is of some relevance when creep tests on Ti and its alloy are carried out in air, since high temper-
ature exposure also causes the penetration of oxygen into the alloy and the formation of the a-case
[3]. Oxygen exposure results in a reduction of the minimum creep rate [3,4], although an opposite
behavior was once observed [5], by testing a single experimental condition. In this context, the anal-
ysis of the creep response in air of commercially pure titanium remains an interesting subject to be
dealt with.

This study is part of a wider research aimed at clarifying the effect of friction stir welding (FSW)
[6] on the creep response in air of commercially pure Titanium. To properly identify the effects of the
extensive microstructural changes introduced by FSW on the creep response, the independent effect
of oxidation should be preliminary quantified. This part of the study aimed at investigating this phe-
nomenon, trying to quantify the effect of oxygen enrichment on the minimum creep rate dependence
on stress and temperature.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

The material investigated in the present study was commercially pure Ti—grade2 (CT-TiGr.2,
UTS of 500 MPa) in form of a plate 3 mm thick. Dog-bone creep samples with the geometry illustrated
in [6] (3 mm x 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 main-
tained until the minimum creep rate was reached and then increased until a new value of the mini-
mum creep rate was attained.

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 displace-
ment transducer (LVDT). All creep experiments were carried out in air.

Crept samples were mechanically ground and polished with a colloidal suspension and etched
by Kroll's reagent (100 mL H20 + 2 mL HF + 4 mL HNO:s), and then observed by a Leica DMi8 (Leica
Microsystems, Wetzlar, Germany) optical microscope.

Microhardness measurements were carried out on sample heads, under a 25 g load, i.e., in un-
strained 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 area of the transversal sample section. 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. An interesting feature is that after load-changes in
VLEs, the minimum creep rates are usually well below those recorded under similar loads in CLEs.
This phenomenon is well apparent at 600°C and at 650°C, see, for example, the VLE at the highest
temperature, where the strain rate under 40 MPa (nominal; the true stress value was 42.9 MPa) is
much lower than that measured in a CLE under the same nominal stress. The same behavior is illus-
trated in Figure 1d, which shows the CLE tests carried out under 20 and 40 MPa (nominal) after 0.5
and 70 h soaking at testing temperature. The samples annealed for 70 h exhibit substantially lower
values of the strain rate at a given stress.

Table 1 summarizes the experimental values of the minimum creep rate (&,,). Figure 2 plots the min-
imum creep rate as a function of the true stress (o), i.e., the stress corresponding at the strain in which
the minimum in creep rate was measured. Figure 2a does not discriminate between the data obtained
by CLEs or VLEs and seems to suggest that the usual power law

Emoc o (1)

is substantially obeyed. A major point is that the stress exponent n, quite unusually, increases with
temperature, from 4.6 at 550°C to 5.8 at 650°C. A clearer picture of the material response, on the other
hand, can be obtained by differentiating the symbols of the experimental data, according to the du-
ration of high-temperature exposure they experienced when the considered minimum creep rate was
recorded (Figures 2 b-d).
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Table 1. Summary of results of the experimental tests.

Temperature Stress, nominal Minimum strain rate

test °C] [MPa] [s1]

VLE10 650 6 1.9x10-°

15 1.8x107

40 8.0x10-°
CLE14 650 12 5.2x107
CLE13* 650 20 3.0x10-¢
CLEO1 650 20 6.0x10-¢
CLEO5 650 32 6.2x10-%
CLEO02 650 40 2.2x10+4
CLE08* 650 40 1.4x10+
CLEO06 650 45 3.6x10+4
VLE12 600 10 1.6x108

25 2.5x10-¢

35 1.6x10-°5
VLE11 600 15 2.3x10-7

44 7.3x10-5
CLE20 600 40 4.0x10-5
CLEO07 600 41 4.9x10-5
CLEO4 600 60 2.6x10+4
CLEO3 600 70 5.0x10+4
VLE19 550 15 2.3x10-8

82 4.4x10-5
CLE18 550 20 1.3x107
CLE20 550 30 1.0x10-6
CLE17 550 40 3.7x10-¢
CLE16 550 60 2.1x10-5
CLE15 550 100 3.0x10+4

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

Figure 2 clearly suggests that indeed the experimental data roughly align on parallel straight lines,
which shift toward lower strain rates when time of exposure increases. Thus, both Figures 1 and 2
demonstrate that high-temperature exposure results in a substantial hardening of the sample. This
effect can hardly be explained in terms of microstructural mechanisms in this pure metal unless the
effect of oxidation in considered. Thus, a more detailed and quantitative analysis of the hardening
effect of oxidation was required.
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Figure 1. Strain rate vs strain creep curves: a) 550°C; b) 600°C; c) 650°C; d) 650°C, effect of annealing
for 70h before loading at the testing temperature.
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Figure 2. Minimum strain rate as a function of true stress: a) all experiments; b) 550°C; c) 600°C; d)
650°C. Inb), c) and d) symbols are differentiated according to the duration of high temperature expo-
sure in correspondence of the minimum creep rate.
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3.2. Oxidation and hardening effect: microhardness profiles

Figure 3a shows an example of the microhardness measurements on the heads of the samples
that experienced a long exposure at high temperature. As expected, the highest was the temperature
and the longest was the duration of exposure, the highest was the hardness of the surface and the
thicker was the hardened zone. Formation of a hard and brittle oxide surface layer at 650°C for the
longest times of exposure, on the other hand, is easily noticeable in Figure 3a. This oxide layer was
much thinner or even unnoticeable for lower temperatures and/or shorter times of exposure.

The hardening effect illustrated in Figure 3 is fully consistent with similar evidence in the liter-
ature, which demonstrates that this behavior is due to oxygen diffusion in Ti (see, for example, [7,
8]). Thus, a correct estimation of oxygen penetration in the material becomes an interesting point to

be analyzed.
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Figure 3. a) Microhardness measurements in the VLE sample tested at 650°C for 625 h; b-d) micro-
hardness (circles) and calculated profile of oxygen (Xo parameter, curves) for the longest tests at 550°C
(b), 600°C (c) and 650°C (d). Circles represent the hardness values.
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The simplest model for oxygen penetration [9] is the solution of Fick’s second law in semi-
infinite material, which assumes a constant concentration at the surface and a constant dif-
fusion coefficient, i.e.

Cyx—C, X
Xo=22L=1-er [—] 2

0™ ¢s-Co I e @
where Co is the initial oxygen concentration in the metal, C; is the surface concentration, Cx
is the concentration at the distance x from the surface, t is time and D is the diffusion coef-
ficient of oxygen in Tj, i.e.

D = Dyexp (— %) 3)
where De=2x107 s and Q=169 k] mol [10]. Figure 3, which also plots the Xo variation with
the distance from the surface, shows that the increase is microhardness is notable even
where the enrichment in oxygen is so low to be unnoticeable.

Figure 4a re-plots the hardness profile for the sample-head that experienced the long-
est permanence at 650°C (528 h). The Figure also includes the typical value of the hardness
in correspondence of the oxide surface layer, omitted in Figure 3d.
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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 temperature; b-c) gauge length, cracking of the oxide layer of zone Ib; both
large cracks of length ~(Xox + xa), perpendicular to the surface, and longitudinal fine cracks which
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, microstructure af-
ter etching, with vertical fissures occasionally appearing in different locations of the oxygen-rich
layer, near the surface (white arrows); e) unetched gauge length after creep at 650°C, CLE13, overall
exposure duration 171 h.

The Figure shows the existence of four different zones: i. the oxide surface layer (la),
which cracks even under the HV indenter, and, possibly for this reason, exhibits a relatively
low HV value; ii. an intermediate zone (Ib) of almost constant and very high (roughly 700
HYV) microhardness; these HV values attest a brittle nature [11,12], hardly capable of toler-
ating any notable deformation [2]; iii. a zone of decreasing hardness (II); iv: the un-oxidized
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 “a-case” in Ti and Ti-alloys.
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Figures 4b-d show extensive cracking in the oxide layer, which is detached from the under-
lying oxygen-rich zones. Many wide cracks, perpendicular to the loading direction, pass
through zones la and Ib. Finer cracks also develop in zone Ib, but propagate along direc-
tions parallel to the surface. Figures 4d shows the different metallographic contrast between
the base metal and the oxygen-rich zone (the bright area) after etching. The bright area is
indeed much thicker (100 pum) than the estimate of the penetration of oxygen as provided
by Eqns.2-3 (=40 pum). The situation is similar in the sample tested under 20 MPa after a 70
h-soaking at 650°C (Figure 4e). Again, the oxide layer is heavily damaged, and cracks prop-
agate for roughly 10 pm in the oxygen-rich zone.

4. Discussion
4.1 Strengthening role of oxygen-rich layers

The main issue to properly address the role of the different layers is the identification
of the strengthening contribution of zones Ia, Ib and II. Early cracking of the undeformable
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, also zone-Ib should give a negligible contribution to the creep
response in correspondence of the minimum creep rate. This analysis is fully consistent
with Rosen and Rottem findings [3]. These authors removed from few oxidized samples
what they identified as the “a-case”, i.e., presumably, what corresponded mostly to zone-
Ib in Figure 4. The identification of the Rosen-Rotten “o-case” with zone-Ib is justifiable,
since they were fully aware that the microhardness descended toward the original value of
the unoxidized Ti-6Al-4V (zone-II in Figure 4a) beyond the depth of their “a-case”. Its re-
moval from the exposed specimen did not significantly change the minimum creep rate,
since &, remained roughly 1/3 of that measured in absence of oxidation, as in samples
which maintained their o-case. This fact proved that the real strengthening effect was
played by the oxygen-reach zones below the a-case.

Vaché and Monceau [9] proposed a model equation for the decrease in hardness with
distance from the surface of oxidized material in the form:

HVy—HV, x
Xuy = HVmar—HVo \/ 1—erf [TD_L“] )
where HVo is hardness of the metal with initial oxygen concentration, HVuma is the maximum
hardness, HVx is the hardness at the distance x from the point where HViax is measured,
usually the surface. Equation 4 implies a parabolic relationship between microhardness and
oxygen concentration, so that a constant HV corresponds to a constant oxygen content. On
the other hand, based on the above reasoning, both the oxide layer (thickness x.x) and the
a-case (thickness x4) do not contribute to creep strengthening. Thus, Eqn.4 could be tenta-
tively used to quantify the hardness variation with depth in zone-II, under the layers of
depth (xo+ x4). Figure 5 plots the variation of hardness with depth according to Equation 4,
with HVm=700 HV and HVe=150 HV. The correlation between the curves and the experi-
mental 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 of the creep rate. The
limit for this layer was here tentatively quantified as the x value corresponding to X#v=0.01.
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Figure 5. Hardness variation with depth for representative samples; HVux=700 HV; HV=150 HV.

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:

b = 2222 (2) exp () exn [ 2 [1- ()} ®

where Dor=1x10¥m2s? and Q=193 k] mol! describe the self-diffusion mechanism in low-
purity Ti through Eqn. 3 [17], G is the shear modulus, b is the length of the Burgers vector
(2.95x109 m), T is the absolute temperature, k is the Boltzmann constant, R is the gas con-
stant, A=40 [15]. The Rmx parameter was tentatively obtained as follows [15]:

T 6)

GRT

Rinax = 1.5UTS

where Grr and Gr were the shear moduli at room temperature and at testing T, respectively.
Figure 6 plots the minimum creep rate vs stress curves calculated by Eqn. 5 with A=40 and
Rumax from Eqn.6 [15], compared with the data from [14] and the results of the present study
from CLEs of short durations, where oxidation can be reasonably assumed to have minor
effects. In case of the samples tested in [14], oxidation could be in 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 underestimates the creep rate in the high stress regime. Reconsidering
the quantification of the Rma term is thus needed; a much better description was indeed
obtained with

Rinax = 2.8 UTSy, )

where UTSr 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).

The next step was the study of the effect of oxidation on the value of the minimum
creep rate for longer test duration.
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Figure 6. Experimental data for pure Ti from [14] (round samples 5mm in diameter) and from pre-
sent study (CLE, very short test duration), and calculated curves from Eqn.6; broken lines: A=40, Rinax
from Eqn.6, with UTS=500 MPa; solid lines: A=50, Rmx from Eqn.7, with UTSt= 105, 75 and 55 MPa at
550, 600 and 650°C (obtained from data for annealed CP-2 Ti in [18]).

4.2. Quantification of the effect of oxidation on creep response

The evidence on the marked differences in creep rate between CLEs and VLEs provided in the pre-
vious section, demonstrates that oxidation results in an increase in microhardness and in a reduc-
tion in creep rate under a given stress. Pure Ti, in proximity of the surface, significantly enriches in
oxygen as time of exposure increases. Thus, a “hard zone” (Il in Figure 4), not homogeneous in
composition, encloses a core of pure Ti. It is obvious that such a complex material can be hardly
modelled unless a strong simplification of its structure is applied. In the present study, the real ma-
terial has been very simply modelled as presented in Figure 7. Following this approach, based on
the well-known composite-material-model (CMM), the soft core of the sample (unmodified pure Ti)
is 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 reduces as the distance from the surface increases.

a) b)

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 xu. 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.

The depth of the hard surface layer, xx, can be approximatively estimated by Eqn.4, in
correspondence of the minimum creep rate. The volume fraction of the hard zone, the sur-
face layer rich in oxygen, can be thus expressed as
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fu=1-fs=1-(28) ®)

where [ is the length of side of the square sample section, here taken=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 (on and os respectively). As a result, load is trans-
ferred from the soft to the hard portions of the sample, giving,

0 = fyoy + (1 — fy)os )

To make a proper use of Eqn.9, the constitutive equation correlating stress, temperature and
strain rate for the hard zone should be available. This is a major — and practically unsolva-
ble- problem, due to the complete lack of information about the creep response of O-rich
titanium. Nevertheless, one can reasonably assume that the model-material for the hard
zone creeps according to the classical phenomenological equation:

Em = AyoyTexp (— i—;’) (10)
where An and 7, in this simplified approach, are constant, and Qr is an apparent activation
energy. For the sake of simplicity, it will be here supposed that also Q# is stress and tem-
perature independent. In case of the VLE at 650°C, the 3 data points correspond to times of
exposure of 400, 513 and 528 h, while for the VLE at 550°C the two values of the minimum
creep rate were obtained after 618 and 632 h. Equation 4 was then used to estimate xu for
Xnv=0.01 after 450 h at 650°C, and 620 h at 550°C, which gave fu and fs. For a given strain
rate, os is obtained directly from Eqns. (5) and (7). The model parameters Ax, n and Qu were
thus tentatively estimated by 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, Ar=1x108 s MPa-10
and Qr=620 k] mol'. Once estimated the parameters in Eqn.10, the CMM can 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 experimental data and model curves. The curves for ex-
posures shorter than 5 h were calculated by assuming that oxidation did not occur. In gen-
eral term, 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 led one to suppose that testing was performed in
air. Unfortunately, no information on the time of exposure in correspondence with the min-
imum creep rate can be deduced from the source, since the creep curves reported in [14],
one CLE (interrupted after 50 h, estimated strain rate =5x10-¥ s'') and one VLE (load change
after 70 h, estimated strain rate =2x10- s7), indeed applied to a composite. Nevertheless,
one can reasonably assume that a similar testing scheme was followed when investigating
unreinforced Ti, that is, for minimum creep rates in the range from 2x10- to 5x108 s, the
time corresponding &, should range between 50 and 100 h. If 70 h for the time of exposure
is used to estimate xu and the relevant fu 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, b, ¢, 3mmx3mm 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 (@).

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 physically-
based description of creep of oxygen-rich Ti (a task otherwise impossible to be fulfilled, due
to the already mentioned lack of experimental data). Thus, another obvious question could
be raised: is the quantification of the creep strength of the hard zone, shown in Figure 8§,

4.2.

reasonable?
To answer this question, we must firstly address the problem of the possible strength-

ening mechanisms operating in the oxygen-rich zones. Even a relatively moderate content
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of oxygen (0.8%) increases the UTS of pure Ti well above 1000 MPa, with a hardness just
below 400 HV [19,20]. According to Figures 3-5, the oxygen-rich zone-II exhibits experi-
mental microhardness values in the range between 200 and 600 HV. For reference purpose,
Ti-6Al-4V alloy [15,16] usually exhibits an UTS close to 1000 MPa. This fact implies that
oxygen-rich pure-Ti is assimilable, in terms of mechanical properties, to more complex in-
dustrial alloys. The source of this remarkable strength is usually attributed to solid solution
hardening [11], 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 ad-
ditions (0.15%) of oxygen cause the formation of ordered precipitates with a TisO-type
structure [12]. These ordered precipitates were observed also in CP-Ti grade 2 [12]. Thus,
the oxygen-rich layer is indeed a very complex material, where solid solution hardening
and possibly particle-dislocation interaction play a significant role in enhancing strength at
room and high temperatures. In the present study, the complex oxygen-rich zone-1I was
“replaced” by a model-material with a homogeneous O content, well above 0.15%, and with
different xu thicknesses. Due to the high oxygen content, solid solution should be surely
operative there. If also the ordered precipitates play any hardening role, which is realistic,
the use of the phenomenological Eqn.10 for the model-material should indeed result in high
values of the apparent stress exponent and activation energy (n and Qn) [16], exactly as
those here tentatively estimated.

Let one suppose that the creep properties of the oxygen-rich layers in Ti-6Al-4V are
reasonably close to those here calculated for pure Ti. Rosen and Rottem investigated the
effect of a pre-oxidation of 3 h in air at 900°C on the creep response at 400°C of the Ti-6Al-
4V [3]. Pre-oxidation produced an “a-case” 140 pm thick. The samples were tested by VLE,
but creep deformation did not exceed a total strain of 1%, which suggests a possible over-
estimation of the minimum creep rate under the lowest stresses - see, for example, the shape
of the strain-rate vs strain curves in [15,16]. The Rosen and Rottem creep data for the alloy
annealed at 900°C in vacuum were thus compared with those published by Whittaker et al.
[21], Figure 9a. The Figure also plots the model curve for Ti-6Al-4V, calculated, as above,
by Eqn.5, with the same values of the various parameters used in [15] (Dor=1.4x10- m?s,
Qr=303 kJ mol! [17], Rmax=1150 MPa) and A=50. The model curve as obvious does not con-
sider the effects of oxidation. The Figure shows that the agreement between the model curve
and the data from [21] is more than tolerable. In addition, it confirms that the values of the
low-stress minimum creep rate calculated by Rosen and Rottem by VLEs should be treated
cautiously, although they still represent an invaluable source of information on the behav-
ior of the 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.

Now, let us assume, as suggested in the previous section and following Rosen and
Rottem reasoning, that the o-case, i.e. the more superficial O-rich layer, Ib, does not signif-
icantly affect the minimum creep rate values of the 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 here neglected. The cracks do not usually penetrate beyond the o-
case in creep tests of relatively short duration [22]. This thick layer could be thus even re-
moved, without significantly influencing the creep response. The thickness of the oxygen-
rich zone II after 3 h at 900°C, given by Eqn.4 for X»#=0.01, is xv=44 um. The CMM (Eqns.8-
10) provides the broken curve in Figure 9b for the exposed material, to be compared with
the model curve for the alloy annealed in vacuum (no oxidation, same curve in Figure 9a).
Further oxidation at the testing temperature, 400°C, could be reasonably neglected. If one
considers the predictable overestimation of the creep rates under the 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 to estimate the effect of
oxidation for Ti alloys.
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Figure 9. a) Minimum creep rate 400°C for the Ti-6Al-4V alloy annealed at 900°C-3h in vacuum [3],
and for a similar alloy with bimodal a+f microstructure [21]. The model curve (no effects of oxidation)
was calculated by eqn.5 with Dor=1.4x10- m?s-!, Qr=303 k] mol-! [17], Ruux=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 vacuum or in
air. The curves represent the behavior of un-oxidized and oxidized alloys (see text for details).

5. Conclusions

The creep response in 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 de-
crease of the creep rate, suggesting a hardening role of the oxygen-rich layer formed during tests. The
growth of the hard superficial layer was thus modelled as a function of temperature and time of
exposure. The creep sample was modelled as a composite formed by an inner soft core (pure tita-
nium) and a hard outer zone rich in oxygen and homogeneous in composition and properties. Fitting
of two variable-load experiments at 550 and 650°C were used to quantify the creep response of the
hard-zone. 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 investi-
gated range of temperatures and test durations. The model also provides a quite reliable description
of the creep response of more complex Ti-alloys, such as the Ti-6Al-4V.
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