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Platinum-20% rhodium strengthened by oxides
of zirconium and yttrium were prepared by
solidification of platinum-rhodium-(zirconium)yttrium powder which had been internally oxidised.
After forging, rolling and annealing, 1 mm plates
were obtained. Then the plates were mechanically
ground to 50–70 μm from rolling-normal direction,
followed by argon ion milling until a hole appeared
on the centre of the foil to obtain samples which
were characterised by transmission electron
microscopy (TEM), combined with thermodynamic
analysis. The existence of spherical ZrO2 and Y2O3
particles was verified with platinum and rhodium
present as pure metals at the same time. It was
found that the deformation behaviour of ZrO2 and
Y2O3 particles was quite different during processing,
where the former basically maintain their spherical
shape and were bonded tightly to matrix, while
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the latter were compressed along normal direction
and form two cracks on both sides of Y2O3 particles
along the rolling direction. The differences in
hardness and interface bonding properties of these
two types of particles are supposed to be the main
causes of different deformation behaviour during
hot forging and cold rolling.

1. Introduction
Platinum and its alloys are very important
in industries such as the chemical and glass
industries. Some of their main applications are
as follows: a functional structural material in the
aerospace industry; a catalyst in the nitric acid
preparation industry; nozzles for preparing glass
fibres; preparing crucibles and utensils that require
special properties for use in chemical laboratories.
Platinum-rhodium alloys with low rhodium
content can also be used as brazing filler metals
in metal welding. Although expensive, their high
temperature stability and chemical inertia cannot
be replaced by other materials (1, 2).
However, the strength and creep resistance of
pure platinum would significantly reduce at high
temperature because of sharp grain growth.
Therefore, it is crucial to find a way to improve
the high temperature creep resistance of platinum
alloys (3). Many methods of strengthening platinum
materials are known. Among these different
methods, the best methods are solid solution
strengthening and dispersion strengthening. The
addition of rhodium has been found to have the
best solid solution strengthening effect in high
temperature use of platinum. With increasing
rhodium content in platinum-rhodium alloys, the
normal temperature strength, high temperature
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endurance strength, creep rupture life and creep
activation energy of the alloy increases greatly,
so platinum-rhodium alloys are widely used
(4, 5). But the high-temperature mechanical
properties of platinum-rhodium alloys fail to
satisfy the requirement of industrial production
with worsening service conditions. Therefore,
dispersion-strengthened platinum-rhodium alloys
were subsequently developed in Johnson Matthey,
UK (6, 7), Engelhard Corporation, USA (8) and
Heraeus, Germany (9) from the 1980s to 1990s.
They were prepared by adding zirconium, yttrium
or scandium oxide particles into the platinumrhodium alloy under certain process conditions. At
present, dispersion-strengthened platinum alloys
such as zirconia grain stabilised (ZGS) platinum
and oxide dispersion strengthened (ODS) platinum
(10, 11), in which Y2O3 and ZrO2 are two commonly
used reinforcement particles, are used in industrial
applications. According to the experimental results
of Hu et al. (12), as the zirconium concentration
increases, the platinum-rhodium alloy’s yield stress
(0.2% offset) increases significantly, while the
elongation decreases slightly. The work hardening
rate of particle-reinforced samples increases
with the increase of the volume concentration of
dispersed particles, which is a typical behaviour
of particle dispersion enhancement. In addition,
based on a reformulation of the Orowan stress
for particle strengthening and by superposing this
stress to the matrix stress, a calculated flow stress
is in good accord with the experimental value.
Though the strength of these particle strengthened
platinum alloys can be significantly improved, the
further enhancement of the strength is difficult due
to the lack of mechanism research and empirical
development in the past (12, 13).
Zirconium and yttrium have good plasticity and
corrosion resistance. Diffusion strengthening
improves the metal strength through adding
a second phase or multiple phases and the
essence is the interaction of the second phase
and the dislocation (13). Nevertheless, the two
reinforcement particles, i.e. Y2O3 and ZrO2, are
usually thought be to the same as strengthening
particles based on Orowan’s equation where the
strength increment from the non-deformable
dispersed particles is positively correlated with the

particle spacing (14, 15). When making samples,
we tried to add the yttrium content to 0.1%, and
found that the ingot will crack during rolling, so
we speculate that different deformation behaviours
will have a huge impact on alloy strengthening.
In this study, two kinds of platinum alloys
strengthened by Y2O3 and ZrO2, respectively, were
prepared and characterised by TEM. A number of
differences in deformation behaviour of the two
particles during processing were found. These
findings are expected to lead to new insights into
developing dispersion strengthened high strength
platinum alloys.

2. Experiment
Nominal composition of the investigated alloys
is listed in Table I. The preparation processes
have been described in previous research (13)
and can be briefly summarised as follows: Pt-20
wt% Rh‑0.015 wt% Y without and with 0.1 wt%
Zr were smelted in a vacuum induction furnace at
1800–2000ºC under argon atmosphere, then cast
into a water-cooled copper mould to obtain ingots.
The ingots were hot forged to 10 mm plates which
were sheared into pieces, followed by mechanical
milling to fine powder. The size distribution of the
powder was measured using an LS-POP(6) laser
particle size analyser (OMEC, China). 97% of the
particles were distributed between 5 μm and 60
μm with an average particle size of 25 μm. The
powder was sintered and exposed in air to internally
oxidise at 1150ºC for 4 h. The 30 mm sheets were
obtained by hot forging at 1400ºC, then rolled to
1 mm sheets at room temperature followed by
annealing at 1150ºC for 30 min. To prepare the TEM
samples, the sheets from rolling-normal direction
were mechanically ground to 50–70 μm, followed
by argon ion milling at 5 kV until a hole appeared
on the centre of the foil. TEM was used to examine
the microstructure at 200 kV (JEM-2100 electron
microscope (JEOL Ltd, Japan)) and at 300 kV (JEM3000F field emission electron microscope (JEOL
Ltd)). JEM-2100 was used to detect topography
of the particles and energy-dispersive X-ray
spectroscopy (EDS) was conducted to determine
the components; JEM‑3000F was used for highresolution transmission electron microscopy

Table I Nominal Compositions of the Investigated Platinum Alloys
Alloys

Zirconium, wt%

Yttrium, wt%

Others, wt%

Rhodium, wt%

Platinum, wt%

1

−

0.015

≤0.01

20

Bal.

2

0.10

0.015

≤0.01

20

Bal.
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(HR-TEM) observation to determine the structure
of the particles. In this paper, Pt-20Rh-0.015Y is
referred to as Alloy 1 while Pt-20Rh-0.015Y-0.1Zr
is referred to as Alloy 2.

3. Results and Analysis
3.1 Thermomechanical Analysis
During preparation processes, especially at high
temperature under oxidising atmosphere, the
metals in the alloys may be oxidised and the
possible oxides are PtO2, Rh2O3, ZrO2 and Y2O3.
Their reaction equations are as follows (Equations
(i)–(vi):

2Rh(s) +

3
O2(g) → Rh2O3(s)
2

(i)

2Rh(s) +

1
O2(g) → Rh2O(s)
2

(ii)

Rh(s) +

1
O2(g) → RhO(s)
2

(iii)

2Y(s) +

3
O2(g) → Y2O3(s)
2

(iv)

2Y(s) + Zr(s) +

5
O2(g) → Y2O3·ZrO2(s)(v)
2

Zr(s) + O2(g) → ZrO2(s)

(vi)

According to the Gibbs free energy theorem, a
reaction can only occur when the Gibbs free energy
is negative and the more negative the Gibbs free
energy of a reaction, the more easily the reaction
occurs. When the Gibbs free energy is greater
than zero, the reaction cannot happen. Figure 1
is the oxidation tendency of platinum, rhodium,
zirconium and yttrium, which indicates:
• ΔG of all the reactions increases as temperature
increases
• Within the temperature range we calculated,
ΔG of Y2O3·ZrO2, Y2O3 and ZrO2 are much
smaller than those of Rh2O3, Rh2O and RhO,
which means the formation of Y2O3·ZrO2, Y2O3
and ZrO2 are much easier during processing
• ΔG of RhO, Rh2O and Rh2O3 are very close to
ΔG = 0 and even greater than 0 at the internal
oxidation temperature (1423 K), thus the
formation of RhO, Rh2O and Rh2O3 are difficult
and can be ignored.
For platinum, when the temperature rises from
room temperature, platinum will react with oxygen
and form a PtO2 film on the metal surface. The
thickness of PtO2 would grow with the rise of
temperature. When the temperature reaches about
500ºC, this process would stop. If the temperature
continues to rise, the PtO2 film will be gradually
vaporised. Meanwhile, the higher the temperature,
the faster the gasification rate. Samples in this
experiment were about 1200ºC, the PtO2 film
formed by oxidation had been basically vaporised.
Therefore, PtO2 is not present in the samples.

Fig. 1. The
oxidation tendency
of platinum,
rhodium, zirconium
and yttrium
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Y2O3·ZrO2 ΔG = –1915964 + 290.89 T
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Overall, according to the thermomechanical
analysis, Y2O3, ZrO2 and Y2O3·ZrO2 are easily
formed in the platinum-rhodium-(zirconium)yttrium alloys. Platinum and rhodium are present
as almost pure metals.

3.2 Microstructure and EnergyDispersive X-ray Spectroscopy
Analysis of Platinum-Rhodium(Zirconium)-Yttrium
Figure 2 is the bright field TEM images of Alloy
1 showing the morphology of particles. It shows
that some of the particles still maintained spherical
shape and each particle was accompanied by two
cracks on two sides along the rolling direction, as
shown by particle B. One enlarged image of this
kind of particle is shown in Figure 2(b). Some
particles had been compressed along the normal
direction with two cracks along the rolling direction,
such as particle A. A small number of fine particles
were severely compressed so that the cracks have
closed (particles C). Table II shows the EDS
analysis results of the particle in Figure 2(b), which
indicates that the particle is mainly composed of
yttrium and oxygen atoms. A small amount of iron
impurity may have come from the TEM equipment.
Figure 3 is the bright field TEM images of
Alloy 2 showing the morphology of the particles.
Figure 3(a) shows that the particles (as indicated
by red circles) are spherical and uniformly
distributed in matrix with a diameter range from
20 nm to 70 nm. Note that the particles show a
good bonding with matrix after hot forging and
cold rolling during processing. An enlarged image
of a particle is shown in Figure 3(b) and its EDS
analysis results have been listed in Table III,
illustrating that the particle is composed of
zirconium and oxygen atoms.

(a)

Table II EDS Analysis Results of the
Particle in Figure 2(b)
Element

Mass, %

Atom, %

Oxygen

7.5

33.7

Iron

2.9

3.7

Yttrium

68.3

54.8

Platinum

21.3

7.8

The particles are so small that it is difficult to
characterise them using normal selected area
diffraction techniques. Thus, HR-TEM was used to
investigate the structure of the particles. Binary
monolithic ZrO2 is known to exhibit polymorphic
transformations between monoclinic (mP12:P121/c1,
ZrO2-b type), tetragonal (tP6:P42/nmc, ZrO2‑type)
and cubic (cF12:Fm3m, CaF2-type) (16). The
monoclinic phase is stable below 1478 K, while
the tetragonal phase is stable between 1478 K and
2650 K. The cubic phase is stable from 1796 K to
2993 K, and exhibits some range of homogeneity.
The fast Fourier transform (FFT) diagrams of ZrO2
from different zone axes is shown in Figure 4,
and when it is compared with the common ZrO2
structure (17, 18), we find that two crystal
structures of ZrO2 were monoclinic and tetragonal.
The FFT diagrams of Y2O3 from different zone axes
is shown in Figure 4. When it is compared with
the common Y2O3 structure (19), we find that the
structure of Y2O3 is body-centred cubic.
The volume fractions of particles (ZrO2 and Y2O3)
are difficult to measure by X-ray diffraction (XRD)
due to low content of the particles or by TEM due
to the large atomic mass of platinum and rhodium.
It is therefore difficult to measure the thickness of
the TEM foil. Thus, we approximately calculated
the volume fraction of ZrO2 and Y2O3 as 0.42% and
0.0587%, respectively, based on the weight fraction
of zirconium and yttrium. Note also that a small

(b)

RD

Fig. 2. Bright-field
TEM images in
Alloy 1. (a) The
overall morphology
and distribution of
particles; (b) an
enlarged particle

Crack
A
C

B

ND
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(a)

(b)

RD

Fig. 3. Bright-field
TEM images in
Alloy 2. (a) The
overall morphology
and distribution of
particles; (b) an
enlarged particle
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(b)

(c)
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(e)

(f)

111
020

(e)

100 nm
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Fig. 4. TEM and HR-TEM images of ZrO2 particles. (a) Bright-field image; (b) HR-TEM image; (c) FFT diagram
of a monoclinic particle with the electron beam approximately parallel to [111] direction; (d) bright-field
image; (e) HR-TEM image of the area indicated in (d); (f) FFT diagram of a tetragonal particle with the
electron beam approximately parallel to [101]

Table III EDS Analysis Results of the
Particle in Figure 3(b)
Element

Mass, %

Atom, %

Oxygen

16.6

53.2

Zirconium

83.4

46.8
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amount of zirconium and yttrium may be present as
solute atoms in the matrix ascribed to the extremely
low solubility of oxygen atoms in the platinumrhodium alloy. An oxidation rate of 75% was proved
to be reasonable, based on the experimental and
calculated yield stress of the alloys (20, 21).
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(a)

(b)

(c)
211

(b)

121

100 nm

10 nm

Fig. 5. TEM and HR-TEM images of Y2O3 particles. (a) Bright-field image; (b) HR-TEM image of the area
indicated in (a); (c) FFT diagram of a body-centred cubic particle with the electron beam approximately
parallel to [111] direction

3.3 Analysis of Deformation
Behaviour Between Zirconia and
Yttria Particles
Based on our TEM observations, these two particles
have totally different deformation behaviours.
Almost all Y2O3 particles have compression
deformation along the normal direction with two
cracks on the two sides of particles along the
rolling direction, while ZrO2 particles basically
maintain their spherical shape and are bonded
tightly with matrix. The nanoparticle deformation
behaviour in particle strengthened metals has
been widely researched (22–26). By studying the
deformation behaviour of dispersion-strengthened
particles in steel, Gove et al. (22, 23) claimed that
the formation of voids around the particles and the
matrix is due to the fact that the steel matrix cannot
flow around the particles while maintaining contact
with them. The strength of the inclusion-substrate
interface is insufficient to withstand the longitudinal
tensile stress caused by the deformation of the
surrounding steel, so the interface is separated and
voids are generated. As the cavity expands in the
rolling direction, the vertical compressive stress is
no longer balanced, and the combination of vertical
and longitudinal stress causes the steel to partially
move into the cavity, creating a tapered cavity.
Waudby et al. (24) claimed that the combined
force of the stress of the steel matrix flowing with
the tangential action of the surface of the particle
caused and widened the crack and created a void.
Luo et al. (25) proposed that if the resolved normal
stress at the interface reaches a critical value,
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peeling occurs and voids are generated by finite
element calculation. Belcheko et al. (26) proposed
that the flow of the substrate above and below
the undeformed inclusions in the rolling direction
results in the formation of conical voids. Zhang
et al. (27) argued that although there are subtle
differences in the mechanism of void formation
proposed by different researchers, it is generally
believed that the formation of voids is due to
the discontinuity of the interface between the
particles and the matrix. Therefore, the interfacial
strength between particles and the matrix is the
main cause of forming of the adjacent interface
voids. It is suggested that the interfacial strength
between Y2O3 particles and the platinum matrix
is not sufficient to withstand the tensile stresses
during processing. A crack will form between the
particles and the matrix. As the strain continuously
increases, the matrix work hardens, and when the
hardness of platinum reaches a critical value, the
Y2O3 particles will be deformed. In addition, the
agglomeration of the reinforcing phase particles
causes an increase in the local volume fraction,
which increases the internal stress and causes the
destruction of the particles. The coarsening of the
particles reduces the stress required for particle
damage, and the rate of damage of the particles
increases with size. As for ZrO2 particles, no voids
are observed because the interfacial strength
between ZrO2 particles and the platinum matrix is
able to withstand the rolling tensile stresses during
processing. ZrO2 is also hard enough to stand
the stress form matrix so it will keep its spherical
shape.
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4. Conclusions

6.

G. L. Selman, J. G. Day and A. A. Bourne, Platinum
Metals Rev., 1974, 18, (2), 46

In platinum-rhodium-(zirconium)-yttrium alloys,
yttrium and zirconium are easily oxidised into Y2O3,
ZrO2 and Y2O3·ZrO2 and form corresponding oxides
while platinum and rhodium are basically present
as pure metals. ZrO2 and Y2O3 particles have been
observed in platinum-rhodium-zirconium-yttrium
and platinum-rhodium-yttrium, respectively, and
verified by EDS analysis and HR-TEM observations.
The deformation behaviour of these two oxides
is quite different during processing, though they
have the same deformation history. The ZrO2
particles maintained their spherical shape without
any visible deformation, while the Y2O3 particles
were compressed along the normal direction with
two cracks forming on two sides of the particles.
Insufficient hardness of Y2O3 and relatively
lower interface strength between Y2O3 particles
and matrix were supposed to be responsible for
deformation of Y2O3 during processing.
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