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Abstract

This work concerns application of PIP (Profilometry-based Indentation Plastometry) to pure
tungsten, at temperatures up to 800°C. PIP involves extraction of stress-strain curves from
measured indent profiles, via (automated) inverse Finite Element Method (FEM) modelling.
This metal is brittle at room temperature, but plastic deformation (with little work hardening)
becomes prevalent above about 200°C. PIP-derived curves are consistent with tensile results
in this regime. For lower temperatures, PIP allows extraction of yield stress values and work
hardening characteristics, but brittle fracture precludes this for tensile testing. Attention is paid
to effects induced by exposure to air at high temperature, with both oxide layer formation and
the absorption of oxygen being investigated. At 800°C, a highly porous oxide rapidly forms,
with approximately linear growth kinetics. However, this has little effect on measured indent
profiles (and hence on inferred stress-strain curves), both because time at high temperature
can be kept short during PIP testing and due to the weak and porous nature of the oxide. A
check on the role of creep revealed that it was significant at 800°C (for typical quasi-static
strain rates), but had only a relatively minor effect on the PIP-inferred stress-strain curve.

Keywords: Indentation plastometry; oxidation; tungsten, high temperature.

1 Introduction

The PIP (Profilometry-based Indentation Plastometry) methodology is based on iterative
FEM modelling of the indentation!’-l, converging on the stress-strain relationship (captured in
a constitutive law) that gives optimal agreement between measured and modelled outcomes.
There are important advantages!’'? in using the indent profile, rather than the load-
displacement curve, as the target outcome. A further advance has been the recognition that,
if ‘scale-independent’ stress-strain relationships are being sought, then the volume being
deformed must be large enough to be representative of the bulk - which usually translates into
it containing a relatively large number of grains. There are also certain other requirements,
such as a need™ "'l to create plastic strains in the range of up to at least a few tens of % and
a loading frame with a capacity in the kN range.

Several publications have covered the application of PIP to various materials, production
procedures, applications and effects. These include welds!'?, pipelines!'], additively-
manufactured components!'* %1 metal matrix composites!'®l, effects of residual stress!'”],
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case-hardened layers!'®l, very hard metals['® and porous metals[??l. There is also a review!?'!
that summarises various aspects of the methodology, including details of experimental
procedures, theoretical background and how the FEM modelling is carried out. Furthermore,
a recent publication[??l covers the development and usage of a high temperature stage, with a
capability of up to 800°C. The aim is to capture the plasticity of the sample, ideally with no
creep effects. In practice, depending on material, temperature and test duration, the effects
of creep on both PIP and tensile testing may be significant. This has been investigated, and
reliably captured in models, for both ‘creep-affected’’?® and ‘creep-dominated’*! conditions.

A material of particular interest for (quick and convenient) testing at high temperature is
tungsten, partly because it is a candidate for plasma-facing walls of fusion reactors. Its high
melting temperature, good thermal conductivity and microstructural stability under high
irradiation fluxes make it particularly attractive for this highly demanding application?5-271, |t
can undergo recrystallization, although this usually occurs only after extended periods at very
high temperaturel?® 291, There are, however, several concerns about tungsten (and its alloys)
in this context. One is that it tends to be brittle, particularly at ambient temperature. Reported
tensile stress-strain curves®%-32 generally indicate that fracture occurs at very low strain at
room temperature — there is usually little or no plasticity. Unsurprisingly for such brittle
material, the failure stress is variable (and has little intrinsic significance), but is usually in the
range 400-800 MPa. It has been reportedi®® that extensive prior heat treatment can raise the
ductility to at least a few %. In general, however, most published work indicates that tungsten
is almost ideally brittle (in tension) at room temperature, with little or no information available
about how plasticity might develop if fracture could be avoided.

However, the properties change at higher temperature. Most reports based on tensile
testing®® 32 341 indicate that, while the yield stress remains at around 400-600 MPa as the
temperature is raised, the strain at necking (peak in a nominal plot) tends to rise slightly,
perhaps reaching about 5-10% at 500°C. In fact, one report®'l indicates levels of several tens
of % at above 1000°C, although this is presented in terms of ‘ductility’ (nominal strain at
fracture), which actually depends on sample dimensions. In general, previous reports indicate
that, while plastic deformation does occur above about 200°C, there is little or no work
hardening over the complete temperature range.

A caveat should, however, be added in this context, regarding compression testing - an
obvious way to seek information about the plasticity characteristics of brittle materials. Some
such testing®>: 361 carried out at 800°C, indicates that, from a yield stress of about 400 MPa,
significant work hardening does apparently occur, giving a stress of around 700 MPa at a
strain of about 30%. However, these are nominal stresses and strains. For a nominal strain
of (-)30%, a nominal stress of (-)700 MPa converts to a true stress of only (-)490 MPa (at a
true strain of (-)35%). If the same material were tested in tension, it also would yield at
400 MPa, but it would then be likely to neck well before a true strain of (+)35% had been
reached. This can be seen from the fact that, for a true strain of (+)35%, which equates in
tension to a nominal strain of (+)42%, the nominal stress at the point where the true stress
had reached (+)490 MPa would in fact be (+)345 MPa. In practice, the peak in a tensile
nominal stress-strain curve for this material (and hence the onset of necking) would probably
come at about 420 MPa (UTS), at a strain of just a few %. In other words, completely different
(superficial) impressions of the amount of work hardening can be obtained on comparing
nominal plots in tension and compression. In view of the attractions of compression testing in
avoiding fracture, this is a significant point for materials such as tungsten. It illustrates the
dangers of presenting only nominal stress-strain curves (in tension or compression),
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particularly for cases in which the strains become relatively high. There are also certain other
difficulties with compression testing, if the aim is to obtain accurate information about yielding
and work hardening, most of them associated with the effects of friction between sample and
platen!™],

One feature of tungsten is that it has a relatively high solubility for oxygen®7-3%1 — an
interstitial solute that can cause embrittlement. As an interstitial, its diffusion rates tend to be
rapid. For example, theoretical estimates*® of diffusion coefficient values are about
10" m? s' at room temperature and 10 m? s at 800°C. (Corresponding diffusion distances
after one minute are about 25 ym and 0.8 mm.) Furthermore, there is a strong tendency for
oxides to form at high temperature — usually this is predominantly the Trioxide (WO3), although
there are several variants of it, with different crystal structures and stoichiometries*'l. There
are reports*? that the kinetics of oxide growth are quite rapid, and often approximately linear,
although growth rates can be reduced by alloying*3l. A review®4l is available that covers the
issue of protecting tungsten from oxidation when it is being used for plasma-facing walls in
fusion reactors. It is certainly clear that such components may become exposed to oxygen at
high temperature and that this could lead to significant degradation of properties. Dispersed
oxide within tungsten is sometimes regarded as providing a ‘strengthening’ mechanism?!, but
in general there is a marked tendency for the material to become more brittle as oxygen
contents are raised. Such characteristics can create problems both in terms of performance
under service conditions and for mechanical testing procedures.

One of the advantages of PIP testing is that both yielding and work hardening
characteristics can be obtained, even for brittle materials (that would be likely to fracture at a
low strain during tensile testing). This is in principle true for all indentation-based procedures
and a number of papers have covered such work on polycrystalline tungsten(*6-531, carried out
at ambient and/or elevated temperature. However, these studies were exclusively based on
use of nano-indenters (with penetration depths of the order of 1 um or less), which have
associated difficulties of thermal drift and various ‘size effects’. One investigation®® did involve
‘micro-indentation’, using a spherical indenter with a radius of 0.25 mm and a penetration
depth of around 25 ym, but this related only to single crystals of tungsten. None of these
studies resulted in the extraction of stress-strain curves, or even yield stress values (apart
from the potential for estimating it from a hardness number). Reported hardness valuesi6: 47
49831 cover a wide range, partly due to size effects, but in general they are of the order of 5-
20 GPa at room temperature, falling to about 1-4 GPa at temperatures of 400-1000°C.
Obtaining a yield stress from a (Vickers) hardness number (expressed in MPa or GPa) is not
a reliable procedurel®, but it is common to take it as having an approximate value of Hy/3.
This leads to yield stress estimates that bear little relation to reality and it’s difficult to avoid
concluding that none of these studies have produced useful information about the stress-strain
curves of polycrystalline tungsten.

Harris and co-workers[*® %0 reported that creep affected their observed indentation
outcomes for tungsten at 800°C, although it should be borne in mind that various types of
(machine-affected) time dependence commonly arise during nano-indentation at high
temperature. For tungsten at 800°C (homologous temperature ~0.29), the general expectation
might be that this is low enough to ensure that creep is negligible. However, such expectations
commonly refer to steady state rates of creep, whereas it's primary creep that is likely to
influence indentation outcomes (and also those from high temperature tensile testing, aimed
at obtaining plasticity relationships). As a broad generalization, deformation rates!®>-571 during
primary creep are commonly at least two orders of magnitude higher than those in the steady
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state regime, particularly at relatively high stress levels (close to the yield stress). The
possibility of creep affecting indentation outcomes at elevated temperatures?? should always
be borne in mind. There has been work(®8 % on the creep characteristics of tungsten, although
much of this has been focussed on very high temperatures (>~1,300°C) and on steady state
rates of creep. Among the general conclusions are that recrystallization can have a strong
effect and that exposure to oxygen can sharply reduce the creep resistance (in terms of
promoting rupture).

The focus of the current paper is on using PIP to obtain stress-strain characteristics for
tungsten over a range of temperature (up to 800°C), with attention being paid to the possibility
of oxygen-related effects and creep.

2 Materials and Test Procedures

2.1 Material

2.1.1  Composition and Supplier

The testing programme concerns a single material — nominally pure tungsten, supplied as
3 mm thick plate by Molybdenum Tantalum Tungsten Ltd. (Wickford, Essex). The chemical
analysis provided by the supplier is presented in Table 1. These impurity levels are all
relatively low. In particular, the oxygen content is about 60 ppm and the total interstitial content
(O, C & N) is about 170 ppm. However, no information is available about the origin of these
values and they may just be notional (upper limits).

Composition (wt %)

Ni Si Fe Mo o} C N w

0.003 | 0.006 | 0.009 | 0.016 | 0.006 | 0.007 | 0.004 | bal.

Table 1 Composition of the tungsten plate.

2.1.2 Microstructure

The microstructure was examined using optical microscopy. Samples were ground to
1200 grit and then polished down to 1 ym diamond paste, using conventional procedures.
Microstructural features can be seen in the optical micrograph of Fig.1, which is a section
parallel to the free surface of the plate. (Very similar structures were seen in other sections.)
The material is free of obvious porosity, has no clear directionality and comprises a mixture of
original (dark) and recrystallized (light) grains. There is just a single (bcc) phase present.

Details of the manufacturing procedure are not available, but it probably involved
consolidation of tungsten powder (with the particle size ranging from a few microns up to
several tens of microns), followed by a sintering operation (with no hot rolling). The sintering
was probably carried out at around 1300°C, leading to the observed partial recrystallization.
This is broadly consistent with previously-reported microstructures!?® ¢, as well as with the
observations made here. For present purposes, it's not really necessary or appropriate to
investigate microstructural characteristics of the as-received material in greater depth than
this. The main features are fairly clear. However, there is interest in the effects of exposure
to oxygen (at high temperature) and an investigation of these is described below.
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Fig.1 Optical micrograph of as-received tungsten.

2.2 Heat Treatments and Oxidation Countermeasures

2.2.1 Heat Treatments and Environments

Samples for heat treatment were in the form of small squares cut from the plate (7 mm x
7 mm x 3 mm). These were pushed into a tube furnace that had reached the temperature
concerned. After exposure to static air for the period concerned, samples were then pushed
out of the furnace in a similar way. Some of the samples were then used for measurement of
their oxygen and nitrogen contents — see §2.2.3. Others were mounted and polished, for
examination of transverse sections in the optical microscope. This work was aimed at
investigating the formation of oxide films on the free surfaces.

2.2.2 Gold Coatings

A possible approach to inhibition of oxidation is to provide a thin, uniform coating of some
sort over the complete surface of the sample, or at least over the top surface of a PIP sample,
where the testing is localized. The objective is to create a layer that is fully dense, and hence
impermeable, does not itself become oxidized and will deform plastically during indentation
without affecting the indent size or shape in any way. Certain points may be noted concerning
the suitability of gold for protection against high temperature oxidation of metals. It is not
expected to itself oxidize at all, even in air at very high temperature — such a reaction is not
thermodynamically favoured. Also, with a melting point of 1,064°C, it should not melt in the
temperature regime of interest here (although it clearly isn’t suitable for protecting tungsten
when employed as a plasma-facing wall, with surface temperatures potentially reaching
2,000°C).
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Fig.2 Photo of the set-up being used for electroplating a sample with a gold coating.

Layers of gold were created using an electroplating (EP) procedurel®'- 2. |n general, such
coatings adhere well to most metals, are fully dense and mechanically robust. For example,
it has been shownl®3l that electroplating steel components with gold layers several uym in
thickness gave improved lubrication under conditions of heavy wear and were extremely
durable. No publications have been found that refer to electroplated layers of gold on
tungsten, although there has been work!®4 85l involving thin (PVD) coatings. These are unlikely
to be suitable for present purposes, since they tend to agglomerate quickly at high
temperatures.

In the present work, the electroplating was done using a Golden Solution GN1023 Gold
Plating Kit. The electrolyte was a Gold Tank Plating solution supplied by Spa Plating. A photo
of the electroplating set-up is shown in Fig.2. Small squares (7 mm x 7 mm x 3 mm) were
electrically connected as cathodes via a copper wire wrapped once around the sample. The
total surface area was about 180 mm?2. Samples were fully immersed in an electrolyte (initially)
containing 8 g litre”! of gold ions. The electrolyte was warmed to just above 40°C and stirred
manually throughout. The anode was a graphite rod. The applied voltage was 5V, which
typically created a current in the circuit of about 0.4 A. Monitoring of coating thickness was
carried out by weighing the sample before and after the electroplating operation, although
some transverse sections were also examined in an optical microscope as a check on this.
These samples weighed just under 3 g and the increase in weight due to the gold coating was
about 3.5 mg per micron of coating thickness. The measured deposition rate was found to be
about 0.7 um min.", although this rate can fall as the electrolyte becomes depleted of gold
ions. The results presented here relate to coatings about 4 um in thickness.

Reaction between gold coating and sample might be conceivable in some cases, but in
general gold is inert in contact with other metals, provided both remain solid. However, it's
certainly possible for species from the sample to dissolve in gold, and potentially to diffuse
through a gold layer. For example, the diffusivity®® of Fe in gold at 700°C is about
510" m? s, giving a diffusion distance of several microns after a period of 20 minutes.
Elements such as Fe have a high solubility in gold. The gold-tungsten phase diagram(®7],
however, indicates that gold has little or no solubility for tungsten. The diffusivity of tungsten
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in gold (at temperatures of up to 800°C) is unknown, but is likely to be relatively low. Significant
migration of tungsten through a gold layer (assuming that it is coherent and pore-free)
therefore seems unlikely. The solubility of oxygen in gold is very low — estimated®® to be
about 1 ppm at 700°C. It's an interstitial solute, so its diffusivity is high, but this low solubility
means that there should be little or no transport of oxygen through a gold layer. From a
mechanical point of view, pure gold is very soft and ductile, particularly at elevated
temperatures, so the layer is likely to simply conform to the indent shape dictated by the
sample, at least for thickness levels of no more than a few microns.

2.2.3 Measurement of Internal Oxygen Content

Measurement of the oxygen contents was carried out by Special Testing Ltd (Sheffield), on
small sections of plate (10 mm x 10 mm x 3 mm). This was done using a LECO 736 series
machine. A pre-weighed sample is heated in an enclosed graphite crucible, releasing O,
which is reduced to CO and CO2, and N2. These gases are extracted and the CO is converted
to COz2, which is then analysed using an infra-red cell. Publications, such as the paper of
Kipphardt et al.[%, provide details of the techniques involved.

2.3 Mechanical Testing

2.3.1 PIP Testing

Detailed outcomes of PIP testing at high temperature (HT-PIP), applied to several alloys at
up to 800°C, have been published??, with a wide range of comparisons made between PIP-
derived stress-strain curves and those from tensile testing. That paper also provides full
technical details of HT-PIP testing procedures. In the present work, samples were in the form
of square pieces of plate (10 mm x 10 mm x 3 mm). The standard indenter penetration velocity
was 3 um s, although, for the higher temperatures, tests were also carried out with a lower
velocity (to check on whether creep was affecting the outcome). The heating period naturally
depends on test temperature, but was about 10 minutes for the highest (800°C) - see §4.1.2.
One point to note concerning PIP testing is that the elastic constants of the material are input
data for the model. In the present case, these were specified in the form of the Young's
modulus being 400 GPa and the Poisson ratio being 0.3. (The effect of the exact values used
on the inferred plasticity characteristics is relatively small.)

2.3.2 Tensile Testing

The tensile testing was carried out using an Instron 3369 loading frame, with a Severn
Thermal Solutions Furnace. The samples were produced by Electro-Discharge Machining
(EDM) of the W plates, carried out by EDM Precision Technologies Ltd. The reduced section
length was 30 mm, with a width of 3.1 mm, and the clip gauge length was 25 mm. The ceramic
knife-edges of the clip gauge come through a small slot in the furnace wall, while three
thermocouples (to be touching the sample within the gauge length) are introduced from the
other side of the furnace. Samples were heated at 20 K min'. There was a 20 minute
stabilization period prior to the start of the test. The standard displacement rate during loading
was 10 mm min™', corresponding to a strain rate of about 7 10°3s™. For the highest
temperature, tests were also carried out with a slower strain rate, to check on whether creep
was affecting the outcome.

3 Oxidation Characteristics

Information about the oxidation characteristics at 800°C, without and with gold coatings, is
provided by the optical micrographs in Fig.3, while the plot of Fig.4 gives an indication of the
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growth kinetics at 700°C and 800°C. There is a suggestion of an oxide on the as-received
material (even after polishing), although it's apparently no more than a micron or so in
thickness. It certainly thickens rapidly at 800°C, reaching several tens of microns after an
hour. Even after 15 minutes, it is about 10-20 um thick. Furthermore, it can be seen in Fig.3
(particularly Fig.3(e) and Fig.3(f)) that this oxide contains high levels of porosity — which is
almost certainly inter-connected. The layer of porosity at the interface between oxide and
metal is probably due to detachment during the grinding and polishing, but it seems clear that
there is also a lot of porosity in the interior of the oxide layer.

Consistent with this is the observation that the rate of growth remains high. In fact, the plot
in Fig.4 suggests that the growth kinetics are at least approximately linear. This is expected
if air can penetrate readily through the network of porosity. There is also broad consistency
with previous publications®? 431 |t is clear in Fig.4 that the effect of temperature is quite strong,
with the (linear) growth rate being lower by a factor of about 3 at 700°C. (Measurements made
at 600°C indicated that very little oxide was formed at this temperature, even after 2 hours.)

The possible presence of such an oxide layer should be noted in view of its potential effect
on HT-PIP testing, since it could affect the residual profile — particularly in the pile-up region
immediately adjacent to the indent. On the other hand, one advantage of HT-PIP testing is
that the heating and thermal equilibration period can be very short. For example, HT-PIP
testing at 800°C can be carried out such that the period prior to the test spent above, say,
700°C, can be limited to just a few minutes!??l — see §4.1.2. Oxide formation may thus be quite
limited, even for a case (such as tungsten at 800°C) that exhibits rapid growth.

A
A 4

< 200 pm > 200 pm

Fig.3 Optical micrographs of transverse sections, showing samples in (a) as-received,
and (b) as-coated states, while (c) and (d) show such samples after 30 minutes at
800°C and (e) and (f) after 2 hours at 800°C.
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Fig.4 Plot of oxide layer thickness (measured on optical micrographs) as a function of time,
for tungsten heat treated in air at 700°C and 800°C, with the latter having been carried
out without or with gold coatings (about 4 um in thickness).

A further point that emerged from these tests is that the gold coatings had little or no effect
on the rate of oxide growth. This can be seen in Fig.4 for the 800°C data, which indicate that,
within experimental error, the growth rate is about 1 ym min.-!, with or without the coating. It's
also clear from the micrographs in Fig.3 that the oxide forms on the inside of the coating. This
appears to suggest that oxygen can pass through the gold. In practice, it seems likely that the
gold layer is not continuous or coherent, rather than it all being permeable to oxygen. The
electroplating procedure doesn’t appear to be very reliable for tungsten and the integrity of the
coating was rather variable. Prediction of the efficiency of producing (electroplated) gold
coatings on different metals is not easy, since it presumably depends in a complex manner on
the electrochemistry of the surface region. There is certainly some variability in the
appearance of these coatings, but they don’t seem to be reliably continuous or coherent. If
air can pass through such a coating, even if only in relatively few locations, then the highly
porous nature of the oxide will allow it to redistribute laterally, leading to growth rates that are
similar to those for an uncoated surface.

No chemical analysis of the oxide layers has been carried out, but it seems likely that it
was all WO3 — with or without some depletion of oxygen content. Itis certainly well-established
that this oxide is commonly formed. Also, it is worth noting that the Pilling-Bedworth ratio for
WOQOj3 is about 3.4 — so oxidation of the tungsten is accompanied by a large increase in volume.
This may be relevant to the high observed levels of porosity. Also potentially relevant is the
fact that WO3s undergoes phase transformations during heating and cooling*!l, with the
monoclinic form being stable up to 330°, the orthorhombic structure from there to 740°C and
the tetragonal above that temperature. A tendency for WO3 to be highly porous, and potential
advantages of this in certain functional devices, have been studied’® 7"l It may also be noted
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that, depending partly on viewing conditions, there were cases in which the oxide appeared to
comprise two distinct layers, with contrast between them (sometimes appearing to have
different colours). It seems likely that both are nominally WO3, but one of them is somewhat
depleted in oxygen. There are reports of such effects in the literaturel’2 731,

O content
Sample (ppm)
W plate (as-received) 16
W plate (30 mins. @ 800°C) 20
W plate (2 h. @ 800°C) 32
Au-coated W plate (30 mins. @ 800°C) 31
Au-coated W plate (2 h. @ 800°C) 29

Table 2 Measured oxygen contents in tungsten samples after different heat treatments.

Further information about the effects of exposure to air is presented in Table 2, which
shows measured internal O contents (after any oxide layer had been removed by a grinding
operation), for heat treatment at 800°C, with and without gold coatings. These values show
little correlation with the 60 ppm value quoted by the supplier for as-received material (being
all considerably lower). However, while there are indications in these results that the O content
can be raised by a heat treatment, the main conclusion here is that these levels are all low. (It
is unclear how the value quoted by the supplier was obtained and it may just be a generally
expected upper limit.) It would also appear that the gold coatings do little or nothing in terms
of inhibiting penetration of oxygen. As for the results relating to oxide layer thickness, this may
be attributable to the gold coatings having poor integrity. Itis in any event clear that the main
effects of exposure to air at high temperature relate to the formation of oxide layers, rather
than to penetration of O into the interior of the sample.

4  Mechanical Properties

4.1 PIP Indent Profiles
4.1.1 Measured and Modelled Profiles

Details of the FEM model, including the procedure for convergence on the stress-strain
relationship giving optimal agreement between measured and modelled outcomes (indent
profiles), are provided in previous publications - particularly the review article?'l. The
justification for selecting the Voce relationship as the constitutive law describing the (true)
stress-strain relationship is also described there in some detail. The only arbitrarily-adjustable
parameter in the procedure is the value of the friction coefficient between sample and indenter,
although the outcome is not very sensitive to its value (in the expected range of about 0.1-
0.3). Forthe present work, the value used was 0.225. This issue is also explored in the review
article.

A typical comparison between measured and (best fit) modelled indent profiles is shown in
Fig.5. The agreement is close (and the sensitivity of the modelled profile to the stress-strain
curve is relatively high). A feature of this profile, and of all those in the current study, is a large
pile-up height — almost a third of the central depth in this case. In general, this is reflective of
a low work hardening rate. (Work hardening tends to act against the localised creation of large
plastic strains, which are associated with high pile-ups.) In fact, the work hardening rate of
this tungsten plate is low across the range of temperature — see §4.2.1. A further point to note
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here is that this experimental profile was produced after heating to 800°C — a case for which
an oxide layer of significant thickness (~20 um) was present during indentation. Nevertheless,
the profile is clearly smooth (in the pile-up region) and there is no evidence suggesting that
pile-up formation has been suppressed in any way. This is discussed in §4.1.2 below.

4T [ T [ T T ]
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Fig.5 Measured and modelled profiles for an uncoated tungsten sample indented at 800°C
(with a load of 1.392 kN).

4.1.2 Effects of Oxide Films

There is potential concern that an oxide film on the sample could affect the measured indent
profile and hence the inferred stress-strain curve. This could lead to a reduction in pile-up
height, or even the creation of irregularities in this region (due to fragmentation of a relatively
thick oxide layer). In fact, it can be seen in Fig.5 that the measured profile is perfectly smooth,
and also that the pile-up height is relatively large, even for this case of 800°C, for which a
relatively thick oxide layer was present. Nevertheless, there is interest in examining the near-
surface region after indentation, and correlating this with the thermal history of the sample.

Some information is presented here concerning indentation at 800°C. Firstly, Fig.6 shows
the thermal history of the sample, before and after indentation. If the time spent between, say,
700°C and 800°C is taken as a pointer towards oxide film thickness, this is about 6-7 minutes
prior to indentation, but only about 2 minutes during the subsequent cooling. From the
information in Fig.4, a broad expectation would be that the oxide film thickness had reached
about 15-20 um by the time that indentation took place, with little thickening afterwards.

This expectation is consistent with the micrograph shown in Fig.7. Measurements made
of the oxide thickness in the pile-up region (and outside of it) indicate about 22 ym, whereas
in the region that was in contact with the indenter ball it is about 18 ym (with some indications
that it may have been compressed so as to eliminate most of the porosity). It might have been
expected that an oxide film with a thickness of the order of 20 um could inhibit pile-up
formation, at least slightly. However, this doesn’t appear to have happened in the present
case - pile-up heights are quite substantial (at about a third of the central depth). This is
reflected in low rates of work hardening in the inferred stress-strain curves - see below. A
likely explanation is that the high porosity level in the oxide rendered it mechanically weak,

-11-



PIP Testing of Tungsten at High Temperature ...Miller et al

such that it had little or no effect on the creation of the pile-up. It is worth noting in this context
that tungsten is fairly strong, even at high temperature, making it less susceptible during pile-
up formation to effects induced by an oxide.
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Fig.6 Thermal history of the sample surface before and after indentation of an uncoated
tungsten sample at 800°C.

100 pm

Fig.7 Optical micrograph of a transverse section in the vicinity of the pile-up region of an
indent created during a HT-PIP test at 800°C.
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4.2 Stress-Strain Curves

4.2.1 PIP-Derived and Tensile Outcomes

The immediate outcome of the PIP tests - that is, the optimized sets of Voce parameters,
plotted as true stress — true strain curves (with the elastic strain also added), is shown in Fig.8.
The yield stress values can be seen, as can the nature of the work hardening behaviour. (The
latter can be seen more clearly in plots of this type, compared with nominal stress-strain
curves.) The yield stress progressively drops from about 1,300 MPa at room temperature to
around 500 MPa at 800°C (although in fact it has dropped to ~600 MPa by 300°C). It’s also
noticeable that the rates of work hardening are low, with the true stress rising by about
300 MPa over a strain range of about 15% at room temperature, but there being very little rise
in the ‘flow stress’ at temperatures of 200°C and above.
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Fig.8 PIP-derived true stress - true strain curves, obtained using an indenter penetration
velocity of 3 um s™.

Comparisons between PIP and tensile outcomes are conventionally presented as nominal
stress — nominal strain plots (although, as noted above, the actual plasticity characteristics of
a material can be seen more clearly in a true plot). The set of tensile stress-strain curves
obtained in the current work is shown in Fig.9, together with corresponding PIP curves. Some
caveats are needed here. A first point to note is that the PIP-derived plots, which have been
obtained by converting the true plots using the standard analytical expressions, are shown
only up to the peak in the curve (where, according to the Considére criterion, the onset of
necking is expected). In some of these cases (at the higher temperatures), this is predicted
to occur at very low strains - indicative of little or no work hardening (as can be seen in Fig.8).
The tensile curves are shown beyond this point, but they are not really meaningful in this
regime (since the measured strain is entirely dependent on how the neck develops). Secondly,
the tensile behaviour at room temperature, and at up to 200°C is almost ideally brittle. The
only information from tensile testing in this regime is a fracture stress. Moreover, this value is
virtually meaningless in terms of plasticity characteristics, and is likely to vary if tests are
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repeated. (Just single values are shown in the plot.) In this temperature range, no comparison
is possible in terms of yield stress or rates of work hardening.
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Fig.9 Comparison between nominal stress-strain curves from tensile and PIP testing, with
the latter shown only up to the onset of necking (peak in the curve). These tensile
tests were carried out with a strain rate of 7 103 s,

For temperatures above 200°C, however, there is good consistency, with the tensile yield
stress progressively falling with increasing temperature, but over a fairly narrow range (~700
to 500 MPa, as the temperature is raised from 300°C to 800°C). Moreover, these tensile
curves also indicate little or no work hardening. Strains at the onset of necking (peak in the
plot) are low, while the ductility values (nominal strain at fracture), as indicated above, are not
really meaningful — they are dependent on sample dimensions, since this affects the relative
significance of the straining that takes place within the neck.

A summary comparison is shown in Fig.10, in which yield stress (YS) and ultimate tensile
stress (UTS) values obtained by both PIP and tensile testing are plotted as a function of
temperature. This plot covers only tensile results from the current work, although it may be
noted that they are closely consistent with those from the two papers in the literature®'- 32,
There is clearly little or no work hardening at temperatures above about 200°C (with brittle
fracture preventing access to the yielding and work hardening characteristics at lower
temperatures). For the brittle facture cases, and taking account of the values reported in those
two papers, the wider error bars reflect the expected variability. All of the reported values fall
in the approximate range 400-800 MPa, probably dependent mainly on the presence of
surface flaws and possibly on gripping and alignment issues. It's clear that the exact value
obtained in any particular test is of little or no significance.

It can be concluded that PIP is giving good consistency with tensile outcomes in the
temperature range in which significant plasticity occurs, and it also seems justifiable to have
confidence in the PIP outcomes for temperatures at which the tensile behaviour is entirely
brittle. This capability of PIP testing is worthy of note (particularly since there are certain
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difficulties associated with compression testing of very hard metals, as described in a previous
paper!'l).
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Fig.10 Comparison between YS and UTS values obtained by PIP and by tensile testing, as a
function of test temperature.

4.2.2 Creep Effects

There is potential concern about creep (time-dependent) deformation affecting virtually any
test aimed at obtaining stress-strain (‘pure plasticity’) curves, particularly at high temperature.
This applies equally to PIP and tensile testing. Recent publications(?3 24 cover the details, and
show that observed effects can be quantitatively explained. A rule of thumb is often expressed
as creep probably being insignificant for homologous temperatures below about 0.4 (~1,200°C
for tungsten). However, as noted in the Introduction, this implicitly relates to strain rates in the
steady state regime during creep (constant load) testing. The system does not approach any
kind of steady state during either PIP or tensile testing — in fact, this applies to most loading
configurations (except uniaxial tests at constant load and certain important commercial
applications, such as turbine blades). If creep deformation is taking place during PIP or tensile
testing, then primary creep, which is almost inevitably much faster than secondary (steady
state) creep, may be making a contribution, particularly at the relatively high stress levels
(~YS) that are generated during these tests. Of course, the net effect of such creep on the
extracted stress-strain curve will depend on the duration of the test, but interest centres here
on tests within the ‘quasi-static’ regime, which is often taken to cover strain rates in the
approximate range of 10°°— 102 s'. Extracted stress-strain curves will be independent of
strain rate in this range only if creep effects are negligible. The bottom line, however, is that
creep can in practice have an effect in cases for which the homologous temperature is well
below 0.4. For example, it's been shown!?®! that detectable levels of creep occur during both
PIP and tensile testing of titanium alloys at room temperature, which corresponds to an
homologous temperature of 0.15. Of course, creep resistance is often quite sensitive to
microstructure, which doesn’t figure in criteria based on the homologous temperature.

In the present work, a check has been made on the effect of creep by carrying out tensile
tests at 800°C with two different strain rates and PIP tests at the same temperature with two
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different penetration velocities. Unlike a tensile test, stress and strain vary with location during
PIP testing. The relationship between penetration velocity and the (spatial and temporal)
distribution of the local strain rate is a complex one. However, for a particular case, it's
possible via FEM simulation of the indentation to obtain an average value for the strain rate,
weighted by the amount of deformation that takes place within different ranges of strain rate.
This procedure is described in a previous paper??l. There is no universal relationship between
this average strain rate and the indentation velocity (although it is expected to be at least
approximately linear in any particular case), since it does depend on the plasticity and creep
characteristics. However, this dependence is not very strong and, at least to an order of
magnitude, a proportionality constant can be identified that should be broadly valid across
typical ranges of deformation characteristics. For the current work, which concerns an
indenter with a radius of 1 mm and a penetration ratio of 10-20%, its value is approximately
510 um'. The average strain rates in these two PIP tests (with velocities of 0.3 and 3 um s™)
were therefore around 1.5 10* and 1.5 10 s'. While these figures are very approximate,
they’re evidently of a similar order of magnitude to those involved in the tensile tests.
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Fig.11 Nominal stress - nominal strain curves from tensile and PIP testing at 800°C, obtained
in both cases using two different strain rates.

The outcomes are presented in Fig.11, which shows nominal stress-strain curves for both
tensile and PIP testing at 800°C, with two different strain rates. For both types of test, the
curves lie at lower stress levels for the slower strain rates (noting that it has been reduced by
a factor of 100 for the tensile test, but only 10 for the PIP test). These curves therefore confirm
that, for this temperature, creep could have a significant effect. However, the effect is not
dramatic, with the stress reductions being moderate and the curve shapes remaining broadly
similar. This is in contrast to what was observed in earlier work?? for a number of (‘creep-
dominated’) material / temperature combinations, where curve shapes became substantially
different for the two types of test and neither was close to a genuine ‘pure plasticity’
relationship. Such cases have been successfully modelled® for tensile testing.
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In the current work, even at 800°C, the stress-strain outcome (from tensile or PIP testing)
is likely to be reliable (‘creep-free’), provided the testing is carried out at the ‘standard’ rates,
so that both tensile and PIP outcomes can be taken to be close to such a relationship over the
complete temperature range that has been covered. However, the fact that creep is starting
to become significant at 800°C should be noted: at higher temperatures, it is probable that
stress-strain curves (from tensile or PIP testing) will become heavily ‘creep-affected’, such that
results from the two tests will start to diverge (with neither being ‘correct’) even if the tests are
done at ‘standard’ rates. Full understanding of the behaviour in this temperature range will
require capture of the creep characteristics (including primary creep).

5 Conclusions

This work concerns application of the PIP methodology to plates of pure tungsten, at
temperatures up to 800°C. The following conclusions may be noted.

(a) Yield stress and work hardening characteristics have been obtained. The yield stress
at ambient temperature is about 1,300 MPa, with some (fairly limited) work hardening.
By 200°C, the yield stress has fallen to about 900 MPa and by 600°C to around
500 MPa. It remains at around this level up to 800°C. The work hardening rate is very
low for all temperatures above about 200°C.

(b) These PIP-derived results are consistent with those from tensile testing, although
comparisons are not possible below about 300°C - when brittle fracture during tensile
testing precludes the obtaining of plasticity-related characteristics. Since PIP testing is
a much easier and quicker procedure, as well as having the capability to obtain plasticity
characteristics in regimes inaccessible to tensile testing, it has considerable potential
for study of materials such as tungsten.

(c) During exposure of samples to air at high temperatures, formation of oxide (WQO3) is
rapid, with linear growth kinetics (and evidence of high porosity levels). At 800°C, the
growth rate is approximately 1 um min.”'. On the other hand, the rate of absorption of
oxygen into the interior of the metal appears to be low.

(d) Rapid formation of an oxide layer on the surface of a sample prior to PIP testing is a
potential cause for concern, since it could affect the indent profile and hence the inferred
stress-strain curve. Furthermore, attempts to limit oxide growth by electroplating a thin
layer of gold onto the surface were largely unsuccessful. However, the time spent at
high temperature can be kept short during PIP testing, so that the oxide layer thickness
is minimised. This appeared to ensure that inferred stress-strain curves were reliable,
probably assisted by the weak and porous nature of the oxide.

(e) There is potential concern during high temperature PIP (and tensile) testing that creep
could affect the stress-strain curve (such that the timescale of the test influences the
outcome and it is not a reflection of ‘pure plasticity’ characteristics). It was found that,
for testing at 800°C, changing the indentation penetration velocity did affect the profile,
and hence the stress-strain curve. A similar effect was observed when changing the
strain rate of the tensile test. However, these effects were relatively minor and, at least
over the temperature range covered in this work, the stress-strain curves obtained are
thought to be more or less ‘creep-free’ (provided the tests at 800°C are carried out at
‘standard’ rates). However, any test (tensile or PIP) carried out above 800°C is likely to
be quite strongly affected by creep.
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