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the tetragonal ordered PtgV phase, earlier reported by Nxumalo and Lang [11]. This study has revealed
a complex behaviour of the alloy when is annealed in primary vacuum. Upon heating above 450°C, an
ordering of vanadium atoms in the Pt-11.1at.% V alloy leads to the appearance of a tetragonal PtgV
phase. Concomitantly, vanadium atoms at the surface of the ordered alloy are slowly oxidized into V,03
Corundum type phase by the low oxygen partial pressure existing in primary vacuum. This segregation
of vanadium oxide onto the surface depleting the subsurface region in vanadium, an almost pure Pt cubic
phase grows at the V,03-ordered PtgV alloy interface with increasing the temperature. This investigation
also shows that an external selective oxidation of the cold-rolled Pt-11.1 at.% V alloy takes place when is
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annealed in flowing argon atmosphere.
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1. Introduction

Platinum is a precious metal, which is widely used in vari-
ety of applications. Platinum and platinum alloys are important
constituents of catalysts (chemical reaction, automotive exhaust
gas cleaning, electrodes of proton exchange membrane fuel cells),
temperature sensor materials, high temperature and corrosion
resistant structural parts, electronic and optical devices. However,
it is a very ductile material in its pure state and thus, it has limited
applications when mechanical properties are concerned. In general,
the mechanical strength and hardness of platinum can be enhanced
by mechanical cold working, by alloying with other metals such
as chromium, copper, ruthenium or vanadium, by irradiation using
protons or neutrons or by the combination of these processes[1-5].

Alloying platinum with an element of group IVA, VA, and VIA
is well documented in the literature. Increase the solute content in
platinum alloys can give rise to long-range ordered structure either
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thermodynamically stable or exhibiting order/disorder phase tran-
sition upon heating [6]. Among long-range ordered structures,
several Pt-11.1at.% A alloys (A=Ti, Zr, V, Cr [7-13]) crystallize in
a body centred tetragonal (BCT) PtgA super-structure (space group
I4/mmm (no. 139)) derived from the single face cubic centred (FCC)
structure of pure platinum by a 45° rotation of the unit cell with
the following cell parameters apct ~3/2 x /2 x apcc ~8.31A and
Cger ~ pce ~ 3.89 A. This ordered crystal structure was determined
for the first time in 1965 by Pietrokowsky [7] for the binary PtgTi
alloy. Fig. 1 shows the relationship between the single cubic struc-
ture of Pt (dashed line) and the ordered tetragonal super-structure
of PtgTi (solid line). In this PtgTi phase, Ti atoms are ordered and
located at the centre and corners of the tetragonal super-cell. This
structural type is also found in nickel- or palladium-based alloys
NigX (X=V, Nb, Ta [14-16]), PdgT (T=Mo, W [17-20]).

In a previous paper, we have studied the effect of alloying
platinum with vanadium for compositions ranging from 1 at.% to
11.1at.%V [21]. When fabricated from the melt and cold-rolled, all
compositions in this range of concentration are pure and exhibit
at room temperature the face cubic centred crystal structure of
the platinum metal. Along this Pt;_,Vy series, the linear reduction
of the cubic lattice parameter apcc with increasing the vana-
dium content x reflects that V atom (ry=0.1311nm) is smaller
than Pt atom (rp;=0.1389nm) thus confirming that the partial
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Fig. 1. Illustrations of the change from the single cubic structure of Pt (FCC, space
group Fm-3m no. 225) to the ordered tetragonal superstructure (BCT) of PtgTi with
Pt-1(1/3,1/3,0),Pt-2(1/3,0,0) and Ti (0,0,0) in special atomic positions of the space
group [4/mmm (no. 139).

substitution of platinum by vanadium is effective. Schryvers et al.
[9] and Schryvers and Amelinckx [10] have shown that the tetrag-
onal PtgV phase can be obtained at room temperature when the
Pt-11.1at.% V alloy is annealed for 2 days at 700°C. Moreover,
Nxumalo and Lang [11] have recently probed the thermodynamic
stability of the cubic disordered form of the Pt-11.1at.% V alloy
by re-annealing the cold-rolled specimens in argon for 3h and
quenching them into water from 200, 300, 400, 500, 600, 700,
800, 900 and 1000°C. The characterization by transmission elec-
tron microscopy (TEM) of the samples annealed in the temperature
range 300-800°C has revealed that only a fraction of the cubic
disordered phase is converted into a tetragonal ordered PtgV
phase. This type of disorder/order transition is reminiscent of the
diffusionless phase transformation of austenite into martensite
described by Bain [22] (continuous change of the single face cubic
centred unit cell into a tetragonal unit cell). However, the order-
ing of vanadium in the cold-rolled Pt-11.1at.% V alloy remains
incomplete even after long annealing times at 400°C (2736 h) or
at a higher temperature 600°C (720h). A better understanding
and control of this incomplete transformation is of considerable
importance to increase the benefit effect of this partial vanadium
ordering on the hardness of the Pt-11.1at.% V alloy, reported by
Nxumalo et al. [13]. Since a limited electron transparent area of
the sample is analysed by transmission electron microscopy which
might not be representative of the whole of the sample, in situ
temperature-controlled X-ray diffraction has been used in the cur-
rent investigation to provide key information in understanding the
incomplete ordering of vanadium in the cold-rolled Pt-11.1 at.% V
alloy.

2. Experimental

Button of Pt-11.1at.% V alloy was produced by arc melting of pure platinum
(99.99 wt.%) and vanadium (99.8 wt.% purity) in stoichiometric amount. The button
was re-melted under argon atmosphere at 900 °C for 8 h to promote homogeneity

before casting. The melt was afterwards cooled down at a rate of 10 °C/min and the
button was cold-rolled. Due to extremely high rate of hardening making difficult
the multi-rolling process, the sample was subjected to re-annealing at 900 °C for
8h under vacuum conditions (1.10~4 mbar) after every 20th rolling pass. A total
of 100 rolling pass was needed to obtain a sample of 1mm in thickness. Finally,
a 1cm x 1cm square specimen was cut out and was then mechanically polished
according to the process: firstly with silicon carbide papers (from 80 to 1200 grit)
followed by successive polishes with diamond pastes (grit particles of 3 um, 1 wm
and 0.25 wm in size) and alumina suspension.

The thermal stability of the Pt-11.1at.% V alloy was studied by temperature-
controlled X-ray diffraction on the top surface of the specimen in a dynamic primary
vacuum atmosphere of about 10-2 mbar. In a first stage, primary vacuum atmo-
sphere was preferred to flowing argon one since argon gas has a low thermal
conductivity and a high X-rays mass attenuation coefficient. The experiments were
performed on a PANalytical 0/6 Bragg-Brentano X'pert MPD PRO diffractometer
(CuKoup+2 radiations) equipped with the X’'celerator multi-elements detector and
a HTK 1200 Anton Paar chamber. Data collection was carried out in the (12.5-90°)
scattering angle range with a 0.0167° step over 125 min at RT, 103°C, 209°C and
every 25°C from 316 to 846°C (heating/cooling rates of 10°C/min, temperature
stabilisation for 20 min with temperature correction after calibration [23]). The
program FullProf [24] was used for Le Bail’s refinements. The effect of isothermal
annealing at 600 °C (corrected temperature, heating rate of 30°C/min) in flowing
argon atmosphere was carried out by in situ X-ray diffraction. The raw sample was
continuously scanned in terms of successive periods of 20 min for 800 min. Each
scan was performed in the (28.5-40.5°) scattering angle range with a 0.0167° step.

A Hitachi S2300 scanning electron microscope (SEM) coupled to a Link/Oxford
energy dispersive X-ray spectrometer (EDX) was used to determine the chemical
composition on 10 randomly selected point locations on the surface of the alloy.
In addition, EDX cartographies were recorded in order to check the homogeneous
distribution of elements on the surface.

3. Results and discussion

In the (12.5-34.5°) scattering angle range of temperature-
controlled X-ray diffraction patterns (Fig. 2a), seven extra
diffraction peaks emerged, as the temperature increases up to
713°C, from the weak undulations of the background detected
at around 300°C. Five of them can be successfully indexed in
the I4/mmm super-cell, proposed by Pietrokowsky [7] for PtgTi.
The vanadium ordering in Pt-11.1at.% V alloy is then similar to
that observed in PtgTi, as Schryvers et al. [9] and Schryvers and
Amelinckx [10] showed by transmission electron microscopy.

It must be pointed out that Nxumalo and Lang [11] have reported
that the ordered tetragonal PtgV phase exists in the temperature
range starting from 300 to 810°C while the alloy has the cubic
disordered structure above 810°C. However, a different thermal
behaviour is highlighted in our in situ study. As shown in Fig. 3,
the intensity of the (220)gcr reflection first strongly increases
as the temperature increases up to 633°C and falls down above
this temperature while the full width at half maximum (FWHM)
exponentially decreases in this whole thermal range. Note that,
all of superstructure peaks belonging to the ordered PtgV struc-
ture have completely disappeared above 713 °C. In order to explain
such a discrepancy with Nxumalo et al. study, our attention was
focussed on the 11 additional diffraction lines remaining non-
indexed in the I4/mmm super-cell associated to the ordered BCT
phase. A strong rise in their intensity as the temperature increases
above 713 °C takes place only when the BCT superstructure peaks
have completely disappeared. An attempt to index these extra
diffraction lines was performed by using the program TREOR-
90 [25]. A solution with a trigonal/rhombohedral symmetry and
the cell parameters a=5.034(2) c=13.951(4) (hexagonal axes) was
obtained (figures of merit M(11)=31 and F(11)=10 [26]). A good
match with V5,03 corundum type phase (space group no. 167 R-
3¢, PDF 01-070-8656 [27]) is found and the two peaks at 20 ~ 24°
and 20~32.75° in Fig. 2a are indexed as the (012) and (104)
reflections, respectively. This result is in good agreement with
the grey-black colour of the whole surface of the sample after
temperature-controlled X-ray diffraction experiment. It is known
that vanadium metal can be easily oxidized in air above 660 °C via
the lower oxides to V,05 [28] but this oxidation can also take place
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Fig. 2. Evolution upon heating of the X-ray diffraction pattern of Pt-11.1 at.% V alloy showing the growth of tetragonal ordered phase (BCT) in the range 448-713 °C from the
cubic metastable-disordered phase (FCC) and its sudden disappearance above 713 °C due to the oxidation of vanadium into V,03. (a) Superstructure peaks at low scattering
angles of the tetragonal (BCT) phase, (b) Overlapping of the (11 1)rcc cubic peak and (30 1)pcr tetragonal peak and (c) Overlapping of the (31 1)pcc cubic peak and the

(63 1)cr +(303)pcr tetragonal peaks.

at ambient temperature by long exposure to low O, partial pres-
sure [29]. In the current study, this partial oxidation of vanadium
seems to occur above 554 °C under primary vacuum conditions.
Then, only temperature-controlled diffraction patterns col-
lected at a temperature lower than 554°C were thoroughly
analysed. It is worth noting that a strong preferred orientation
effect arising from the severe mechanical work is observed on all
diffraction patterns collected. All attempts to model these strain
effects in Rietveld refinements remained unsatisfactory. In that
way, only Le Bail fits of diffractograms were carried out (Fig. 4).
Below 448 °C, the diffraction patterns can be satisfactorily fitted
with a single cubic disordered Pt-11.1at.% V phase (space group
Fm-3m no. 225). The temperature dependences of cell parameters
and cell volumes are reported in Fig. 5 (solid circles), together with
those of pure cold-rolled Pt sample (open squares) for reference.

In Fig. 5, the reduction in cell dimension of the cubic Pt-11.1 at.% V
phase when compared to that of pure Pt reflects that vanadium
atom is much smaller in size than platinum. However, both Pt
and disordered cubic Pt-11.1 at.% V phases exhibit a similar linear
thermal expansion with an average thermal expansion coeffi-
cient oRrT-625°c = 10.2 x 10-6°C-1 and ORT-425°c=11.1 x 106 OC‘I,
respectively. At 448°C, the peak shape of the disordered cubic
Pt-11.1at.% V phase changes as shown in Fig. 2b and c. In the
(79.75-82.5°) range, two shoulders appear on both sides of the
strongest peak. If the former at lower scattering angle remains
weak, the second is relatively intense at higher scattering angle
(Fig. 2c). The most intense shoulder was satisfactorily modelled in
Le Bail fit of the diffraction pattern with a tetragonal super-cell
thus confirming the occurrence of the Bain transformation (Fig. 4).
The temperature dependences of cell parameters and volume for
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Fig. 3. Temperature dependences of the peak intensity (triangles) and the full width
at half maximum (FWHM, squares) for the (2 2 0)scr bragg reflection.

the ordered tetragonal phase are reported in Fig. 5 (triangles). In
the Bain transformation, the cgcr-axis of body centred tetragonal
super-cell of the ordered phase corresponds to the cpcc-axis of the
single face cubic centred cell of the parent phase as shown in Fig. 1.
This explains why the thermal evolution of the cgcr cell parameter
as the temperature increases above the disorder/order phase tran-
sition temperature is in keeping with the linear thermal expansion
of the agcc cell parameter below this temperature.
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It is important to note, however, that the weakest peak at
20~ 80.8° continuously grows in intensity with increasing the tem-
perature. The coexistence of ordered and disordered domains in
initially cold worked Pt-11.1at.% V and later annealed in argon
at 400°C for 2736 h was earlier shown by Nxumalo and Lang [11]
thanks to transmission electron microscopy (after ion polishing of
the surface). Then, Le Bail fits of the diffraction patterns with a sec-
ondary cubic phase were attempted and successfully performed, as
shown in Fig. 4. The temperature dependences of cell parameters
and volume for this secondary cubic phase in the range 448-554°C
are also displayed in Fig. 5 (solid squares). One can note that this
phase has a cubic cell parameter very close to that of a pure Pt
phase. This shows that an almost complete depletion of vanadium
from the PtgV phase occurs even at temperature lower than 554 °C.
Nevertheless, no trace of a ternary phase containing the exsolved
vanadium is detected in X-ray diffraction patterns collected in
the temperature range 448-554°C. This suggests that the weight
fraction of vanadium exsolved from the alloy in this temperature
range remains too small to be detected by diffraction. Attempts to
determine the weight fractions of the cubic Pt phase and of the
tetragonal PtgV phase using the Rietveld method failed due mainly
to the unsatisfactory modelling of the strong preferred orientation
effect and to the strong overlap of the Bragg reflections of both
phases. At 554 °C, extra diffraction peaks ascribed to the sesquiox-
ide V503 starts emerging from the background. The strong rise in
their intensity as the temperature increases above 554 °C indicates
that a layer of V,03 grows onto the surface of the Pt-11.1at.% V
alloy thus progressively depleting the subsurface region in vana-
dium. This is supported by the concomitant intensity increase of
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Fig. 4. Observed (solid circles), Le Bail’s fitted (lines), and difference (below) patterns showing the coexistence of ordered tetragonal and disordered cubic phases. Vertical
markers give Bragg peak positions of space groups I4/mmm (no. 139) (top) and Fm-3m (no. 225) (bottom), respectively.
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Fig. 5. Temperature dependences of unit cell parameters and volumes of the FCC-
PtgV (solid circles), BCT-PtgV (triangles), vanadium-depleted Pt (solid squares)
phases determined from Le Bail’s fit of temperature-controlled X-ray diffraction
patterns (see details in the text). The thermal expansion of pure FCC-Pt sample is
added (open squares) for reference. Errors bars are approximately the size of the
symbols.

diffraction peaks ascribed to the vanadium-depleted (almost pure)
Pt cubic phase (Fig. 2b and c). In order to confirm that this vanadium
depletion takes place only near the surface rather than in the bulk
of the sample, the previous Pt-11.1at.% V alloy which has been
annealed at 846 °C and cooled down at 10°C/min in primary vac-
uum in the high temperature HTK 1200 Anton Paar chamber was
manually polished with an ESCIL silicon carbide abrasive disc (1200
grit). The polishing was stopped when the grey-black layer was
totally removed. In Fig. 6, the X-ray diffraction pattern collected
at room temperature after a~ —0.04 mm in-depth polishing of the
surface confirms the absence of the V,03 phase. The elemental
composition was then checked by EDX analysis at 10 randomly
selected point locations on the surface of the polished sample.

CuKa,,,
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Fig.6. SEMimage, EDX cartographies and X-ray diffraction pattern (peak indexation
of the cubic metastable form) collected at room temperature after in-depth polishing
(~—0.04 mm) of the Pt-11.1at.% V alloy annealed at 846°C and cooled down at
10°C/min in primary vacuum.

The vanadium content was around 11.2 at.% V, which is in good
agreement with the nominal composition of the alloy. In addition,
EDX cartographies in Fig. 6 reveals that the platinum and vana-
dium are homogeneously distributed in the sample. No effect of
the annealing in primary vacuum on the bulk composition of the
alloy has therefore been noticed. The X-ray diffraction pattern also
shows that the disordered cubic phase existing at 846°C, above
the order/disorder transition temperature at 810+ 10°C [11], can
be retained within the bulk as a single phase by cooling down at
10°C/min the primary vacuum-annealed Pt-11.1at.% V alloy. In
absence of regions richer in vanadium or in platinum resulting
from element segregations within the bulk of the sample, one have
to conclude that the force driving the vanadium depletion is its
oxidation when the surface of the alloy is exposed to low O, par-
tial pressure atmosphere. In the light of what we observed in the
current study, the full ordering of vanadium in the Pt-11.1at.% V
alloy near the surface appears as frustrated by its continuous oxi-
dation. Mechanical cold working is known to generate structural
metastability or instability principally by increasing the density of
extended imperfections (dislocations and interfaces) in the system.
These extrinsic imperfections might greatly exacerbate the surface
instability of the Pt-11.1 at.% V alloy with respect to oxidation.
Nxumalo and Lang [11] have observed by TEM that small and
isolated domains having the ordered tetragonal PtgV structure
precipitate within the cubic disordered matrix when a 300 pm
thick cold-rolled Pt-11.1at.% V alloy was annealed in the range
300-800°C. No significant increase in size of the ordered domains
has been observed even after long annealing times at 400°C
(2736h) and 600°C (720h). One can wonder whether the long
exposure to the low O, partial pressure existing in argon could
also involve a partial and irreversible segregation of vanadium
oxide onto the surface of argon annealed Pt-11.1 at.% V alloy, thus
giving the clue of the incomplete disorder/order phase transfor-
mation reported by Nxumalo et al. It is noteworthy that the TEM
analyses performed by Nxumalo and Lang [11] on argon annealed
Pt-11.1 at.% V specimens require the ion polishing of the specimen
in order to get an electron transparent area. Since material is sput-
tered from the specimen during the process, the possible trace of
vanadium oxide onto the surface of the alloy exposed to argon is
therefore removed. To draw a firm conclusion on this point, the
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Fig. 7. (a) Appearance with the annealing time of the (11 1)pcc X-ray diffraction peak of the vanadium-depleted Pt phase (face cubic centred unit cell) when the cold-rolled
Pt-11.1at.% V alloy is annealed at 600°C in flowing argon atmosphere. (b) Room temperature X-ray diffraction pattern of the Pt-11.1 at.% V alloy after being annealed at

600 °C for 800 min and cooled down at 10°C/min in argon.

effect of isothermal annealing at 600 °C (corrected temperature) on
araw Pt-11.1at.% V alloy in flowing argon atmosphere was carried
out by in situ temperature-controlled X-ray diffraction. The evo-
lution with time of X-ray diffraction patterns recorded at 600°C
is displayed in Fig. 7a. In the (39-40.5°) range, a small shoulder
is clearly detected, at t=0min, on the low scattering angle side of
the strong (3 0 1)gcr diffraction peak of the tetragonal PtgV phase.
The position in 26 of this shoulder corresponds to the one of the
(11 1)pcc cubic peak attributed to the vanadium-depleted (almost
pure) Pt phase in the pattern collected on the primary vacuum
annealed Pt-11.1 at.% V alloy (Fig. 2b). This (11 1)gcc peak rapidly
grows in intensity with increasing the annealing time without any
appearance of diffraction peaks of the sesquioxide V,03 in the
(28.5-34.5°) range (not shown in Fig. 7). After isothermal anneal-
ing at 600°C and cooling down to room temperature at 10°C/min
in flowing argon atmosphere, the whole surface of the sample has a
light blue tint, thus indicating that an oxidation also takes place. In
order to determine the nature of the oxide formed, an X-ray diffrac-
tion pattern was collected in the large (12.5-90°) scattering angle
range with a 0.0167° step over 125 min. This pattern displayed in
Fig. 7b shows an intense peak at 26 ~27.6° and a weaker one at
260~57.3° in addition to the peaks ascribed to the mixture of cubic
and tetragonal phases (see in insert of Fig. 7b the overlapping of
peaks in the (79.5-83°) range). A good match with the monoclinic
low temperature form of VO, (space group no. 14 P2¢/c, PDF 00-
043-1051 [27]) is found. This result shows that the coexistence of
a cubic phase and of the tetragonal ordered PtgV phase reported
by Nxumalo and Lang [11] after an annealing of a cold-worked
Pt-11.1at.% V alloy at 600 °C in flowing argon atmosphere has the
same origin to the one observed for a primary vacuum annealed
specimen: a segregation of a vanadium oxide overlayer (V,03 or
VO, depending on the O, partial pressure) enriching the subsurface
region of the alloy in Pt.

Bardi and Ross [30] have carried out a thorough study of the
oxidation process taking place at the surface of a Pt3Ti single crys-
tal annealed at different oxygen partial pressure and temperatures.
Above 325 °C, titanium starts segregating from the bulk of the alloy
to the surface to form a layer of titanium oxide, thus progressively

depleting the subsurface region of the alloy in Ti. The binary Pt5Ti
alloy adopts the ordered CuzAu type-structure in which titanium
atoms reside only at the corners of the primitive cubic cell. The
ordering of such oxophilicatoms in the structure is likely to increase
the number of active site at the surface of the alloy for the dry oxi-
dation. It must be remembered that when the ordered PtgV phase
appears above 448 °C, concomitantly the subsurface region of the
Pt-11.1at.% V alloy starts depleting in vanadium due to its oxi-
dation. This clearly points out that both ordering and oxidation
phenomena are correlated and explains why the Pt-11.1 at.% V alloy
behaves the same way as Pt3Ti in oxidizing conditions.

4. Conclusion

In order to gain better insight into the incomplete disorder/order
phase transition in cold-rolled Pt-11.1at.% V alloy, temperature-
controlled X-ray diffraction performed in primary vacuum was
used to determine the nature of the phases involved in this pro-
cess. Upon heating above 450 °C, an ordering of vanadium atoms in
the Pt-11.1 at.% V alloy leads to the appearance of a tetragonal PtgTi
prototype phase. Concomitantly, vanadium atoms at the surface of
the ordered alloy are slowly oxidized into V,03 corundum type
phase by the low oxygen partial pressure existing in primary vac-
uum. This segregation of vanadium oxide onto the surface depleting
the subsurface region in vanadium, an almost pure Pt cubic phase
grows at the V,03-ordered PtgV alloy interface with increasing the
temperature. If the alloying of platinum with oxophilic atoms can
enhance its hardness through a partial or complete disorder/order
transformation, the surface instability of the alloy with respect to
oxidation can also increase with the ordering of such alloying ele-
ment.
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