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Abstract

The air oxidaton of three Co-Ta alloys
containing 15, 30 and 45 wt.%Ta was
investigated with a thermobalance at 300°C. The
oxidation morphologies and compounds were
analyzed by scunning electron microscopy,
energy dispersive X-ray spectrometry and x-ray
diffraction. For the first two compositions the
oxidation kinetics follows the parabolic rate law
while the Co-45Ta alloy presents a behavior
intermediate between linear and parabolic. The
oxidation morphologies of Co-15Ta and Co-
30Ta alloys are very similar, They display an
external Co.0/CoO duplex scale, and an internal
heterophasic region (HR), in which both meiallic
phases were oxidized. The Co-45Ta alloy
displays an external monolayer of Co,;0,, and an
internal oxidation zone (I0Z). where only the
Ta-rich phase was oxidized.
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Introduction
Refraclory  metals  beanng alloys have Dbeen

considered as candidate materials for high-temperature
sulfur containing atmospheres. Alloys containing Mo and
Nb have been tested for (his purpose (6,8). Alloys
containing Ta. in particular Co-Ta alloys, also have been
considered for this application, but so far only their
resistance in oxygen bearing atmospheres has been
evaluated (2.4),
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The oxidation of binary Co-Ta alloys (10 and 15
wi,%Ta) as well as of the same alloys containing carbon
{up 10 } wi.%C) was imvestigaied by E)-Dahshan and
Hazzaa (4) in pure oxygen and in air, al temperatures
raging from 900°C o 1.100°C. They found that Ta
additions reduce the oxidation rate of Co more efficientty
than Cr additions. The oxidized alloys exhibit an external
monolayer of CoO and a nulti-phise porous internal layer
composed of CoO, TaiOs and CoTaO,. The beneficial
elfect of Ta was atributed to the formation of CoTaO.
which would he responsible for the reduction of oxygen
activity at metal/oxide interface, blocking irs inward
diffusion.

Voutovich  (9) investigated similar alloys and
concluded than the positive effect of Ta is due o the
removal of CoO (which presents high concentration of
cationic defects) trom the external laver (hrough the
following redox reaction:

5Co0 + 2 Ta— Tax0: + 5 Co

The present investigation js pan of a broader study of
high-temperature oxidation resistance of refractory metals
bearing alloys in difterent oxygen and sulfur containing
atmospheres (2). Its aim is to obtain further informaton
on Co-Ta aloys behavior in high-temperature air
atmosphere so as o better understand the oxidation
mechanism of these (wo-phase materials.

Materials and Methods

Three Co-Ta alloys, containing about 15, 30 and 45
wt.%Ta (Co-15Ta, Co-30Ta and Co-45Ta, respectively),
were prepared by repeatedly arc-melting  appropriate
amounts of the two pure metals (99.3%Co and 99.8%Ta)
on a water-cooled copper hearth under high-punity Ti-
gettered argon. After cooling. the alloys were annealed
under argon atmosphere at 900°C for 48 hours.
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Figure 1 — Go-Ta equiibnum phase diagram (1).

The microstruciure of (he three alloys is always
formed by a cobalit rich phase with maxirmum Ta content
equivalent to 3 wi.% (£Co) and the inlermetallic phase
Co.Ta (h) (3). This microstruclure does not agree with
the phase diagram for Co-Ta system, shown in Figore |
(1), which predicts the formation of a peritectoid phase.
This peritectoid phase, Co;Tas, has not been detected by
either XRD or EDS. The absence of this phase is probably
a consequence of the slow kinetics of the peritectoid
reaciion, which normally needs controlled coaling or
special long-term heat (reaments (o aflow the formation
of 1s product.

Samples of about 1.0 mm thick and with a surface
area of approximately 2.0 em” were cut from the ingols
nsing a diamond-wheel saw. They were ground down to
600-grit paper, cleaned with ethano), ulirasonically sinsed
in acetone and dried imniediately before use.

The isothermal oxidation tests were carried out al
800°C for periods of 18 hours. in a SHIMADZU TGA-
5IH  theninobalance  with  continuous  weight-gain
measurements. Oxidized samples were examined by X-ray
diffraction (XRD) for phase identilication (PHILIPS
PW) 710, Cu-Ko, spinning). Subsequently, they were
mounted in  epoxy resin  for examination of their
transversal sectiony at scanning eleciron  microscope
(SEM) and micreoanalysis with the energy dispersive X-
ray spectrometer (EDS) attachment to the SEM, in order
ta ideniify the phases and (o delermine the clement
distribution in oxide scales. The SEM used was a
PHILIPS XL 30. having a tungsten filament, operating
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with an accelerating voliage of 20 kV., in the BSE mode
and a working distance varving from 7 1o 11 nmin,

Results

All samples, except the Co-45Ta alloy, oxidize
according o the parabolic rate law, ax shown in Figures 2
and 3. Figure 4 is the di-log plot of the kinetics presented
by the tantalum richest alloy which indicates a behavior
intermediate  between linear and parabolic (slope of
approximately 0.8).
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Figure 2 — Kinetics curves for the arr oxidation at
800°C of Co-15Ta, Co-30Ta and Co-45Ta.
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The oxidation of Co-15Ta and Co-30Ta alloys
produced very similar morphologies (figures 5 und 6,
respectively). In both alloys external and internal scales
were formed. The external 15 a duplex scale type with
Co-0, being the outermost and CoO the innermost Jayer.
The approximate ratio between the thickness of the Co 0y
layer and that of CoO s 1:3 for Co-15Ta and 1:4 for Co-
30Ta.
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Figure 3 — Parabolic piots of the kinetics curves for
the air oxidation at 800°C of Co-15Ta and Co-30Ta.
The values of corresponding parabolic rate
constants, k, {y = K..x). and of the rsquared
correlation coefficient, r, of the filled straight lines
are also shown,
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Figure 4 — Di-log plot of tH&kinetics curve for the air
oxidation at 800°C of Co-45Ta (first part — up to 3
minutes, second part — from 3 minutes to 18 hours)
The corresponding equations of the fitted straight
lines and the respective r-squared correlation
coefficient, r*, are also shown.

The internal scale has a two-phase microstructure,
resembling that of the alloys, i.e., the spatial distribution
of the oxide phases is exactly the same as that of the
metallic phases present in the alloys before their
oxidation, The EDS analysis confirmed that both metallic
phases become oxidized. This type of distribution is
known as heterophasic region (HR). The thickness of this
region is equal to 23 pm and 26 pm, respectively, for Co-
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15Ta and Co-30Ta alloys. Figure 7 shows in detail the
HR-alloy interface at the Co-15Ta alloy, where it can be
verified the good adherence along this interface.

The Co-45Ta alloy displayed an external monolayer
of Co,O4 and a thick region of internal attack (57 pm)
{Figure 8). The morphology of this region is differem
from that observed on Co-13Ta and Co-30Tu alloys, since
only the intermetallic phase was oxidized. This suggests
that an internal oxidation zone (I0Z) was formed.
However, in a similar way to the more diluted alloys, the
internal  scale of Co-45Ta  alloy shows no  sparial
distribution difference when compared 1o that of metalhc
alloy. Acrually. it is believed that Ta was oxidized in both
metallic phases, although this oxidation 1s only visihle m
the intermetallic phase. due 10 contrast reasons.

The XRD analysis of oxidized Co-15Ta alloy
detected, besides the superficial formed Co;0, and Co0O.
also the double oxides CoTa,O, and Co,Ta-0.. These
double oxides were not detected at the oxidized Co-30T4
alloy. although the EDS analysis of this alloy indicated a
possible  presence of this type of oxides. These
contradictory results may indicate that, mstead of double
oxides. tantalum-rich phase could have formed a mixture
of Ta,Os plus either CoO or metallic Co, which lead EDS
microanalysis to a chemical composition close 1o that of
the double oxides,

The XRD analysis of oxidized Co-45Tu detected
some nitrogen-containing phases: tantalum nitrides (TaN.,
Ta:N and TayN) and Co(NO,),. These phases were not
identified in the scales because the EDS microprobe wis
used to analyze only Co, Ta and O.

Discussion

As was already stated, there is a significant
difference between the oxidized scale morphology of Co-
15Ta and Co-30Ta alloys and that of Co-45Ta alloy. The
main difference is the type of internal scule. since in the
latter an internal oxidation zone (10Z) was formed, in
which only the Ta-rich phase was oxidized, while for the
two first alloys a heterophasic region (HR) was formed. in
which both metallic elements were oxidized.

When no metallic diffusion occurs and only one alloy
element is oxidized by the inward diffusion of oxygen this
type of internal oxidation of two-phase alloys is called
“diffusionless™ or “in situ” internal oxidation (5). The
inward oxygen diffusion causes a progressive drop of
oxygen partial pressure. At a certain depth, the oxygen
partial pressure is not sufficient to oxidize Co but can sull
oxidize Ta, smce the latter 1s more reactive {less noble)
than Co. Therefore, the internal scale that was detected on
Co-15Ta and Co-30Ta alloys, where both metallic phases
(and both metallic elements, as well) were oxidized,
ciannot be considered as due to internal oxidation. This
implies that the oxygen partial pressure at the reaction
front is higher than the dissociation pressure of CoQ.
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Figure 5 -~ Cross section of Co-15Ta alloy oxidized in air al 800°C for 18 hours (BSE/2500x). 1 and 2. external duplex scale
{1-Co:0: and 2 - Co0), 3 and 4. heterophasic region - HR (3 — oxidized Ta-nch phase and 4 - oxidized Co rich phasa)
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Figure & ~ Cross section of Co-30Ta alloy oxidized in air at BO0"C for 18 hours {BSE/2500%). 1 and 2 exlernal duplex scale
(1 - Co:04 and 2 - CoO); 3 and 4: heteraphasic region - HR (3 — oxidized Ta-rich phase and 4 — oxidized Co nch phase).
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Figura 7 — Detal of (he interface between the alioy and the heterophasic region on Co-15Ta alloy, oxidized i air at 800°C for
18 hours (BSE/BD00=). Top: heterophasic regon; boltam: non-oxidized alloy.
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Figure 8 — Cross seclion of Co-45Ta alloy oxidized in air at 860°C for 18 hours (BSE/1500x). Top external monofayer of
Co.0s, intermediate. internal oxidized zone (I0Z}, batlom. non-oxidized alloy.

This 1ype of interna) antack (HR) may also coexisi
with another more intermally located scale. in which only
the more reactive metal is oxidized, giving vise 10 an 107Z.
This OZ is characterized by a morphology in which only
e phase (hat contains the most resctive element is
oxidized such as the one wvbserved in Co-45Ta alloy.
Nevertheless, the presence ol this 10Z beneath the HR
was not observed in cither Co-15Ta or Co-30Ta alloys.
The absence of 10Z°s in these alloys suggests a possible
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obstruction of oxygen diffusion through the HR. Tlus
obsiruction 15 certainly related (o the nature of ihe
oxidation products of this layer,

Anaother Factor, which could have contibuted o the
different type of internal oxidation at Co-45Ta alloy, is the
volume fruction of Ta-rich phase (A which s
approximately 90%. Even if nxvgen partial pressure is
sufficient to oxnidize Co, the much bigger Ai-volume
fraction delermines a greater possibdity for oxygen tu
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meet Ta rather than Co. Moreover. there js also the
kinetics factor. )f the growing rate of I'a oxides is greater
than that of Co oxides (what s normially observed at
conditians of high oxygen pressure), then Ta oxides may
grow and coalesce, isolating Co-rich phase from oxvgen
attack. For (his mechanism 10 be operative there is a
demand of & minitmum volume fracrion of A, i.e.. there
must be a critical volume frachon of Ta-rich phase to
suppress the oxidation of Ca. This crtical As-voluine
fraciion seems 1o be between that found in Co~30Ta alloy
(which formed HR) and that of Co-45Ta alloy (which
furmed 10Z with (e sole oxidation of As).

Thbe oxidation kinetics of Co-45Ta alloy was found Lo
be mtemiediate between linear and parabolic (slope of 0.8
on 1he di-log plovy, indicsting a smaller resistance to
oxidaton of Co-45Ta when compired (0 (he other wwo
alloys. Apparently, the oxygen diffusion through Co.0; is
much easier than through CoO.

The Inerature data (7) state that the oxygen diffusion
cocfficient in Coy0, is 2.4x107 expl-736(kJ/molYRT)
m/s while in CoO it is 8.8x10™ expl—28 7(kJ/moly/RT]
m/s. The data for CoO was determined m the range of
1.050°C o 1.300°C, while for Co,0. there 1« nu
information as 10 the temperature range in which st is
valid. However. if it is assumed tha these values are valid
at 800°C. then the oxygen diffusion coelticicnts for CoyO,
and CoO wowld be 3.41x30 " m%s and 9.24% 107" m/s.
respectively. This is in agreement with the above finding.

According to Figure 3, Co-15Ta is more resistant to
oxidation compared to Co-30Ta. So in the present Co-Ta
system, the higher the Ta content of the alloy the faster is
it oxidation,

Further diffusion and thermodynamic data retated to
Co-Ta-O mnd Co-Ta-N systems, in panicolar diffusion
paths in temary diagrams, would allow a  betler
understanding of alloys’ oxidation. This complementary
study wil} be presented elsewhere.

Conclusions

e The air oxidation kinetcs at 800°C of Co-15Ta and Co-
30Ta alloys is parabolic (Co-30Ta has a k, higher than
that of Co-15Ta), while that of Co-45Ta alloy is
intermediate between linear and parabolic (the di-log
kinetics curve displays a slope of 0.8).

e The oxidation of Co-15Ta and Co-30Ta produced an
extermal duplex scale. tformed by Co:0, and CoO. and
an nhilernal heterophasic region (HR). in which both
metallic phases were oxidized and their spatial
distribution is exactly the same as that of the metallic
phases present in the alloys before oxidation.

» The oxidation of Co-45Ta alloy produced an external
Co0:04 monolaver. and an internal oxidation zone
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(10Z), in which only fhe Ta-rich phase suffered
oxidation.

¢ The [0Z formed at the Co-45Ta alloy is much thicker
than the HR's presented by the two other allays. which
appears (0 be a consequence of the nature of s external
monolayer and also of the exclusive internal oxidution
of Ta (defermining a Jesser consumption of oxygen per
unit of volume).
To better understand the Co-Ta alloys air oxidation i
will be necesrary 1o ke into account the nitrogen
compounds which were detected by XRD in the scale
ot oxidized Ca-45Ta alloy.
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