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Abstract

Refractory metals and alloys with melting point above 2500°C, are commonly
used at temperature well above 1000 °C. Very few creep data exist at low
temperature and low stress. In the present work, we studied the micro-creep
deformation and the structure stability of different W and W alloys, W-B, W-
La2O3, W-K, W-Re, in the temperature range 900-1100°C and stress range
10-50MPa, up to 500 hours.
A Norton type law has been established for those materials. Stress exponents
around 1.0 have been obtained. Activation energies have been determined,
and are much lower than self diffusion energies for all materials tested. The
main mechanism involved has been identified as Harper-Dorn creep, implying
some dislocation rearrangement. The dopants are classified according to
their efficiency in creep reduction and boron at 100ppm has been found to be
the most efficient, whereas at 10ppm, it degrades the behaviour of stress
relieved tungsten.
Furthermore, we have found that the addition of some elements may have an
efficient effect as recrystallization inhibitor
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Introduction

The vocation of refractory materials generally consists in working at high
temperature, under a certain stress. For structural parts, or for some specific
application, it is necessary to get a very good stability either geometrically, or
structurally (impeding recrystallization). It is the reason why many W alloys
have been developed.
Raffo et al (1) have compared the efficiency in terms of creep deformation of
different alloying elements, such as B, Nb, Hf, and Re, at 1926°C. Hf is the
more efficient, but all the alloys lead to some improvement in comparison with
pure W.
W-AKS have been developed, as non sag W for lighting wire applications.
Doping with small amounts of aluminium, and potassium silicates, associated
with a high deformation, results in a material exhibiting good dimensional
stability and high recrystallization temperature.
The temperature field of application is generally higher or equal to 1500°C.
But, at lower temperatures, above 1000°C, those materials may present a
great interest because of the limits of superalloys. Around this temperature
very few data exist, and W, if held during hundreds of hours at this
temperature, recrystallizes.

Creep behavior of refractory pure metals and alloys has been investigated for
a long time, at various temperatures and stresses, given the conditions of
application of those materials. But little work has been made on the creep
deformation of refractory metals at low stresses, and at T<0.4Tm. One
reason for the lack of data in these regions lies in the difficulty of measuring
deformations as small as 10"7.
The Norton law generally gives the stress dependence of the deformation
rate: s = F(T, t) cn . It is generally admitted, now, in the Norton law (2, 3) that
the stress exponent for steady state deformation at low stresses (o/G < 10~5)
and high temperature is close to 1. Two classes of mechanisms may be
involved in this creep regime (6): 1. Slip dislocation mechanisms divided into
1 .a the Harper-Dom process (4), which involves dislocation glide in the grain,
and is independent of the grain size. The Harper-Dorn mechanism is not yet
clearly established, although several mechanisms have been proposed, in
particular the dislocation network theory by Ardell (5), and 1.b the Sherby
process in solid solution alloys (7), consisting of dislocations slip, and pile up
on grain boundary, followed by dislocation climb. In this case, n=1 when the
limiting mechanism is glide; 2. diffusion mechanisms involving either lattice
or grain boundaries.
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In all cases except Harper-Dorn creep beyond a certain grain size, those
mechanisms lead to some dependence of creep rate on grain size.
Many authors have pointed out that the mechanism of creep deformation
depends on the metal composition and structure: mechanisms may vary
between pure metals, solid solution alloys and particle reinforced alloys.
Thus, depending on the form of the dopant, whether it is at the grain
boundary, in the bulk, in solid solution or as precipitates, the parameters of
the Norton type law may vary.
The intention of this paper is to give a general view of the microcreep
behaviour of a range of W alloys likely to be used at temperature between
900 and 1100°C, in the primary creep region.

Experimental procedure: materials

Tungsten
Tungsten was obtained from Plansee. It has been characterised in several
metallurgical conditions: stress relieved at 1000°C for 6hrs (referred to as
Wsr), recrystallized for 4hrs at several temperatures to study the effect of
grain size on creep: 1400°C (considered as the standard annealing
temperature and referred to as Wr), 1500°C, 2000°C and 2200°C. It is
manufactured by powder metallurgy, and provided in 1mm thick sheets. Its
typical chemical composition is given in table 1.

table 1. Chemical composition in ppm of tungsten

w
c
18

0
<30

N
<10

Mo
49

Ni
<20

Al
<15

Si
<20

P
<10

Vickers hardnesses under 30kg load are 500HV for Wsr and 400HV for
recrystallized W. Typical grain size is 1um for stress relieved tungsten. Two
populations of grains exist in recrystallized tungsten: grains on the order of 1
to 5um, whose number decreases with increasing temperature, and larger
grains. The size of those depends on the annealing temperature: between
10um and 20um at 1400°C, between 20um and 50um at 2000°C, between
50um and 500um at 2200°C.

Tungsten boron alloy
Tungsten boron alloy was obtained from Plansee. The boron contents are
10ppm, 105ppm, 125ppm and 217ppm (weight). The alloy was elaborated by
sintering of a mixture of boron powder and W powder, and hot rolling. The
alloy has undergone a stress relieving heat treatment: a 1000°C-6hrs. The
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typical chemical composition for both materials is given in table 2. The sheet
is 1 mm thick.

table 2. Chemical composition in ppm of tungsten boron alloy

W-10B
W-105B
W-125B
W-217B

B
10
105
125
217

S
<5
<5
<5
<5

O
40
80
155
30

N
<5
<5
<5
<5

P
<10
<10
<10
<10

Macrohardnesses are between 48 and 51 HRC for all three materials.
Globular tungsten boride particles, 1 to 5um diameter are present for 105 and
200 ppm B but not for the 100ppm one as shown on figure 1.

fig.1 Micrographs of 10ppm boron doped tungsten (left) and 105 ppm boron
(right)

Tungsten potassium alloy (W-VM)
A tungsten potassium alloy has been received from Plansee: the common
commercial W VM alloy. It is produced by powder metallurgy, hot rolling, and
annealing at 1000°C - 6hrs. The sheets is 1mm thick. The impurities analysis
given by Plansee is given in table 3.

table 3. Impurities analysis in ppm of WVM alloy

W-VM <5
K
34

Fe
<100

Mo
13

O

MacroVickers hardness is 500/525HV30.

Tungsten rhenium alloy
Tungsten rhenium alloy has been obtained from Plansee. It is manufactured
by mechanical alloying techniques involving PM. The initial powders are
mechanically alloyed prior to hot isostatic pressing. W and Re are in total
solid solution.
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The bar diameter is 18mm, it has been annealed at 1100°C - 2hrs. The
chemical composition given by Plansee, is shown in table 4.

table 4. Chemical composition in wt.% of W-Re

W-Re
Re Mo
26.0 < 100 ppm

O2

< 30 ppm < 30 ppm |< 50 ppm
MacroVickers hardness is 515/550HV.

Tungsten La2O3 alloy
Tungsten lanthanum oxide alloy was obtained from Plansee. The alloy has
been produced by powder metallurgy (referred to as PM) and hot rolled. The
sheet thickness is 1mm. The material has been stress-relieved at 1000°C - 6
hrs. Chemical composition given by Plansee is detailed in table 5.

table 5. Chemical composition in wt.% of W-La2O3

W- La2O3

La2O3

1%
C ppm
<5

Mo ppm
75

P
< 10

O ppm
1388

Vickers hardness is 432-460 HV30. La2O3 particles are acicular, elongated
along the rolling direction.

Experimental procedure: creep testing
The experimental procedure has been described elsewhere (8). We recall it
here. All materials described above have been tested in four point bend
creep, between 900°C and 1050°C, under constant stress between 10MPa
and 50MPa, for up to 500hrs.
Four point bend was chosen rather than tensile test because it allows
measurement of smaller deformations. The tests took place in a tubular
quartz furnace in vacuum. The specimens were electro-eroded from the as-
received sheets to [215x15x(1;1.5)]mm. The tests were conducted using a
graphite experimental apparatus. The outer four point bend testing length was
180mm and the inner length, 100mm. Loads were determined using standard
four point bend theory, assuming identical behavior in tension and in
compression. Two specimens were tested at each given temperature + stress
for reproducibility.
Prior to testing, samples width and thickness were measured at +0.1 mm. The
initial deformation of the specimens was measured using a contactless
transducer, at +1um. This allows deformations as low as 5e-7 to be
measured, which is necessary because of the low temperatures and stresses.
Samples are subsequently loaded initial concavity upwards, placed into the
furnace and heated at 300°C/hr, held at temperature for a given time, after
which the furnace cools down freely and the samples are taken out and
measured. The creep deformation is then obtained by subtracting the initial
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deformation to the deformation measured after testing. Measurements are
usually made at the following time steps: 25hrs, 75hrs, 150hrs, 300hrs,
500hrs, 1000hrs, but those can vary between tests. The final creep curve is
then obtained as £ = f(t) for each temperature and stress.

The curves are analysed using Norton type creep law: s = Bexp\-—)a"tm

(equation 1). First, a law of the form e = Aa"t"'\s established at each
temperature (900°C, 975°C and/or 1050°C depending on the material). At
least two stresses have been applied per temperature, which yields four sets
of results. The least squares method allows the stress exponent and m to be
determined at each temperature. These coefficients supposedly constant
over temperature sometimes vary significantly. An average is then calculated,
and B and the activation energy Q are determined. Results are presented in
terms of n, m, B and Q for each material in a given temperature and stress
range.

Results and Discussion

Creep behavior usually follows the three-stage evolution: primary, steady-
state and tertiary creep. In this study, most creep tests are limited to primary
creep stage. Because of the low temperature and low stresses applied,
stationary creep has rarely been reached even for duration of several
hundred hours. Therefore, a law of the form of equation (1) has been applied
instead of the law giving the creep rate. A complete set of coefficients
according to equation (1) has been determined for each material (table 6).
Figure 2 compares the creep behavior of all materials at 975°C and 20MPa.

table 6. Norton Creep I
Material

Wr*
Wsr
W La2O3

W B
10ppm
W B
lOOppm
W B

T range
(°C)

900/975
900/975
975/1100
975/1100

975/1100

975/1100

stress
range
(MPa)
5/60
10/30
10/30
10/30

10/30

10/30

_aw Coefficients
time
(h)

150
500
500
500

500

500

stress
exponent
n
1.1
1.0
0.9
1.1

1.0

1.0

for Tungsten and some Alloys
time
exponent
m
0.2
0.3
0.3
0.2

0.1

0.1

act.
energy Q
(kJ/mol)
49
134
122
91

83

50

constant
coefficient
B
6.2e-5
1.0
0.4
4.4e-2

1.6e-2

9.3e-4
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200ppm
WRe
W K

975/1050
975/1050

10/30
10/30

200
200

1.0
1.0

0.5
0.4

109
126

3.6e-2
0.3

* heat treated at 1400°C

First, it is interesting to rank the materials in terms of creep behavior in that
temperature and stress range : from best to worst : recrystallized tungsten >
W-B100ppm > W-La2O3 > W-B200ppm > stress relieved tungsten = W-Re =
W-K > W-B10ppm. The dopants can be classified in 3 categories: those
improving the creep behaviour of stress relieved tungsten in that range -
more than 100ppm boron, lanthanum oxide -, those having little effect -
potassium and rhenium - and those degrading its behaviour- 10ppm boron.

8.1E-04

6.1E-04

4.1E-04

2.1E-04 --

1.0E-05 fl

•^f'^^t--•»•"' " ^ - • '

^ _ •

j ,

Wr
—a—Wsr
- - -X - - W-La2O3

W-B10ppm

• W-B100ppm

< - H — W-B200ppm
I . - - * . . w-Re

—»—W-K

200 400
t(h)

figure 2. Compared creep curves of tungstens at 975°C and 20MPa

Regardless of the dopant, all tungstens exhibit a stress exponent of 1.0+0.01.
This is in agreement with previous results in the low stress region, but at
usually higher temperatures except in (8). All activation energies are also low
compared to self diffusion and grain boundary diffusion energies. Dopants
tend to further decrease that energy. This rules out the usual diffusional
mechanisms as sources of creep and raises questions about the way the
dopants act in that creep regime.

Pure tungsten
Results for pure tungsten have been presented elsewhere (8). We will recall
them briefly here, as they will be useful to understand the creep mechanism
and thereby to study the effect of the dopant.
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Pure tungsten has been characterised in several metallurgical conditions, that
have been detailed previously. Results of creep tests at 975°C and 26MPa up
to 500h are presented in figure 3.

- • — 1500°C - -A - 2000°C - - -X- - - 2200°C

e1,0E-04

1.0E-05 •: ••- , , —--I

0 100 200 300 400 500

t(h)

figure 3. Creep results of tungsten at 975°C and 26MPa

In order to understand the mechanism that comes into play, the following
points should be noticed:
• all recrystallized samples behave the same way, showing a creep that is

independent of grain size for large grains (>1 Oum),
• for both the recrystallized and the stress relieved tungsten, the activation

energies shown in table 6 are very low compared to the lattice diffusion
energy at 580kJ/mol (9), and to the grain boundary energy at 420kJ/mol
(9),

• a dislocation rearrangement process has been observed by TEM during
creep (10), showing the pinning of dislocations into a disorganised
network; this is in agreement with the dislocation network theory as
presented by Ardell (5). It is clear that stress relieved tungsten is much
more sensitive to this process than recrystallized tungsten, due to a much
higher dislocation density,

The only creep mechanism that is independent of grain size is the Harper
Dorn mechanism; no information has been found in the literature on the
activation energies involved, which could be on the order of 50 to 150kJ/mol
for pure tungsten according to the present results. Those observations tend to
show that a Harper Dorn mechanism is at stake, although usually observed at
low stress but much higher temperature (4); this mechanism somehow
involves a dislocation rearrangement process.
Added to that and as mentioned earlier, the microstructure of stress relieved
tungsten is not stable in that temperature range. An unpublished study based
on SEM, image analysis techniques and hardness characterisations shows
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that recrystallization becomes significant over 1000°C. Figure 4 shows the
evolution of hardness with heat treatment temperature.

Wsr 6h "lOOtTC 6h 105CTC 6h1100"C

Heat treatment

6h 1200X

fig. 4. Evolution of hardness with heat treatment
The decrease in hardness testifies to the recrystallization process, from more
than 500HV30 for stress relieved tungsten to about 400HV30 for
recrystallized tungsten. Thus it is clear that some amount of recrystallization
will occur in creep tests over 1000°C. This phenomenon will be taken into
account. As a side effect of this unstable microstructure, dispersion in terms
of deformation measured compared to the average Norton creep law is much
higher for stress relieved tungsten at 40% in some cases, at low temperature
and low stress than for recrystallized tungsten at ±10% at 975°C and ±25% at
900°C.

Boron doped tungsten
It is interesting to compare boron doped tungsten to stress relieved tungsten
as they are in the same metallurgical condition. Their creep behaviour is
shown on figure 5.
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1.0E-03

—a—Wsr

W-B10ppm

- - • -W-B100ppm

- - I - - W-B200ppm

1.0E-04

fig. 5. Creep deformation of B doped W at 1000°C under 20MPa

It can be seen that, whereas a very small amount of boron (10ppm) degrades
the creep behaviour of Wsr, an amount of 100ppm improves that same
behaviour by a factor of 2. Further increase in boron content to 200ppm does
not seem to improve the creep behaviour any further.

Since boron is expected to impede the recrystallization of tungsten, SEM
studies have been undertaken to compare the recristallization behaviour of
boron doped samples with that of pure Wsr. Figure 6 shows micrographs of
samples with 10 and 100ppm boron content after 500h at 1050°C.

fig.6 Micrographs of 10ppm (left, bulk) and 100ppm (right, surface) boron
doped W after 500h at 1050°C
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Those should be compared with Wsrthat recrystallizes over 1000°C. Whereas
a small amount of 10ppm boron has not impeded recrystallization at all, the
effect of 100ppm is clear. In that case, recrystallization is limited to the
surface of the sample. It appears that boron blocks in some way the
movement of grain boundaries. This is in agreement with (14), in which the
authors attribute the beneficial effects of boron in tungsten to a lower grain
boundary mobility due to borides at grain boundaries plus boron in solid
solution. This leads to reduction in grain size. The recrystallization
temperature with boron content has been studied in more details in (1); the
authors observed a sharp raise by more than 200°C in recrystallization
temperature of tungsten with 100ppm boron addition. According to them, this
increase is caused by boron in solid solution that lowers grain boundary
mobility by about 3 orders of magnitude.
A GDS analysis has been undertaken to check the distribution of B in the
sample. As mentioned previously, special care had to be taken in the
elaboration process to avoid the evaporation of B during sintering. But this
phenomenon cannot be fully avoided as revealed by the GDS analysis: a
depletion in boron clearly appears at the surface. This result was confirmed
by the same analysis performed on the 200ppm sample : there exists a zone
of 20 to 30um on each surface, that is depleted in boron, thereby allowing
recrystallization to occur.

The effect of this surface recrystallization on the coefficients of the Norton
type law has been shown in table 6. An increase in boron yields a decrease
of both the activation energy and the time exponent m. In other words, the
material may exhibit a strong initial deformation, but it evolves less with time
than Wsr. This analysis can be further refined by examining the evolution of
the time exponent with temperature. For each of the test temperature and
each boron doping, a value of m has been determined and is shown in table
7.

table 7. Evolution of time exponent with temperature for B doped W
T(°C)
975
1050
1100

10ppm
0,29
0,19
0,16

100ppm
0,14
0,12
0,1

200ppm
0,1
0,13
0,12

The time exponent decreases with increasing temperature. This reflects the
evolution of microstructure as observed on SEM. In bending tests, surface
zones play a major role since they are submitted to the highest stresses, and
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it is those zones that primarily recrystallize. Thus, as temperature increases,
Wsr tends to behave more like W r : its creep rate slows down and the value of
the time exponent decreases. This is particularly true for the 10ppm sample,
less for the 10Oppm and not for the 200ppm.
However, when looking at the deformation itself, microstructure does not
explain why 10ppm deforms more when it should deform less due to
recrystallization, neither why 200ppm is different from 100ppm when they
have very similar microstructures. It is likely that boron somehow intervenes
directly in the creep mechanism. To further understand this question, the form
of boron in the sample has to be determined.
As said earlier, SEM pictures showed large partly faceted particles (fig.6).
Using image analysis techniques, an average equivalent diameter of about
5um in both the 100ppm and the 200ppm B doped samples has been
determined. The nature of those particles is still under investigation. An EDS
analysis conducted on our samples confirmed that those precipitates
contained W and B and microprobe analysis confirmed that they were W2B.
X-rays did not find the W2B structure at all and TEM found some W2B mixed
with some other phase. At that point, it is not possible to conclude about the
nature of boron in tungsten.
In (1), the authors elaborated ingots with a range of boron content from
100ppm to 7.8%. As opposite to our results, they did not observe any
precipitate in the 100ppm sample, but only from the 300ppm one up to higher
B content. That second phase appeared in two forms: 1 to 8um diameter
round particles distributed through the grains and intergranular film. They
suggested that boron was in W2B precipitates plus solid solution and that it
was the solid solution part that improved high temperature properties. What is
clear through our study is that it is not those large precipitates that can have
an effect on the creep behaviour of the sample, due to their size and small
number. We therefore agree with (1) in that boron must exist in some other
form such as solid solution or very fine precipitates, inter or intragranular.
Since no other particle have been detected with TEM either within the grains
or on the boundaries, it is likely that boron is in solid solution. Those matters
need further studies to be resolved
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Lanthanum oxide doped tungsten
Creep results of lanthanum oxide doped tungsten compared with Wsr and the
best (100ppm) boron doped tungsten are presented in figure 7.

1.0E-03

a Wsr

- - X - - W-La2O3

- • • • - - W-B100ppm

1.0E-04

0 100 200 300 400 500

t(h)

fig.7 Creep results of La2O3 doped W at 975°C and 26MPa

It can be seen that the effect of lanthanum oxide doping is in between the
100ppm boron and the Wsr.

Similarly to the boron study, SEM analysis have been conducted to check on
recrystallization and the form of lanthanum oxide. The recrystallization
behaviour is very similar to that of 100 and 200ppm boron doped tungstens: a
30um zone has recrystallized on the surface. The form of the precipitates is
typical: the lanthanum oxide appears in very elongated particles whose length
can reach 10um, for a width on the order of 1um or even less. This is a
known phenomenon of La2O3 doping, that is due to the ductility of the
particles that deform during rolling. Those particles are intergranular and well
distributed through the material, even in the recrystallized region, although
maybe in smaller amount. Lanthanum oxide particles hinder grain boundary
mobility which in turn restricts recrystallization. Also, as said earlier, that
recrystallization can be responsible for the better creep behaviour, since its
occurs in highly stresses zones.

From the coefficients of the Norton type law, it is closer to pure Wsr than
boron doped materials: both the activation energy and the time exponent are
very similar between pure Wsr and lanthanum oxide doped tungsten. As
opposite to the effect of temperature via recrystallization that we have seen
on the time exponent with boron doped tungsten, m remains very stable with
temperature for lanthanum oxide doped tungsten: 0.3 -0.01/+0.001 between
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975 and 1100°C. Lanthanum oxide doping is different from boron since it is
only intergranular and thus only modifies grain boundary mobility, whereas
we have seen that boron certainly acts as solid solution. The fact that
lanthanum oxide has little effect on the creep law coefficients implies that
grain boundaries probably play little role in the creep mechanisms involved.

Rhenium and potassium doped tungsten
Creep results of rhenium doped tungsten compared with Wsr and potassium
doped tungsten are presented in figure 8.

1.00E-03

1.00E-04

Wsr

- - O • -W-Re

- -A - W-K

0 100 200 300 400 500
t(h)

fig.8 Creep deformation of Re and K doped W at 1050°C and 26MPa

It appears that those two dopants have little effect on the creep behaviour of
Wsr in that temperature and stress range. Their form in tungsten is
nevertheless very different.
The case of rhenium has been studied in several papers (11,14,15). Rhenium
forms a solid solution with tungsten, up to about 30at.% (11). In (11), the
authors explain its effect as an alloying element in tungsten by a
displacement of the impurities and defects from grain boundaries to bulk.
Thus rhenium can act in two ways: as solid solution, its modifies dislocation
rearrangement and it also affects the grain boundary mobility by withdrawing
impurities and putting them in the bulk.
In the case of potassium doping, its effect on creep is well known for
filaments at usually higher temperatures (12) and/or higher stresses in
tungsten wires (13). Potassium acts by forming strings of small bubbles that
impede transverse grain growth, inducing a high aspect ratio that is
favourable to high temperature properties. In (13), the authors observed a
grain boundary diffusional creep mechanism at 1000°C under 115MPa,
yielding activation energies between 385 and 463kJ/mol. As seen earlier, the
activation energies found in the present study are much lower than the
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diffusional energies. Although we are in a similar temperature range, but at
lower stress, the creep mechanism is completely different. And again, it
appears that intergranular bubbles have little effect on creep in our regime.

Conclusions

The effect of doping on stress relieved tungsten has been investigated in
terms of microstructure and creep deformation at low temperature and low
stress. The following conclusions can be drawn from the present study:
• dopants can be ranked from best to worst according to their effect on the

creep behaviour of stress relieved tungsten at 1000°C and under 20MPa:
100ppm B > La2O3 > 200ppm B > Wsr = K = Re > 10ppm B,

• whereas 10ppm B is not enough to impede recrystallization, 100ppm and
200ppm B and La2O3 are efficient at temperatures around 1100°C for a
duration of several hundred hours,

• the mechanism by which boron acts on creep probably comes from its
solid solution form; but the full nature of boron doping in tungsten remains
uncertain,

• considering the low temperature and low stresses used in this study, it is
not the usual diffusional mechanisms that explain creep; the stress
exponent is unity and the activation energies are very low compared to the
diffusion ones, implying some other mechanism such as Harper Dorn
creep in relation with a dislocation rearrangement process,

• dopants that usually act only on grain boundaries, such as K and La2O3

seem to have little effect on creep in our test conditions, confirming that
the mechanism mainly involves lattice phenomena.
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