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Introduction

The metals of the platinum group, in particular platinum, rhodium and
iridium, are characterised by their outstanding chemical stability,
oxidation resistance and resistance to many molten oxides. The platinum
group metals are therefore ideal materials for high temperature use under
simultaneous chemical attack and mechanical loading. These metals are
widely used in spite of their relatively high prices.

Iridium is the most chemically resistant of all metals, although it is more
sensitive to oxidation than platinum or rhodium. Because of its high
melting point (2454°C) iridium is particularly suited to applications under
extreme thermal (up to 2300°C) and mechanical conditions which
exclude the use of platinum alloys or rhodium. Important fields of use are
e.g. in crucibles for pulling single crystals, components for manufacturing
and processing high melting special glasses and also for space
technology.

For the design of equipment used at high temperatures and the
numerical simulation of their service behaviour under industrial conditions
it is necessary to have materials data on the stress-rupture strength and
creep behaviour.

These properties have been investigated in a temperature range between
1650°C and 2300°C on different semi-finished products (wire, sheet) of
pure iridium. The results will be discussed on the basis of metallographic
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and fracture examinations (SEM) and micro-analytical investigations by
means of scanning secondary ion mass spectroscopy (scanning SIMS).

Experimental

Test Facility for the Determination of High Temperature Mechanical
Properties of Metallic Materials

The stress-rupture strength and the creep behaviour of high melting
metals (Pt materials, Rh, Ir, Mo, Re, W and their alloys) can be measured
in our specially developed testing facility. This equipment permits
measurements up to 3000°C either in air or under a protective gas
atmosphere (for example argon-hydrogen mixture) [1-8].
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Fig. 1: Schematic diagram of the equipment used to measure
stress-rupture strength and creep parameters of metals
at temperatures up to 3000°C

A schematic diagram of the equipment is given in figure 1. In order to
achieve high test temperatures, the sample are heated by direct electrical
resistance heating. Strips, rods or wires with a cross-sectional of 1-5 mm?
can be used as samples for the tests. The temperature is monitored by
an infrared thermometer focused on the centre of the sample and
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connected to a controller which adjusts the sample heating current via a
thyristor regulator. The small measurement point of the infrared
thermometer (0.3 mm diameter) scans the length of the sample by
means of a tilting mirror. The maximum value found is used for
temperature measurement and control. The equipment design
guarantees a constant maximum temperature throughout the test in spite
of deformation of the sample. The load is applied to the sample by means
of calibrated weights. The stress-rupture curve is determined by
measuring the time to rupture of the samples at different loads and
constant temperature. The measurements were carried out under a
protective atmosphere (argon-hydrogen mixture) to prevent the
evaporation of volatile oxides which would lead to a reduction in
cross-section.

Samples

A special design of sample (figure 2) enables the continuous recording of
the sample elongation, i.e. creep curves, with a laser scanning system or
by observing it with a high resolution camera which is itself controlled by
the program SuperCreep developed at the University of Applied Sciences
for strain measurements using digital image analysis [4, 6, 7].

Fig. 2: Image of a tensile sample with shoulders recorded by
SuperCreep
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In this technique the distance between the two shoulders on each side of
the sample is continuously measured. This is the central portion of the
sample which has a uniform temperature. In this way it can be
guaranteed that the measurement of elongation is effected without being
influenced by the temperature gradient in the region of the ends of the
sample. The specimens, which have shoulders of only 0.3 mm radius,
are laser machined from sheet material. All creep curves presented in
this paper were determined using the camera and the SuperCreep
technique. Lower values for the elongation are registered when the laser
scanning system is used as a result of the temperature gradient over the
length of the sample.

The results given in this report were determined on samples with a length
of 120 mm, a width of 4 mm and a thickness of 1 mm taken from sheet
materials. The cross-section of the samples made from wire was
1x1 mm’® with a length of 120 mm. To record the elongation of wire
samples by means of SuperCreep two small wires (0.3 mm diameter)
were mounted as markers on the samples at a gauge distance of 10 mm.

Results and Discussion

Stress-Rupture Strength of Pure Iridium

Stress-rupture curves of pure iridium determined on samples from sheets
and wires at temperatures between 1650°C and 2300°C are given in
figure 3.

The individual values obtained showed an excellent degree of
reproducibility and lie almost ideally on straight lines in the stress-rupture
diagram. So these results were comparable to investigations published
some years before [9-12]. Measurements up to 1,000 hours permit an
extrapolation of stress-rupture strength for long rupture times up to
10,000 hours (table 1). Table 1 shows typical values of stress-rupture
strength of pure iridium for rupture times between 1 h and 10,000 h
determined by interpolation and extrapolation respectively. There are no
differences in stress-rupture strength of samples made from sheets or
wires. Furthermore the results did not show any differences between
different iridium heats taken from the daily production of the Heraeus
company.

Iridium shows a very high stress-rupture strength at highest
temperatures. Even the results determined at 2300°C offer the possibility
for applications at this extreme temperature.
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Fig. 3: Stress-rupture curves of pure iridium (wires and sheets) at
different temperatures

Table 1: Stress-rupture strength of pure iridium at different
temperatures for rupture times up to 10,000 hours
(*by extrapolation)

Rupture time Stress-Rupture Strength [MPa]
[h] at
1650°C 1800°C 2000°C

1 40.8 25.8 14.1

10 25.1 16.9 8.8

100 15.4 11.0 5.5

1.000 9.5 7.2 3.4

10.000* 5.8 4.7 2.3

Creep Behaviour

The creep curves of pure iridium show a significant anomaly (figure 4).

In the range of steady-rate creep the creep curve contains plateaus, as
shown in figure 4. This region is separated in time slice by an
acceleration of the elongation. The acceleration of creep at these steps is

clearly visible in figure 5.
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Fig. 4: Creep curve of pure iridium determined at 1800°C
(load: 9.5 MPa)
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Fig. 5: Creep rate as a function of time at 1800°C

Due to this anomaly the Norton plots (figure 6) were calculated on the
basis of an averages of creep rate determined for a measurement time
range from 10% to 90% instead of using the minimum of creep rate.

Figure 6 shows the double logarithmic Norton plots of these calculated
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stationary creep rates (averages) for pure iridium at test temperatures of
1650°C, 1800°C and 2000°C. The Norton exponent in the range between
n = 55 to 7.4 is slightly higher than those typically found for more
common pure metals (n =~ 4 ... 5) [13], but these determined values are
not in a critical range.
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Fig. 6: Stationary creep rate of pure iridium at test temperatures
of 1650°C, 1800°C and 2000°C

Iridium shows excellent ductility at the highest temperatures. Figures 7a
and 7b show results of investigations of fracture surfaces by means of
scanning electron microscopy (SEM). The samples show a strong
necking up to a very thin knife-edge.
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Fig. 7a: Fracture surface after Fig. 7b: Fracture surface after
creep test at 1800°C creep test at 1800°C
(SEM micrograph 50x) (SEM micrograph 500x)

Figures 8a and 8b show scanning electron micrographs of the surface
near the fracture zone after the creep test at 1800°C. In several
directions large concentrations of overlapping slip bands can be
observed. This indicates that several slip systems operated successively
which could be the cause of the plateaus in the creep curves as
mentioned above.

Y - P — [ el
Ir, 1B00°C, 18 MPa, OF, x200 — 100 pm —

AL mhdh
Ir, 1800°C, 23 MPa, OF, %200

F— 100 pm —
Fig. 8a: Fig. 8b:
Surface near the fracture zone after Surface near the fracture zone after
creep test at 1800°C creep test at 1800°C
(SEM micrograph 200x) (SEM micrograph 200x)
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Another phenomenon that could also lead to the anomaly in the creep
curves was observed during the creep tests. After some hours the
initiation of necking and intercrystalline cracking was observed. Some
time later this damage stopped and new necking and intercrystalline
cracking started again at another part of the sample and the process
continued for some hours (depending on the load) until fracture occured.
The cessation of the first damaging process and the start of the second
period of necking and crack propagation could temporarily lead to an
increasing creep rate until the adjustment of the next steady-rate creep.
The scanning electron micrographs in figures 9a and 9b show
intercrystalline cracking on a surface of an iridium sample generated
during a creep test at 1800°C.

Ir 7021 1800°C 6,7MPa, Nr.11, OF, x50 b 500 pm —— Ir 7021 1800°C 6,7MPa, Nr.11, OF, x100 — 200 pm —
Fig. 9a: Fig. 9b:

Intercrystalline cracks on Ir surface Intercrystalline cracks on Ir surface
after creep test at 1800°C after creep test at 1800°C

(SEM micrograph 50x) (SEM micrograph 100x)

Metallographic Examination

The aim of the metallographic examination was the evaluation of the
microstructure of pure iridium depending on the influence of high
temperatures and different loads during the creep tests. All investigations
were carried out on longitudinal sections of samples after creep tests in
comparison with the initial state. The microstructure of a sample taken
from a sheet in the initial state is given in Figure 10. The sample shows a
uniform structure with a grain size of about 100 um. After the creep tests
performed at test temperatures of 1800°C and 2000°C under different
loads the expected grain coarsening was observed (figures 11 — 13).
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Fig. 10: Longitudinal section, Ir sheet

Fig. 11a: Fig. 11b:
Longitudinal section, Ir sheet Longitudinal section, Ir sheet
after creep test at 1800°C/13 MPa  after creep test at 1800°C/13 MPa

Fig. 12a:
Longitudinal section, Ir sheet Longitudinal section, Ir sheet
after creep test at 1800°C/6.7 MPa  after creep test at 1800°C/6.7 MPa

Fig. 12b:
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Fig. 13a: Fig. 13b:
Longitudinal section, Ir sheet Longitudinal section, Ir sheet
after creep test at 1800°C/14 MPa  after creep test at 2000°C/14 MPa

Especially figures 11 and 12 show that pure iridium develops very coarse
grains due to the high temperatures and long test time. The grain sizes
after the creep test were up to 4 mm. Furthermore the samples confirmed
the step by step propagation of necking and crack formation and crack
stopping (mentioned above). The figures 11b, 12a and 12b show strong
intercrystalline crack formation. Nevertheless the material withstood this
damage and cracked at another position several hours later (e.g. figure
11a). In addition the results of metallographic examination show that in
some areas of strong deformation, e.g. close to the fracture (figures 13a
and 13b) and necking areas (figure 12b) dynamic recrystallisation has
occured. Due to this an increase in the deformation stress is possible. As
a consequence the necking or crack propagation can stop in this area
and continue in another part of the sample. As a result of this process a
new plateau in the creep curve can be generated.

Micro-analytical Investigations

In general iridium tends to brittle intercrystalline fracture due to trace
impurities at the grain boundaries as demonstrated by previous
investigations [14-20]. Investigations by means of scanning secondary
ion mass spectroscopy on the iridium heats examined in this paper have
shown a very high purity. Only small amounts of trace impurities (in ppm
range) were detected without any enrichment at grain boundaries. All of
the elements detected have shown a homogeneous distribution in the
matrix.

Both this high purity and the avoidance of enrichment of trace impurities
at the grain boundaries during the manufacturing process contribute to
the very high stress-rupture strength and excellent ductility of the pure
iridium.
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Summary and Conclusions

Because of its outstanding properties iridium is particularly suited to
applications under extreme thermal and mechanical conditions because
of its high melting point and its chemical resistance.

The measurement of stress-rupture strength and creep behaviour up to
highest test temperatures was necessary to obtain materials data for the
design of high temperature equipment and the numerical simulation of
their service performance.

Stress-rupture tests and the investigation of creep behaviour were
performed on samples of different semi-finished products (wire, sheet) at
test temperatures of 1650°C, 1800°C, 2000°C, 2200°C and 2300°C. The
results have shown an excellent degree of reproducibility. All iridium
samples demonstrated very high stress-rupture strength and outstanding
ductility without any significant differences between sheet and wire
samples or even between different materials heats. Based on long-term
stress-rupture tests the prediction of stress-rupture strength by
extrapolation up to rupture times of 10,000 hours was possible.

The creep behaviour of the pure iridium investigated showed a significant
anomaly. In the range of the steady-rate creep the creep curve contains
some plateaus. Both metallographic examination and investigations by
means of scanning electron microscopy gave indications of possible
causes. The activation and the effect of several slip systems were
discussed as well as the influence of dynamic recrystallisation.
Micro-analytical investigations by means of scanning secondary ion mass
spectroscopy have shown a very high purity of the iridium heats
investigated without any enrichment of trace impurities at the grain
boundaries.
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