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ABSTRACT

Foils of ttanium grade 2 were carbo-oxidized in CO at temperatures ranging from 600 to 1100°C in steps of 50°C.
Carbo-oxidation was performed for up to 130 hours in a thermogravimetric setup, enabling the investigation of
the kinetics of carbon and oxygen uptake from the gas mixture. The carbo-oxidized specimens were characterized
with transmission X-ray diffraction, light optical microscopy, scanning electron microscopy, electron probe
microanalysis and nanoindentation to investigate the microstructural evolution along with the uptake of oxygen
and carbon. At the surfaces of the foils TiCx developed, while the core remained h.c.p. dtanium. The interstitial
content in h.c.p. titanium increased with temperature and first reached its maximum solubility at 1000°C and
above. TiO developed within the core for high interstitial contents. The TiC,O, phase developed in-between TiC,
and the oxygen containing h.c.p. titanium core for temperatures above 800°C. For temperatures up to 850°C, the
uptake of C and O in the titanium foils (inidally) obeys a parabolic time dependence. Arrhenius analysis of the
thermogravimetry results indicates that volume diffusion of oxygen in h.c.p. titanium is (inidally) the rate
determining step. For temperatures above 850°C, the activadon energy is reduced by a factor 3, suggesting that
short-circuit diffusion of species in TiCx controls mass increase. The hardness of h.c.p. titanium determined with
nanoindentation scales with the interstitial content and the associated c/a ratio of the h.c.p. unit cell. The
evolution of the microstructure with time and temperature are discussed in relaton to the observed kinetics of

mass upbeke.

1. Introduction

Titanium (Ti) and its alloys are used in applications where high
specific strength, corrosion resistance and light weight are essential.
However, Ti suffers from inapt tribological properties, thus limiting the
use of Ti alloys in applications where wear loads are involved. A remedy
can be found in surface hardening, where the dissolution of interstitial
elements such as C, N and/or O, in the hexagonal close-packed (h.c.p.)
crystal structure of «-Ti and/or the formation of interstitial compounds
can enhance the wear performance. This is associated with a substantial
increase in strength/hardness as all three elements have a strong solu-
tion strengthening effect, albeit with an adverse effect on the ductility,
toughness and notch sensitivity [1-3]. Interstitials are an alternative to
using Al and V as solid solution strengtheners as in grade S titanium,
especially concerning biocompatibility of implants, where Al and V
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potentially can jeopardize health [4]. Surface engineering of titanium
for improvement of the tribological properties, can be performed using
various methods, which are reviewed and described elsewhere [S,6].
Investigations of the effect of interstitial elements started in the late
1940’s addressing the lattice expansion of titanium resulting from
incorporation of oxygen (0 — 58 at% O) [7]. During the 1950's the effects
of combinations of C, N and O on the mechanical properties were
investigated [1,8-10]. In particular, the strengthening effect of inter-
stitial elements was addressed, where one of the conclusions was that
nitrogen increases the hardness more than oxygen and carbon. The
synthesis of h.c.p. titanium containing oxygen in solid solution has
previously been carried out by arc melting in argon of Ti or Tils mixed
with TiO or TiO,, followed by annealing in argon or in vacuum to
dissolve titanium oxide and redistribute the oxygen atoms [7,11-13]. In
refs. [1,8-10] arc melting of Tily with controlled quantities of TiO,



graphite and TiN, followed by annealing in vacuum or argon for ho-
mogenization, was applied. It is generally accepted that these in-
terstitials occupy the octahedral interstices in the h.c.p. lattice and lead
to an increase of the c/a ratio of the lattice parameters [7,13-15]. It
should also be noted that interstitial occupancy, y, of octahedral sites is a
more appropriate terminology than wt% or at. % to describe interstitial
solid solutions. The solubility of carbon in a-Ti is roughly 0.4 wt% (y¢
0.016) at 850°C, while higher contents lead to the formation of NaCl
type & carbide, TiCy, with x varying from 0.5 — 0.97 [16]. Previous
studies suggested that oxygen increases the solubility of carbon in o-Ti
[10,17,18], reaching a solubility of 1.5 wt% C (y¢  0.061) with 3.5 wt%
O (yo 0.11) after melting at 1400°C [10]. The solubility of oxygen in
a-Ti is 14.1 wt% (yo  0.49) at 750°C and remains virtually unaltered
from 600 to 1750°C [15,19],; higher contents of oxygen lead to a
multitude of phases. The expansion of the h.c.p. lattice of a-Ti increases
almost linearly with the oxygen content, particularly in the c direction of
the unit cell [19]. The c/a ratio is a sensitive measure for the content of
interstitials in o-Ti. The oxide a-TiO;.x, has a wide homogeneity range
and - supposedly - exhibits full inter-solubility with the isomorphous
compounds 8-TiCy and TiNy [20]. The a lattice parameter of the & phase
depends on the ratio of C and O contents in the Ti-C-O system. For a
carbon occupancy in TiCx changing from 0.53 to 0.63, a increases from
0.430 to 0.432 nm [21]. On the other hand, an increase in O leads to a
decrease in a from 0.420 to 0.417 nm if the oxygen occupancy in TiOx
changes from yp 0.637 to 1.275 [15]. Consequently, the occupancies x
and y in TiC,Oy cannot be determined on the basis of X-ray diffraction
results only.

The utilization of foils facilitate rapid through-diffusion of interstitial
elements and thereby eliminates the sink for interstitials experienced
with a thick substrate [22]. This allows to identify the microstructural
evolution and associated kinetics upon ingress of carbon and oxygen.
Here, the Ti-C-O system is investigated in the temperature range 600 —
1100°C, using 25 pm foils and gaseous carbo-oxidizing in an atmosphere
consisting of CO, to investigate how the dissociation of CO into C and O
affects phase formation in titanium. Dissociation of CO at the foil surface
applies both a partial pressure of oxygen (pO) and an activity of carbon
(ag). If no equilibrium is achieved between foil and gas, as in a streaming
gas, pOy and ac are in principle unknown, but are interdependent,
because the temperature is the only adjustable parameter and dissoci-
ation of CO provides equal amounts of C and O to the surface. A gas
mixture consisting of CO and CO; could be applied (Boudouard reac-
tion), which would allow a controlled, albeit still interdependent, vari-
ation of pOy and ac by adjusting the ratio of CO and CO2 [23].
Preliminary experiments using a gas mixture of 1 vol% CO, and 99 vol%
CO at 1000°C led to extensive oxidation; for this reason CO/CO gas
mixtures were not applied in the present study. Isothermal thermog-
ravimetry of foil specimens in streaming CO gas for a range of temper-
atures allows the investigation of the overall kinetics of oxygen and
carbon incorporation. Additional microstructure characterization pro-
vides the microstructural evolution associated with C and O uptake. This
insight in the Ti-C-O system is required for optimized and tailored sur-
face engineering of titanium alloys by carbo-oxidizing.

2. Materials and Methods
2.1. Thermochemical synthesis

Annealed grade 2 (G2) titanium foils (GoodFellow) with composition
99.6 wt% Ti, 0.2 wt% O, 0.015 wt% N and 0.15 wt% Fe as reported by
the supplier, and a thickness of 25 pm were applied. Foils measuring
about 13 x 6 mm? were carbo-oxidized in a Netzsch STA449 C Jupiter
thermal analyzer in the temperature range 600 — 1100°C at intervals of
50°C using a gas flow of 100 mL/min CO (99.97% purity) and 3 mL/min
Ar (99.999% purity) as protective gas. Isothermal thermogravimetry at a
range of temperatures provides the overall kinetics of the incorporation
of the C and O in the foils. Heating to the carbo-oxidizing temperature

was performed at a rate of 20°C/min; cooling to room temperature was
performed in the active gas at the maximum cooling rate attainable in
the thermal analyzer, approximately 50°C /min. After carbo-oxidizing
for 20 - 132 h, the treatment was completed by cooling to ambient
temperature in the active gas and flushing with Ar before opening. An
overview of reaction temperatures, treatment times and initial sample
masses for the eleven samples are given in Table 1. The variation in
processing time was partly due to a finite time availability and limita-
tions in the equipment suffering from rapid deterioration of the exper-
imental set-up by high temperature corrosion at high temperatures
(1100°C). Even long exposures as 132 h at 1000°C, did not result in
reaching a stationary mass; rather very slow reaction kinetics was
reached.

2.2. X-Ray diffraction and Rietveld refinement

X-ray diffraction (XRD) analysis was carried out using a Huber G670
diffractometer in transmission (Guinier) mode, using a CuKal source.
The specimens were fixed at an angle of 45° with respect to the incident
beam and rotated about the surface normal to enhance grain statistics
and minimize the effect of crystallographic texture. The image strip
detector recorded the 20 range of 3-100° at a step size of 0.005° for an
exposure time of one hour. Rietveld refinement of intensity versus
scattering angle (20) was done in WINPOW, which is an modified
version of the LHMP program [24], with the purpose of determining
lattice parameters, phase fractions and zero shift corrections. The latter
is a correction for possible horizontal shifts of the foils during mea-
surement due to bending. The peaks were fitted with pseudo-Voigt
functions, while the background was fitted with Chebyshev poly-
nomials. Texture corrections for the (110) and (011) reflections were
used to improve the refinement, however due to the textured nature of
the foil, it is not feasible to achieve a perfect fit of the measured in-
tensities. Goodness-of-fit values X2 < 4.15 and residual values of R, <
2.66% were achieved, with difference curves of low intensity, demon-
strating insignificant differences between the measured and calculated
diffractograms. LP values for the « and & phases had minor standard
deviation values below 10~* nm.

2.3. Microscopical investigation

Pieces of the carbo-oxidized foils were cold embedded in epoxy,
ground and polished, using sequentially finer sandpaper down to
#4000, followed by 3 and 1 pm diamond suspensions, and finally basic
0.3 um colloidal silica suspension as the final step for 2 minutes. Leftover
silica particles were removed with ultrasound. Etching was done on the
700 — 1000°C specimens, with Murakami’s reagent (10 g sodium hy-
droxide, 10 g potassium ferricyanide and 100 mL water) at 55°C for 3.5
minutes in order to reveal the carbides. Light optical microscopy (LOM)
was performed on the cross sections with polarized light on a ZEISS Axio
Vert.Al at 50x magnification. Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) on carbon-coated non-
etched cross-sections of the 650, 850 and 1100°C foils were performed
on a Zeiss Supra 35 FEGSEM using 20 kV acceleration voltage, a 30-pm
aperture size in back scatter electron (BSE) imaging mode.

Table 1
Treatment scheme for the carbo-oxidation of G2 titanium foils at 600 — 1100°C
with CO and Ar.

T /°C t/h T /°C t/h
600 89 900 94
650 100 950 100
700 91 1000 132
750 69 1050 91
800 100 1100 20
850 100 - -




2.4. Chemical analysis

Determination of the total absorbed carbon content in the specimens
was achieved ona CS230 LECO Carbon/Sulfur Determinator using LECO
iron chip accelerant and Lecocel II. A steel containing 0.807 wt% C
(LECO standard - 502-893) was used for calibration of the instrument.
Quantification of the carbon content by this technique is based on total
combustion of the specimen and conversion of C into CO2. The content
of CO4 in the resulting gas is measured with infrared spectrometry.

Oxygen and carbon concentration profiles were measured on cross
sections of the embedded 750, 850 and 1100°C samples by electron
probe micro analysis (EPMA) with a CAMECA SXFive FE microprobe
working at 10 kV and 20 nA. For the chosen conditions, the volume
analyzed is estimated at 1 um>. Samples were polished just before the
analyses in order to limit surface contamination. Two profiles were
determined with a step size of 1.5 um over the cross sections of the
selected foils. For quantification, the following reference materials were
used: SiC for C, Fe3O4 for O, pure Ti for Ti and pure Fe for Fe.

2.5. Nanoindentation

Nanoindentations were performed on cross-sections of the foils
applying a diamond Berkovich indenter on a NHT? nano-indenter from
CSM Instruments. A constant load of 40 mN with a varied indentation
depth between 400 and 900 nm was achieved; the holding time at peak
load was 5 seconds. Hardness values were obtained from the indentation
data, using the method due to Dao et al. [25]. For this purpose on
average 50 validated indents were performed in the center of the foils
along multiple grains and orientations (for a detailed description of the
procedure see [26]). The indentation results were calibrated on fused
silica an integrated into the quantification method. The loa-
ding/unloading parts of the load-displacement curves were examined
for discontinuities/anomalies, which would suggest grain boundaries or
crack formation [27]. Indentations affected by the vicinity of a grain
boundary, porosities or a crack were excluded from the data presented.

3. Results

3.1. Thermogravimetric analysis

The total mass gain, Am, relative to the initial foil mass, m,, asso-
ciated with uptake of carbon and oxygen from the gas in the foil as
recorded with thermogravimetric analysis (TGA), is given in Fig. 1 for
the foils treated in the temperature range 600 — 1100°C. Apparently,
there is a difference between the mass gain curves for temperatures
below 850°C and those from 900°C and above, as reflected by the
relatively large additional mass gain from 850 to 900°C. This tempera-
ture range contains the o — B transition at 882°C [19]. In order to
identify the cause for this “gap”, the first part of mass gain curves is
shown in Figs. 1B and C. For the mass gain curves in the range 600 —
700°C a parabolic time dependence applies for the entire curves (see
Fig. 1 (B)); an analogous parabolic mass gain is observed for the initial
part of the curves for 750 - 850°C; the duration of the parabolic stage is
shorter the higher the carbo-oxidation temperature. The parabolic time
dependence strongly suggests diffusion-controlled uptake of species
from the reactive gas [28]. For temperatures from 900°C and above, no
parabolic mass gain was observed. Rather, the mass uptake accelerated
rapidly in the initial stage and declined continuously according to a
non-parabolic dependence after a relatively short time.

3.2. Transmission X-ray diffraction

Transmission XRD patterns of the synthesized foils and the untreated
reference foil are given in Fig. 2. The untreated reference consists of o-Ti
and has a weak 010 texture, while the carbo-oxidized specimens are
converted into a solution of interstitials in a and 8 phase, i.e. TiC, TiCO
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Fig. 1. Relative mass gain curves (thermogravimetry) for the carbo-oxidized
G2 titanium foils at temperatures ranging from 600 to 1100°C in CO for 20 —
132 h. In (A) the mass uptake relative to the initial mass is given for all ex-
periments. In (B) the square of the relative mass increase is given as a function
of t for temperatures up to 850 °C and from 900 °C in (C). The kink in the
1050°C curve is caused by a brief loss of connection with the thermal analyzer.
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Fig. 2. Transmission X-ray diffractograms for the carbo-oxidized and untreated
G2 titanium foils. A) full range from 33 to 79. B) Subset of A showing the range
from 34 to 44°; the annotations and color coding apply for both figures.
Detected phases are h.c.p. «-Ti, 8-TiC (high C content), §-TiCO, §-TiO (high O
content) and the Fe stabilized p phase for 600 — 700°C.

and TiO with an f.c.c. sublattice of Ti atoms; no indications for the
presence of TiO, or Magnéli phases was observed'. It is not possible to
quantify the C and O contents in these mixed interstitial phases from
XRD alone (see Introduction). The peak at 39° 26 for the 600 — 700°C
specimens is identified as b.c.c. p-Ti that is stabilized by an Fe impurity
in the alloy. The a-Ti peaks that are most sensitive for a change in the ¢
lattice parameter of the h.c.p. lattice, such as the 002 peak at 38° 20 and
the 012 peak at 52° 20, exhibit a pronounced shift to lower 20 values
with increasing reaction temperature, indicating a lattice expansion in
the ¢ direction and thus an increase in the c/a ratio. The a lattice
parameter is only affected slightly by the incorporation of oxygen and
carbon. The o-Ti peaks at 600 and 650°C are asymmetrically broadened
towards lower diffraction angle, suggesting the presence of composi-
tional variation over the diffracting volume; above 700°C peak asym-
metry is no longer encountered. The intensities of the § (TiC,Oy) peaks
increase with reaction temperature, along with a reduction of the in-
tensity of the a-Ti peaks, indicating a transformation of a into & (TiC4Oy).
The 800 - 1100 °C specimens contain satellite peaks and asymmetries to
the high 20 side of the TiC peaks, which suggests that a mixed interstitial
phase TiCO develops. A new TiO peak is also detected at even higher 26
for the 1050 and 1100 °C specimens; the higher 26 the higher is the O
content in the & phase.

Rietveld refinement of the diffractograms provided the weight frac-
tions of the phases present as well as the lattice parameters of the phases.
By means of example, the refined Rietveld profile for the 1100°C is
presented in Fig. 3 and contains the phases/structures o-Ti and the &
phases with various C and O contents and denoted as “TiC”, “TiCO” and
“Ti0”. This is the most complex diffractogram of the investigated series,
because significant overlap of peaks of the various phases occurs. From
the residuals curve it is clear that the fit is successful; similar and,
generally, better fits were obtained for the other specimens. For most
specimens, the 012, peak lacks intensity, which is attributed to crys-
tallographic texture in the foils. It was not possible to fully correct for the
presence of texture by use of, arbitrary, texture correction factors. As a
consequence, the phase fractions of o-Ti are underestimated, especially
for the 600 — 800°C specimens. The rather wide and low-intensity peak

! The TiC, TiCO and TiO phases have a NaCl type crystal structure and are
referred to as &-phase, containing both C and O, a more precise terminology
would be TiC,Oy with known x and y values, however the calculation of these
values is not possible solely on the basis of XRD results (see Introduction),
making this terminology an approximation.
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Fig. 3. X-ray diffraction pattern, refined Rietveld profile and residuals curve for
33 -79° 20 (full range is 3 — 100° 20) for the 1100°C sample. Vertical lines mark
Bragg positions for the different phases.

in-between the TiC and TiO peaks in Fig. 3, indicates a broad variation in
the C and O contents in TiC,Oy, and is therefore fitted as a peak envel-
oping the “TiCO” phase.

The results from the Rietveld refinements are collected in Fig. 4 and

T/°C
600 700 800 900 1000 1100
0.5 1 L L L L L
0.4
> 034
=
'ff: 0.2
5
0.1
0.0
1.64 7— : T T T T
B ce=vsy» e _ % _ o
1.63 4 -
° -7
° .7
1.62 4 -
3 -7
© 161
1.60 4
1.59 4
! ! 1 1 1 1
100 4 T T T T T
—
{]
—
80
‘ .
_— /; ¢ .\
e 01 Lo o ¢ —*
S a-Ti -
z —eo—TiC
2
“~ 404 |—e—TiCO \
—eo—Ti0 .
& b4 _
204 —— Py
T e
° ——¢ $
./ /
04
T T T T T T
600 700 800 900 1000 1100
T/°C

Fig. 4. (A) Molar fractions of C and O relative to the molar fraction of Ti,
calculated based on total uptake in TGA and carbon determination experiments.
(B) The c/a ratio of h.c.p. a-Ti. Estimated standard deviations are too small to
be visible. (C) Phase fractions (wt%) as obtained by Rietveld analysis. § phases
are slightly overestimated, due to texture effects for the o phase, which is re-
flected by the standard deviations.
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Fig. 5; Fig. 4 contains the evolutions of c/a ratio of h.c.p. Ti and the
phase contents along with C and O contents, while Fig. 5 provides the
volumes of the unit cells for NaCl-type phases and h.c.p. Ti. From the
phase fractions it is evident that initially h.c.p. Ti is dominant, while for
temperatures above 800°C TiCx becomes the dominant phase. The phase
contents of TiOx and TiCO do not exceed 20 wt%.

The c/a ratio increases linearly with treatment temperature up to
850°C. Above this temperature an additional increase in c/a ratio occurs
and eventually at 1000°C a plateau is reached just above the ideal c/a
ratio ( /8/3) for h.c.p. lattices. The progressive increase in c/a ratio
until a plateau is reached indicates that the total interstitial content in h.
c.p. Ti increases with reaction temperature and that saturation of the h.c.
p. phase with interstitial atoms (mainly oxygen) is not reached in any of
the specimens carbo-oxidized at a temperature below 1000°C. It is
recognized that a change in ratio between the interstitial elements could
lead to a change of the c/a ratio, because carbon expands o-Ti more than
oxygen, as reported for very low contents of C and O [1]. This is
considered a minor effect in the present context, because the maximum
solubility of C in h.c.p. Ti is very small as compared to the maximum
solubility of O.

From the unit cell volumes for the & phases in Fig. 5 it is evident that
neither TiC nor TiO is stoichiometric. It is noted that the unit cell volume
of § depends on both the total interstitial content present in the f.c.c. Ti
sublattice as well as on the actual octahedral site occupancies of C and O.
For a synthesis temperature in the range 600 — 750°C the observed unit
cell volumes for TiC are consistent with TiCx forx 0.58-0.63, while for a
higher synthesis temperature x 0.53-0.58. This might be consistent
with a larger carbon deficiency with increasing temperature, as
observed in the Ti-C phase diagram, but it may also indicate that oxygen
is dissolved in TiCx (in addition to, or as a substitute for, C), because
oxygen reduces the lattice parameter (cf. the data for TiO; in Fig. 5).

The overall contents of C and O expressed as the molar fractions of C
and O divided by the molar fraction of Ti in the synthesized materials as
determined by TGA and LECO carbon analysis are presented in Fig. 4
(A)%. The contents of C and O increase progressively with reaction
temperature. For the lower treatment temperatures more oxygen than
carbon appears to be incorporated in the foils, while from 850°C it is
observed that C:O 1:1, apart from a slight decrease in oxygen content
for the 1100°C sample. Furthermore, from 850°C the dependence of
incorporated O and C on treatment temperature is linear.

2 The total weight gain from TGA is equal to the C + O content, while LECO
measures the C content.

3.3. Light optical and scanning electron microscopy

The temperature evolution of the microstructure in the carbo-
oxidized Ti-foils as investigated with LOM is presented in Fig. 6, while
selected SEM BSE micrographs are provided in Fig. 7. The microstruc-
ture consists of a surface layer on both surfaces of the foil denoted “TiC”
phase, an intermediate phase denoted “TiCO” phase and a core of an
interstitial solution in o-Ti (cf. XRD). Substantial grain growth occurs in
the o-Ti phase. The difference in grey tone between o-Ti grains is a
consequence of using polarized light, which leads to contrast differences
between differently oriented grains in h.c.p. Ti, associated with different
thicknesses of native oxide. The notably darker interphase layer in the
800 - 1100°C foils, developing in-between the outer TiC and inner o-Ti
shows the presence of another phase that responds differently to Mur-
akami’s reagent than TiC. For the 950 — 1100°C foils, the a-Ti phase in
the core contains oriented plates (Fig. 6 and Fig. 7), which indicates a
preferred orientation relationship with the h.c.p. o-Ti grains and the
developing phase. The plates are interpreted as the TiO phase with a
high oxygen content that appear in the 1050 — 1100°C foils (cf. Fig. 4
(C); for temperatures below 1050°C it was not possible to quantify the
low content of TiO with XRD). These plates developed within the o-Ti
phase saturated with O (cf. ¢/a ratio in Fig. 4 (B) and EPMA profiles in
Fig. 8). Since, the TiO phase has an f.c.c. sublattice of Ti atoms and
saturated h.c.p. Ti has a near-ideal c/a ratio, it is suggested here that h.c.
p- Ti(O) transforms easily into NaCl TiO by the introduction of stacking
faults, whereafter more O can be accommodated. An analogous trans-
formation was recently identified for TiH; formation in Ti and dubbed
pseudo-martensitic [30], because the Ti sublattice transforms by a
martensitic mechanism, whereafter interstitials occupy the interstices in
the f.c.c. Ti host lattice by diffusion; in this sense the overall trans-
formation is not diffusionless and, hence, pseudo-martensitic. The 600 —
700°C foils contain additional distinctive microstructural features as
plates and “speckles” in the core of the foils (Fig. 6 and Fig. 7). For the
650°C foil, these were further investigated with transmission electron
microscopy and identified as §-TiH; phase with a f.c.c. sublattice of Ti
atoms (see [31] and [32]). Initially, the H content in the foils is only 60
ppm. Subsequent H uptake from trace amounts of H in the CO or Ar
gasses during heating cannot be ruled out.

The light phase observed in the BSE micrographs (Fig. 7) contains
iron that is present in the foils as an impurity and is identified as p-Ti (b.
c.c.), which is stabilized by the presence of iron. Iron is a very mobile
alloying element in titanium and, correspondingly, has a diffusivity that
is nearly one order of magnitude larger than the interstitial diffusivity of
oxygen [33]. The accumulation of iron in the center of the foil is
therefore thought to be a consequence of the ingress of the strongly
a-stabilizing O atoms, which pushes ahead the iron atoms and thus the
distribution of f-phase to the interior of the foil (cf. micrographs at 600 -
700°C in Fig. 6). The disappearance of p-phase may provide an expla-
nation for the significant grain growth following the CO treatment, as
B-phase no longer pins the positions of the o grain boundaries. An
analogous argumentation applies for the concentration of TiHj in the
core: H, originally present in the foils, is pushed ahead of the ingressing
oxygen. Since oxygen enhances the solubility of H in h.c.p. Ti, and the O
content increases with temperature, TiH, will eventually disappear.

The small bright regions observed in the TiCy layer along the foil
surfaces and visible from 750°C (Fig. 6) coincide with the black regions
in Fig. 7b/c and are interpreted as porosities that have developed in
TiCy. The TiCO layer in-between TiCy and the core is not porous.

3.4. Electron probe microanalysis

The contents of O and C determined with EPMA along lines across
the foil thickness are given Fig. 8 for three selected specimens. For each
foil, two lines, denoted as #1 and #2, are given. Average interstitial
occupancies, y¢ and yo, of C and O, respectively, within TiC, TiCO and
a-Ti phases are given in Table 2. The composition profiles in Fig. 8 show
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Fig. 6. Polarized light micrographs of non-etched (untreated, 600 and 650°C) and Murakami etched (700 — 1100°C) cross-sections of the thermochemically treated
foils (CO and 600-1100°C). The microstructures contain an outer TiCO compound layer and a core consisting of expanded h.c.p. a phase. The scale bar given for the
untreated reference applies for all micrographs. The bright parts are polarized light effects.
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Fig. 7. Backscatter electron micrographs in the cores of the foils carbo-oxidized at 650, 850 and 1100°C (left to right) foils.

that the interstitial contents in the o-Ti core are uniformly distributed;
no composition gradients occur, in agreement with the sharp peaks for
o-Ti in Fig. 2. Evidently, the amount of O dissolved in «-Ti increases
pronouncedly with the synthesis temperature, consistent with the in-
crease in c/a ratio (Fig. 4 (B)). Along with this increase in O content, the
C content increases, too. The O content reaches a maximum of yo  0.61
at 1100°C, which is higher than the previously reported maximum of yo

0.49 [19]. This high content is in agreement with the presence of TiO
in addition to h.c.p. Ti in the core. The TiCy layer at 750°C (cf. XRD, LOM
and SEM) is identified as TiCg.gO9.07. At 850 and 1100°C the contents of
C are lower, while the O contents are higher, resulting in the composi-
tions TiCp g200.21 and TiCg 7200.34, respectively. Within experimental
accuracy these compositions equal a 1:1 ratio of metal and interstitial
atoms; if an over-stoichiometric content of interstitials is present, this
could be explained by the presence of vacancies on the Ti-sublattice. The
TiCO layer, which is most clearly observed for the 1100°C foil in Fig. 6
and Fig. 7, reaches a composition TiCy 3900.63-

3.5. Nanoindentation

The hardness and indentation modulus as a function of the c/a ratio
of a, as obtained by nanoindentation, are given in Fig. 9 (A) and (B). The
c/a ratio increases linearly with interstitial content and allows for a
comparison between reaction temperatures. The hardness displays a
linear dependence on the c/a ratio up to 850°C, while the hardness in-
creases sharply at 900 — 1100°C, due to the inherent hardness of the TiO
phase. The indentation modulus displays a similar linear increase with
c/aratio, although there is a slight decrease at low content, which is due
to the slight contraction in a [26]. The TiO phase also strongly increases
the indentation modulus. From 600 to 850°C the hardness and inden-
tation modulus display similar increases with the c/a ratio as presented
in [26], and suggest that the interstitial content at 900 — 1100°C is
higher or close to the maximum yo content from literature (yo 0.5
[19]). The effect of anisotropy and difference in grain orientation is
reflected by the standard deviation, while the effect of the TiO plates
inside the o-Ti grains from 900 — 1100°C, leads to a sharp increase in
standard deviation, because both phases are measured simultaneously,
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Table 2
Average compositions of the TiC layer, a-Ti core and intermediate “TiCO” phase.
TiC TiCO o-Ti
T/°C Yo yc Yo yc Yo yc
750 0.07+0.03 0.86+0.04 0.12+0.01 0.05+0.01 0.07+0.01 0.03+0.01
850 0.21+0.03 0.83+0.05 0.31+0.06 0.27+0.08 0.36+0.01 0.06+0.01
1100 0.34+0.02 0.7240.03 0.63+0.06 0.30+0.04 0.61+0.01 0.07+0.01

but to different degrees in differently oriented grains. There is a slightly
increased tendency for crack formation for the high temperature sam-
ples, caused by the lower ductility at higher interstitial content. The
force-displacement curves are given in Fig. 9 (C) and (D), and show that
the increasing interstitial content leads to a reduction in displacement
from about 850 nm to about 380 nm at a constant load of 40 mN.

4. Discussion
4.1. Reaction kinetics

The dissociation of CO at the foil surface results in equal contents of
adsorbed C and O species at the surface; adsorbed C/O can enter into
solid solution. Alternatively, C can stay at the surface and form C-species
as for example graphite, while O can react with CO from the gas under
formation of CO2. Carbon dissolved in the solid state is generally not
able to leave the material by reaction with CO, unless water vapour is
applied. As follows from Fig. 4 (A), C and O are taken up to approxi-
mately the same extent, irrespective of temperature, indicating that no
soot formation occurred, nor the removal of oxygen by the Boudouard
reaction at the surface. Upon exceeding the limited solubility of carbon
in Ti, irrespective of whether it is h.c.p. or b.c.c., close to the surface, the
TiC phase nucleates. For O the solubility in o-Ti is very high, so much
more O than C can be accommodated in solid solution before the solu-
bility limit is reached and there would be a driving force for the for-
mation of Ti-oxide.

The uptake of C and O in the Ti-foils is coupled since both are pro-
vided in equal contents at the surface. If the uptake of one of the com-
ponents is rate determining, it has consequences for the rate of uptake of
the other species and the amount of CO that dissociates at the surface.
The observation of parabolic mass increase in Fig. 1 for synthesis tem-
peratures up to 850°C strongly suggests that diffusion of (one of the)
interstitial species is rate determining. Considering that (the initial part

2
of) the mass uptake curves follow a relation <,An—m> K-t, with K the

parabolic proportionality constant, it is obtained that K follows an
Arrhenius type expression (Fig. 10 (A)) with an apparent activation
energy of Qupp  (199.3+4.6) kJ.mol ™. This value is identical, within
experimental accuracy, to the activation energy for oxygen diffusion in
h.c.p. Ti: Q 200 kJ.mol ! [33]. For the lowest synthesis temperatures,
600 - 700°C, parabolic mass increase was observed for the entire syn-
thesis curve and XRD indicated the presence of composition gradients in
o-Ti at the end of the chosen synthesis time. For synthesis temperatures
750 - 850°C parabolic mass increase was observed in the initial stage,
while no composition gradients were observed in h.c.p. Ti at the end of
the synthesis time, and uniform composition distributions over the h.c.p.
Ti core of the foil (Fig. 8 (A/B)). Hence, in the 750 - 850°C range, the
transition from parabolic mass uptake in the initial stage to slower ki-
netics is interpreted as levelling out of composition variations in the h.c.
p- Ti phase and transition to another rate determining step. Even though
there is no composition gradient in the core of foils carbo-oxidized above
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700°C, the h.c.p. Ti phase is not saturated with interstitials as reflected
by the c/a ratio in Fig. 4 (B). Overall, the experimental results are
consistent with diffusion-controlled uptake of both C and O in the foils,
where the rate-controlling step is diffusion of O in «-Ti. This is further

corroborated by DICTRA [34] simulations of the oxygen composition
profile over a 25 pm thick Ti foil with an initial 0.6 at.% O and a constant
(but temperature dependent) surface concentration (see Supplementary
material Fig. S1). It is noted that diffusion control by oxygen diffusion in
h.c.p. Ti does not imply that no TiC layer can be present (consistent with
Fig. 2 and Fig. 4); neither does it imply that TiC does not grow. It only
means that mass uptake in the entire foil is dictated by oxygen diffusion
in a-Ti, the slowest step in the chain of transport mechanisms. Upon its
nucleation in an early stage, the TiC layer grows into the Ti-foil,
implying that transport of C and O through TiC to the interface be-
tween TiC and the Ti-core is necessary to establish this growth. Diffusion
of carbon through a film of TiC thicker than 20 nm leads to a growth rate
that is inversely proportional to the film thickness [28], i.e. parabolic,
provided that C diffusion through TiC is the rate determining step. If
diffusion of O in h.c.p. Ti is the rate determining step in the overall mass
uptake, it implies that transport through the TiC layer is, compared to
this, rapid albeit parabolic, and determined by the amount of C (and O)
incorporated. Carbon (and oxygen) would diffuse through TiC by an
octahedral vacancy mechanism, suggesting that the higher the concen-
tration of vacancies on the interstitial sublattice, the faster can diffusion
through the TiC layer proceed. The diffusion of carbon in TiC was found
to depend strongly on TiC stoichiometry, such that the diffusion coef-
ficient increases with increasing carbon deficiency [35]. The effect of Ti
vacancies on diffusion in TiC is considered negligible since it amounts to
~ 0.5 % [36]. In this respect, it is not surprising, that the highest carbon
content in TiC is observed for the lowest synthesis temperatures, because
the supply of C is sufficient to maintain a relatively high interstitial
content. The self-diffusion coefficient of carbon in TiC is larger than that
of oxygen [37]. The observation that the TiCO phase develops
in-between TiC and the oxygen containing o-Ti core in the foils for
synthesis temperatures above 800°C is likely to be associated with this.
After the diffusion of O in h.c.p. Ti is no longer the rate-determining step,
the O that is transported through the TiC layer is no longer incorporated
entirely in the core, thus leading to accumulation in TiC (cf. Table 2
which shows indeed that the O content in TiC increases from 750 to
850°C) and TiCO formation, as detected with XRD. Along with an



increase in synthesis temperature, the oxygen content in TiCO increases,
as follows from the reduction in lattice parameter (cf. Fig. 5).

For synthesis temperatures above 850°C no parabolic mass uptake
was observed, but rather a rapid acceleration followed by a gradual
deceleration. In this temperature range diffusion of O in a-Ti proceeds
rapidly already during heating to the synthesis temperature. The tran-
sition of o-Ti into B-Ti during heating above p-transus implies that

initially, and this can be short, O diffuses into -Ti, wherein the diffu-
2. -1

sivity forO is higher thanin a-Ti, about 10~ 2m?s~ 'and 10~ ®*m?s™ at

about 900°C, respectively [33]. The oxygen-induced conversion of f-Ti
into a-Ti implies a fast increase in O content (during heating), while the
homogeneity range in a-Ti is narrower as compared to lower T, because
an o-Ti layer grows into B-Ti. Both these conditions imply that faster
than parabolic mass uptake is possible, which would explain the
observed kinetics in Fig. 1. Also, the total interstitial content that is
obtained in a-Ti can be higher than the linear dependence on synthesis
temperature in the 600 - 850°C range.

In order to compare the kinetics in the 850 - 1100°C range with that
in the 600 - 850°C range, the mass uptake after 10 h is compared in
Fig. 10 (B). Firstly, the apparent activation energy for the low temper-
ature range is identical, within experimental accuracy, with that in
Fig. 10 (A) from the parabolic proportionality constant, thus validating
this approach. Secondly, the apparent activation energy in the high
temperature regime is lower by a factor 3. It is unknown whether this
value can be attributed to a specific rate-determining step. Recognizing
the low value of the apparent activation energy, it is suggested that short
circuit diffusion, e.g. along grain boundaries, of C/O through the TiC
layer controls the overall mass uptake, recognizing that the diffusion
coefficients of C and O through TiC at 1000°C are of the order of 10~ 1*
and 10~ ' m?s™ 1, respectively [35,37]. It is remarked that the presence
of porosity in the TiCy layer can provide a mechanism for CO transport if
the porosities are interconnected with the externally supplied CO.
Extrapolation of the Arrhenius dependence from the high-temperature
regime with Qup, 65.2 kJ.mol™ ! to the low-temperature regime
shows indeed that the mass uptake that would have been realized if
transport through TiC were rate determining is appreciably higher than
accomplished by O-diffusion in the core as the rate-determining step.
Vice versa, in the high temperature regime oxygen diffusion in h.c.p. Ti
can accomplish faster mass uptake than transport through TiC.

4.2. Microstructural evolution in the foils

A schematic representation of the growth kinetics for 650, 850 and
1100°C is given in Fig. 11. The foils initially contain small grains of o-Ti
with small B-Ti particles/regions randomly dispersed (cf. Fig. 6). Syn-
thesis at 650°C initially forms a thin layer of TiCy; transport of C and O
through this thin layer is accomplished by short circuit, grain-boundary,
diffusion. The oxygen concentration profile is indicated as red dotted
lines (cf. Fig. S1), and illustrates how the 650°C foil retains a wide
concentration gradient even after 100 hours of treatment. The reason for
this is the slow volume diffusion of O at this temperature. The diffusion
of oxygen into «-Ti also drives the Fe-rich p particles (white) into the
center. The p particles limit grain growth of a-Ti at lower temperature,
by pinning the grain boundaries; this effect subsides at temperatures
above the a—f transition temperature of 882°C in commercially pure
titanium [38]. It may be suggested that the observed grain growth alters
the kinetics of oxygen ingress into o-Ti, because the density of grain
boundaries is reduced with time. Generally, the effect of grain bound-
aries on the kinetics of interstitial diffusion is less pronounced than on
the kinetics of substitutional diffusion. The distribution of “speckles” in
the low temperature foils does not show a correlation with the grain
boundaries, but rather a “speckle”-free zone of uniform thickness par-
allel to the surface. This strongly suggests that the influence of grain
boundary diffusion on the oxygen ingress into o-Ti is negligible.

At 850°C there is initially a concentration gradient, though this is
removed over time (Fig. 11). At 1100°C there should be no

Short time ~ 1 Hour Long time + cooling

Oxygen content distribution ------

7 —_— 4 | -
-
Untreated/ 650°C 650°C
850°C 850°C

100°C I 1100°C

Fig. 11. Schematic growth scenarios for the 650, 850 and 1100°C samples.
Growth of an outer TiC layer, an inner TiCO layer, precipitation of TiO in « in
1100°C and localized cooling induced deformation in the 650°C sample. TiC
and TiCO are shown as black and gray bars, respectively, while Fe stabilized p is
shown in white. Oxygen content in red. Porosities formed in the TiC layer by
CO,, is shown in white.

concentration gradient, due to a relatively fast diffusion of oxygen in
o-Ti, which removes any gradient. At 850 and 1100°C the diffusion of C
and O is controlled by diffusion through the outer TiC layer, and diffu-
sion in o-Ti is so fast that apparently no concentration gradient occurs
over the core.

The origin of porosities in the TiCy part of the compound layer is at
present unknown. They are schematically shown in the TiCy layer in
Fig. 11, with a higher frequency at the grain boundaries. It appears that
these porosities develop on conversion of oxygen containing titanium
into TiCy. Since this transformation is associated with a volume increase
per Ti atom (cf. Fig. 5), additional densification would be expected. It is
suggested here that TiCx at some distance from the surface does not
experience the ac imposed by the gas mixture and attempts to realize
this ac by partial decomposition. The equilibrium ac, for stabilization of
TiC is extremely low [39] and would correspond to a gas ratio (pC0O)?/
pCO> < 1078 at 1000°C and much lower at lower synthesis tempera-
tures. Then, it could be suggested that in order to realize this ratio and
thereby ac, in particular CO5 has formed inside the TiCy layer, preferably
at grain boundaries. This hypothesis may be corroborated by the lower O
content measured for the highest carbo-oxidation temperature (Fig. 4A).
A similar explanation was provided for the development of porosity in
iron nitride layers formed in NH3/Hj gas mixtures, which form N gas at
some distance from the surface to establish the “equilibrium” nitrogen
activity [40,41].

5. Conclusions

Gaseous carbo-oxidation of 25-um-thick grade 2 titanium foils in CO
at 600 — 1100°C does not lead to the synthesis of homogeneous foils. The
uptake of C and O from the gas is coupled, because equal amounts of C
and O are provided by the dissociation of CO at the surface. The resulting
carbo-oxidation kinetics depends strongly on the associated micro-
structure evolution.

At the surface, a thin layer of TiCy is formed, while O is dissolved in h.
c.p. titanium, due to its high solid solubility, particularly in comparison
to the very low solid solubility of C. At 600-700°C the overall mass in-
crease by incorporating C and O in the foils depends parabolically on
time for the entire carbo-oxidation time and is rate-determined by vol-
ume diffusion of O in h.c.p. titanium. The activation energy of the
parabolic growth constant is 199 kJ.mol !, consistent with volume
diffusion of oxygen in a-Ti. For temperatures up to 850°C, this oxygen



diffusion-controlled overall mass increase applies also for the initial
stage of carbo-oxidation. Above 850°C, mass increase appears controlled
by the diffusion of species through the TiCy layer. The associated
(apparent) activation energy of 65 kJ.mol~ ! reflects short circuit diffu-
sion, most likely along grain boundaries in TiCy. For the stage where O
diffusion in h.c.p. titanium is no longer controlling the rate of the overall
mass uptake, the oxygen content in TiCy increases and TiCxOy develops
at the transition from TiCy to h.c.p. titanium. The oxygen content in h.c.
p. titanium increases with synthesis temperature and first reaches the
solubility limit at about 1000°C. Along with reaching oxygen saturation
in h.c.p. titanium the TiO phase develops as plates within the foil core.
These plates appear oriented along preferred crystallographic orienta-
tions. The hardness and indentation modulus of h.c.p. titanium as
determined with nanoindentation evolve with temperature and depend
linearly on the c/a ratio of the hexagonal lattice, which scales with the
interstitial content. The hardness and indentation modulus are consis-
tent with the dissolution of only O in h.c.p. titanium.
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