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Abstract: Pt-20Rh dispersion strengthened by ZrO2 particles in different volume fractions has been 

produced by consolidation of milled powder which has been internally oxidized. The microstructure 

has been characterized by scanning electron microscopy, electron backscatter diffraction, and 

transmission electron microscopy; tensile properties have been determined at RT and 1000 °C. The 

Pt-20Rh matrix is subdivided on the submicrometer scale by low angle dislocation boundaries and 

high angle boundaries. ZrO2 particles with sizes in the range 5-35 nm are uniformly distributed and 

with increasing volume fraction the flow stress increases and at 0.9% it is doubled both at RT and at 

1000 °C. Based on the superposition of particle and matrix strengthening, the flow stress has been 

calculated and good accord has been found with experiment both at RT and 1000 °C. 

Keywords: Pt, ZrO2, dispersion strengthening, Orowan stress, internal oxidation- powder 

metallurgy 

 

1. Introduction 

Platinum and platinum alloys are used in jewelry, but they play a crucial or even irreplaceable role 

in some industrial fields e. g. glass industry, space technology and chemical synthesis (as a catalyst) 

because of their excellent and unusual properties [1-3]. In the glass industry, for example production 

of glass fiber, platinum products (as shown in Fig. 1) work in the extremely aggressive 

environments such as a high temperature (1100-1400 ˚C), an oxidizing atmosphere, a corrosive 

glass melt and an alternating stress (1-40 MPa) for a long time (over a year) [1,3,4]. Pure platinum 
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metal is soft and unstable for high-temperature applications [4, 5]. Solid solution strengthening and 

oxide dispersion strengthening are two methods in common use to strengthen the metals at elevated 

temperatures [6-9]. This material design is benefitted from the high melting temperature of platinum 

and its well established corrosion resistance. As a consequence industrial material have been 

developed by several companies marketing Pt-Rh-ZrO2 which can meet demands of high strength 

and durability. These demands are motivated by the expensive manufacturing equipment and 

expensive unwanted shut-downs. 

 
Fig. 1. (a) A platinum-alloy bushing and (b) its work environment during continuous fiber glass 

manufacturing. To construct this bushing the orifice and the base are fabricated separately, followed 

by a manual melting welding. 

 

In the present study we apply both strengthening mechanisms by alloying with 20wt% Rh to 

introduce high efficient solution strengthening [1, 10] and by internal oxidation of a Pt-Rh-Zr alloy to 

form a dispersion of hard ZrO2 nanoparticles. To obtain a homogeneous structure with a narrow 

particle distribution we in accordance with previous studies apply consolidation of milled powder 

which is internally oxidized before final steps of cold rolling and high temperature annealing at 

1150 ˚C [11]. By the combination of thermomechanical process, we add matrix strengthening to the 

solid solution and particle strengthening. The superposition of three mechanisms is studied by 

tensile testing at RT and at high temperature. In a following analysis the experimental strength is 

compared with the strength estimated based on quantification of microstructural parameters. 

 

2. Materials and methods 

 



The composition experimentally measured by ICP-AES (JARRELLASH Autoscan Advantage), and 

nominal composition (in bracket) of investigated alloys are listed in Table 1[11]. The processing 

steps [11] are shown in Fig. 2 and can be briefly summarized in the following: Pt-20Rh-0.01Y-(0, 

0.05, 0.1 and 0.3) Zr (wt%) cast ingots (8 kilograms for each ingot), produced by high-frequency 

induction melting of high purity (99.5%) Pt, Rh, Y and Zr metals at 1950 °C under argon 

atmosphere, were disintegrated and milled to fine powder. The powder was sintered into a loose and 

porous structure to internally oxidize at 1150 °C in air for 4 hours where the Zr was relatively 

sufficiently oxidized while the loss of platinum metals was acceptable [12]. In a next step, the billets 

were hot forged at 1400 °C to 30mm thick plates which were rolled to 1 mm 

(equivalent strain is about 3.9) sheets at RT followed by annealing at 1150 °C for 30 min. The Zr 

atoms can be oxidized into ZrO2 during internal oxidation or even processing steps such as 

sintering and hot forging [4, 6]. However, exposing sintered Pt-Rh-Zr to high temperature air 

(internal oxidation) is necessary to oxidize the Zr adequately due to the extremely low solubility of 

oxygen atoms in Pt-Rh. From the thin sheets, perforated dies were produced by punching for 

industrial use. For preparation of test specimens the sheets were machined into a dog-bone shape 

(The gauge section was 20 mm, 10 mm and 1 mm in length, width and thickness, respectively) 

along the rolling direction to conduct tensile tests with an initial strain rate of 8.3 ∙ 10−3 𝑠𝑠−1 at RT 

and of 8.3 ∙ 10−5𝑠𝑠−1 at 1000 °C. Engineering stress (𝜎𝜎𝐸𝐸) and strain (𝜀𝜀𝐸𝐸) were calculated based on 

the load force, the change of length in the gauge section and the initial sample size, while true stress 

(𝜎𝜎𝑇𝑇 ) and true strain ( 𝜀𝜀𝑇𝑇 ) were obtained, based on the equations 𝜎𝜎𝑇𝑇 = 𝜎𝜎𝐸𝐸(1 + 𝜀𝜀𝐸𝐸)  and 𝜀𝜀𝑇𝑇 =

ln(1 + 𝜀𝜀𝐸𝐸) , respectively. In order to avoid the influences of necking, only the 𝜎𝜎𝐸𝐸  lower than 

ultimate tensile strength (UTS) and corresponding strain values were used for the calculation of 𝜎𝜎𝑇𝑇 

and 𝜀𝜀𝑇𝑇. The processing was carried out at Chongqing International Composite Materials Co., LTD. 

For simplicity, the alloys were dubbed A (0 wt%Zr), B (0.05 wt%Zr), C (0.09 wt%Zr) and D (0.263 

wt%Zr). 

 

Table 1. Experimentally measured composition and nominal composition (in bracket) of the 

investigated alloys (in weight %). 

Alloys Zr Y Rh Others Pt 
A − 0.010(0.015) 20.00(20) ≤0.01 Bal. 
B 0.05(0.05) 0.011(0.015) 19.70(20) ≤0.01 Bal. 
C 0.09(0.10) 0.011(0.015) 20.29(20) ≤0.01 Bal. 

 



D 0.263(0.30) 0.011(0.015) 19.97(20) ≤0.01 Bal. 

 

 

 

 
 

Fig. 2. Processing steps used in industry and for preparation of test samples. 

 

The microstructure was examined by transmission electron microscopy (TEM) at 200 kV (JEOL 

JEM-2100) and at 300 kV (JEOL JEM-3000F), supplemented by electron backscatter diffraction 

(EBSD) in a scanning electron microscope (Zeiss Supra 35). The composition of ZrO2 particles was 

investigated by energy dispersive X-ray spectroscopy (EDS) in JEM-2100. EBSD was applied to 

characterize the matrix structure with a step size of 180 nm and TEM/HRTEM to analyze the size 

of ZrO2 particles and their crystallography. The samples for TEM/HRTEM were cold rolled to 90% 

in thickness followed by an annealing at 1150 °C for 20 min, mechanical grinding and Ar+ ion 

milling. This treatment can significantly offset the matrix structure without affecting the oxide 

particles.  

As will be shown in the following the four samples (A, B, C and D) have a comparable 

microstructure with the exception of the volume concentration of ZrO2 particles. The structural 

characterization therefore has been limited to EBSD for sample A and transmission electron 

microscopy for sample A, C and D. 

 

3. Results 

3.1 Mechanical properties 

Fig. 3 shows the stress - strain curves of investigated specimens and corresponding work hardening 

rate (= dσ𝑇𝑇/dε𝑇𝑇) curves at RT and 1000 °C. The true stress - true strain curves are only plotted for 

the parts before reaching UTS in order to avoid the influence of necking. At RT, the yield stress 

(𝜎𝜎0.2) at 0.2% offset and UTS have significantly increased accompanied by a slight reduction in 

elongation with increasing Zr concentration (Fig. 3a and b). The yield stress (𝜎𝜎0.2) of sample D 

containing 0.263wt% Zr is 257 MPa, which is about twice of that for sample A without Zr, as listed 

in Table 2. The work hardening rate of particle strengthened samples, as shown in Fig. 3c, increases 

with increasing volume concentration of dispersed particles, a typical particle dispersion 

strengthening behavior. The strength at 1000 °C also significantly increases with increasing Zr 
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concentration and 𝜎𝜎0.2 of sample D is about twice that of sample A. However, the work hardening 

rate is small for all samples at a true strain above 0.05, when compared with the hardening at RT.  

The tensile data are summarized in Table 2. 

 

 



 
Fig. 3. The results of the tensile tests. Engineering stress-strain curves (a), true stress-strain curves 

(b) and work hardening rate (c) at RT. Engineering stress-strain curves (d), true stress-strain curves 

(e) and work hardening rate (f) at 1000 °C. 

 

Table 2. Summary of 𝜎𝜎0.2 and UTS at RT and at 1000 °C (MPa) [10]. 

Alloy 𝜎𝜎0.2 at RT UTS at RT 𝜎𝜎0.2 at 1000 °C UTS at 1000 °C 

A 143 411 67 91 
B 200 459 89 114 
C 228 491 99 137 
D 257 555 124 

 

152 
 

3.2 Microstructure of matrix 

 



Fig. 4 shows typical EBSD maps of sample A in the cold rolled and annealed condition (before 

tensile testing). The misorientation angle distribution shows that they are low angle boundaries (3-

15°) and high angle boundaries (>15°). The latter are parallel to the RD. 

The lamellar morphology and the fairly large boundary spacing point to a recovered structure not 

being recrystallized. This apparent stability of the A sample without Zr may have its cause in the 

content of Y present as yttria particles acting as stabilizers. 

 

 
Fig. 4. EBSD maps of sample A: (a) Inverse pole figure coloring map, (b) corresponding boundary 

map (the red lines and blue lines indicate low angle boundaries between 3° and 15° and high angle 

boundaries larger than 15°, respectively) and (c) boundary misorientation angle distribution. 

 

3.3 Dispersed particles 

Fig. 5 shows some typical ZrO2 micrographs taken from sample C and D. Particles are almost 

spherical and appear near-circular in the two-dimensional TEM images. Most particles are very fine 

 



and are distributed uniformly. Fig. 5d shows the EDS analysis results of the particle in Fig. 5c, 

showing the particle composition of zirconium and oxygen.  

  
Fig. 5. TEM images and EDS analysis results of particles. Bright field TEM images of particles 

taken from sample C (a) and sample D (b and c). (d) EDS analysis results of the particle in Fig. 5c. 

Inset table shows the mass and atom percent for each element. 

 

Spherical particles are also found in sample A (Fig. 6), though they are relatively few and fine. Fig. 

6c indicates that the particle is mainly composed of Y and O elements possibly accompanied with 

Fe impurities (the Fe peak may come from the instrument itself). 

 



 
Fig. 6. TEM observations of an yttria particle. (a) Bright-field and (b) corresponding dark-field 

TEM images. (c) Corresponding EDS results of the particle in Fig. 6a. Inset table shows the mass 

and atom percent for each element. 

 

The particles are difficult to characterize by selected area diffraction, owing to their small size. 

Thus, HRTEM was used to investigate the structure of the particles. The FFT diagrams from 

different zone axes (no less than three for each particle) were indexed according to the common 

ZrO2 structure [13, 14] and then the crystal structure was identified. Two types of ZrO2 crystal 

structure, i.e. monoclinic and tetragonal structures, were identified as shown in Fig. 7. 

 



 



  
Fig. 7. TEM and HRTEM images of zirconia particles. (a) Bright-field image, (b) HRTEM image 

of the area indicated in (a) and (c) FFT diagram of a monoclinic particle with the electron beam 

approximately parallel to [010]. (d) Bright-field image, (e) HRTEM image of the area indicated in 

(d) and (f) FFT diagram of a tetragonal particle with the electron beam approximately parallel to 

[001]. 

 

Fig. 8 shows the diameter distribution of ZrO2 particles in a wide (a) and a narrow range (b). 161 

and 212 ZrO2 particles in TEM images were analyzed to evaluate the size distribution of sample C 

and sample D, respectively. The particle sizes of the two samples show a similar unimodal 

distribution and the diameters of most particles (more than 90 percent) are in the range from 5 nm to 

35 nm. Very few particles have sizes larger than 100 nm, as shown in Fig. 8a. The particle size has 

not been determined in sample B, but it is assumed to be of the same order as the particles shown in 

Fig. 8. 

 



 
Fig. 8. Particle diameter distribution in sample C and sample D in a wide (a) and a narrow (b) range. 

 

4. Discussion 

4.1 Dispersed particles 

ZrO2 has three different structures at atmospheric pressure, monoclinic (m-ZrO2) at RT, tetragonal 

(t-ZrO2) between 1440 K and 2640 K, and cubic (c-ZrO2) from 2640 K to the melting point [13, 15]. 

The transformation from t-ZrO2 to m-ZrO2, accompanied by a volume expansion of 3-5%, may 

cause catastrophic mechanical failure during cooling. Therefore, most engineering applications 

make use of tetragonal and cubic phases that can be stabilized down to RT by the addition of 

magnesia, calcia, yttria, or rare earth oxides [16]. Yttria is present in all samples and the presence of 

t-ZrO2 is observed as expected. 

Particles (ZrO2) are observed in a unimodal distribution with an average diameter of about 25 nm as 

shown in Fig. 8. This is different from another dispersion hardened platinum material (platinum 

DPH) [7, 17], where particles show a bimodal distribution. About 16% of the particles size in this 

previous study ranged from 25 nm to 150 nm with an average diameter of 49 nm while the average 

diameter is 315 nm for the 84% particles larger than 150 nm. Thus, the particle size of the present 

alloys is much smaller than that of platinum DPH and more beneficial for strength improvement. 

4.2 Particle strengthening at RT 

The critical stress to operate a Frank-Read source and to push a dislocation pass a barrier of 

nondeforming particles is related to the particle surface spacing [18] (𝐷𝐷𝐴𝐴𝐴𝐴) expressed by the Orowan 

equation as follows: 

 



𝜎𝜎𝑌𝑌 = 𝜎𝜎00 + 𝐴𝐴 ∙ 𝐺𝐺∙𝑏𝑏
2𝜋𝜋
∙ 1
𝐷𝐷𝐴𝐴𝐴𝐴

 ln (𝐷𝐷𝐴𝐴𝐴𝐴
𝑏𝑏

), 

where 𝜎𝜎𝑌𝑌 is the yield stress, 𝜎𝜎00 the stress required to generate and move dislocations in a matrix 

containing no particle. Other symbols are given in Table 3. 

Since the particle shape is close to being spherical, the following equation is used to calculate 𝐷𝐷𝐴𝐴𝐴𝐴, 

the surface to surface distance 

𝐷𝐷𝐴𝐴𝐴𝐴 = 𝑑𝑑(�𝜋𝜋
6
∙ 1
𝐴𝐴
− �2

3
), 

The volume fraction of particles (ZrO2) can be approximately calculated based on the weight 

fraction of Zr and the density of ZrO2 (5.69g/cm3) and Pt-20Rh (19.65g/cm3). 

The Orown stress (𝜎𝜎𝑜𝑜 = 𝐴𝐴 ∙ 𝐺𝐺∙𝑏𝑏
2𝜋𝜋
∙ 1
𝐷𝐷𝐴𝐴𝐴𝐴

 ln (𝐷𝐷𝐴𝐴𝐴𝐴
𝑏𝑏

)) with all Zr transformed into ZrO2 is given in Table 4 

showing a significant contribution of particle strengthening to the flow stress both at RT and at 

1000 °C.  

There is also a contribution from a matrix stress determined by its thermal and mechanical history, 

and assumed to be the same for the four samples [19, 20]. Thus, the particle (ZrO2) parameter is the 

main variable for the specimens. The Orowan stress is then equal to the difference between the 

strength of samples (B, C and D) and sample A which is taken to represent the matrix strength. An 

experimental Orowan stress (σ𝑒𝑒𝑒𝑒𝑒𝑒) of sample B-D is then obtained by deducting the yield stress of 

the matrix (sample A) from the yield stress of B, C and D. Results are shown in Table 4 and for RT 

there is relatively good agreement between calculation and experiment, however a significantly 

higher deviation is observed at 1000 °C.  

The observation will be discussed in the following, based on the assumption that the calculated 

value of particle strengthening is an overestimate. One cause can be that a certain amount of Zr is 

present as solute atoms in the matrix and that the internal oxidation will be limited due to the 

extremely low solubility of oxygen atoms in the Pt-Rh alloy. The oxidation rate is difficult to 

measure accurately. But it can be estimated to be 75% according to the processing steps, see Tanaka 

Kikinzoku Kogyo K. K. [21]. Thus, the volume fraction of particles, the surface to surface spacing 

and the Orowan stress, are changed to 𝑓𝑓75%,D𝐴𝐴𝐴𝐴75% and 𝜎𝜎𝑜𝑜/75%, respectively, to be recalculated. 

Results are shown in Table 5 and in Table 3. However, the solute atoms may cause lattice distortion 

and introduce solution strengthening, which is estimated based on the expression [22, 23]: 

∆𝑠𝑠𝑠𝑠= 𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀
3
2√𝑐𝑐 

 



As an example, ∆𝑠𝑠𝑠𝑠 is about 2.4 MPa with 0.3wt% Zr in solid solution, and thus solute solution 

strengthening is negligible. Based on Table 5 it is therefore concluded that there is a good accord 

between calculation and experiment based on superposition of Orowan strengthening and matrix 

strengthening with a difference between calculation and experiment in a range 11-23 MPa.  

The presence of dispersed yttria may cause a small strength increase in the ZrO2 free matrix, which 

is neglected. 

 

Table 3. The meaning and values of parameters used in the strengthening mechanism calculations. 

Symbol Meaning Value Unit 

A Constant ≈ 1 P

[18]  

b Burgers vector 0.276 at RT, 0.279 at 1000 °C [24] nm 

G Matrix shear modulus 91.6 at RT, 69.8 at 1000 °C [25] GPa 

𝑑𝑑 
Average diameter of particles 22, 24 and 29 for samples B, C and 

D, respectively 

nm 

𝑓𝑓 
Volume fraction of particles with all Zr 

present as ZrO2  

0.0023, 0.0042 and 0.012 for 

samples B, C and D, respectively 

 

𝑓𝑓75% 
Volume fraction of particles with 75% Zr 

present as ZrO2 

0.0015, 0.0031 and 0.0091 for 

samples B, C and D, respectively 

 

𝑀𝑀 Taylor factor 3.06 [22]  

𝜀𝜀 
Radius difference between matrix and 

solute 

11.5% for Zr as solute atom in Pt  

𝐷𝐷𝐴𝐴𝐴𝐴 
Planar particle surface to surface Distance 

with all Zr transformed into ZrO2 

312, 249 and 167 for samples B, C 

and D, respectively 

nm 

D𝐴𝐴𝐴𝐴75% 
Planar particle surface to surface distance 

with 75% Zr present as ZrO2 

363, 290 and 196 for samples B, C 

and D, respectively 

nm 

D𝐴𝐴75% 
Planar particle spacing with 75% Zr 

transformed into ZrO2 

381, 310 and 220 for samples B, C 

and D, respectively 

nm 

𝑐𝑐 Concentration of solute in weight percent  % 

𝑘𝑘 Relaxation factor ≈ 0.934 [26]  

 

Table 4. Comparison between calculated (𝜎𝜎𝑜𝑜) and experimental particle strengthening (𝜎𝜎0.2 − 𝜎𝜎𝑚𝑚). 

𝜎𝜎𝑚𝑚 is the yield stress of sample A (matrix), 143 MPa at RT and 67 MPa at 1000 °C. 

 



 RT 1000 °C 

Alloy 𝜎𝜎𝑜𝑜 𝜎𝜎0.2 𝜎𝜎0.2 − 𝜎𝜎𝑚𝑚 𝜎𝜎𝑜𝑜 𝜎𝜎0.2 𝜎𝜎0.2 − 𝜎𝜎𝑚𝑚 

B 91 200 57 68 89 22 

C 110 228 85 83 99 32 

D 154 257 114 117 124 57 

 

Table 5. Calculated and experimental particle strengthening with 75% Zr present as ZrO2 at RT and 

at 1000 °C. 

 RT 1000 °C 

Alloy σ𝑜𝑜/75% (𝜎𝜎0.2 − 𝜎𝜎𝑚𝑚) * σ𝑜𝑜/75% 𝜎𝜎𝑃𝑃 (𝜎𝜎0.2 − 𝜎𝜎𝑚𝑚) * 
B 80 57 60 24 22 
C 96 85 73 30 32 
D 135 114 102 44 57 

* See Table 4. 

 

4.3 Particle strengthening at 1000 °C 

An Orowan stress at low temperature must be expected. However, at high temperature, dislocations 

may bypass the particles at a stress lower than Orowan stress, reaching a limit at a threshold stress 

below which the rate of deformation is negligible. A threshold stress is typically between 0.4 and 

0.8 of the Orowan stress [26, 27]. The reason is that dislocation can bypass the incoherent, 

nondeformable particles by glide and climb [26-29], described by the Arzt-Rösler-Wilkinson (ARW) 

model and expressed in the following equation (Reppich [30]) 

𝜎𝜎𝑃𝑃 = 0.9𝑀𝑀 𝑅𝑅3/2

2√2+𝑅𝑅3/2 (𝑀𝑀𝑀𝑀/𝐷𝐷𝐴𝐴)  

with R = 2√1 − 𝑘𝑘2 

 The results of  𝜎𝜎𝑃𝑃 are listed in Table 5, showing that the reduction in particle strengthening brings 

calculation and experiment in good accord. 

4.4 Outlook 

The assumption that the matrix stress for sample B, C and D can be represented by the behavior of 

sample A has not been tested experimentally. This is for future research based on EBSD 

characterization of microstructure and microstructural parameters. Further research is also in 

demand to measure the creep strength at high temperature of the dispersion strengthened samples to 

establish the threshold stress where the creep rate is negligible. 

 



 

5. Conclusion 

Pt-20Rh dispersion strengthened by ZrO2 has been characterized by electron microscopy and 

tensile test at RT and 1000 °C. The conclusions are the following: 

1) The Pt-20Rh matrix is a recovered structure and divided by low angle dislocation boundaries 

and high angle boundaries, containing a uniform dispersion of ZrO2 particles with a size in the 

range 5-35 nm. 

2) The flow stress (0.2% offset) increases with increasing volume percent of ZrO2 and is doubled 

at a volume fraction of 0.9% both at RT and 1000 °C. 

3) 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 both at RT and at 1000 °C (Table 5). 
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