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DEFORMATION-MECHANISM MAPS AND THE

CREEP OF TUNGELTEN LAMP FILAMENTS
By
H. J. Frost and M. F. Ashby

Division of Engineering and Applied Physics

Harvard University, Cambridge, Massachusetts

ABSTRACT

A crystalline solid can deform plastically in a number of ways.
Deformation mechanism diagrams can be constructed which display
the fields of stress and temperature in which a given mechanism is

dominant, and the strain rate it yields. This report describes some

refinements in the computation of the diagrams, and illustrates their

use by means of a case-study: the creep of tungsten lamp filaments,
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PART I: DEFORMATION-MECHANISM MAPS.

A. INTRODUCTION

A crystalline solid can deform plastically in a number of different ways.
It can deform by dislocation glide alone; by glide plus climb (dislocation
creep); by diffusional flow of matter through its grains (Nabarro-Herring
creep) or around its grain boundaries (Coble creep); by mechanical twinning;
and by combinations of these and other mechanisms., To a first approximation
each mechanism may be considered to operate independently of the others, and
to be capable of permitting steady~state flow. Each has a particular dependence
on stress and temperature and will therefore dominate the deformation over a

particular, characteristic, range of stress and temperature.

This rather complicated behavior can be presented on a map with axes of
stress and temperature (Ashby, 1972). The map is divided into fields which
indicate the regions of stress and temperature where each of the various
mechanisms are dominant, «s shown in Fig. 1. Superimposed on the filelds are
contours of constant strain-rate: these show the net strain-rate, due to
appropriate superposition of all the mechanisms that a given combination of
stress and temperature will produce. The map depicts the relationship between
three variables: stress, temperature, and strain-rate. If any two of these
variables are specified, the map can be used to determine the third.

A deformation map is constructed by using the rate-equation (which relates
stresg, temperature, and strain-rate) for each of the mechanisms. This involves
assumptions about the way in whick the mechanisms interact. It is easiest tc
assume that all mechanisms operate independently and that the strain-rates
produced by each can be added together to give the total resultant strain-rate:
on this basis, the formula which yields the greatest strain-rate at a given

ctress-temperature point will determine which mechanism is dominant. With
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slight restrictions, this method produces surprisingly good results, because
for most areas one particular mechanism formula dominates dramatically. (In
fact, we have made a slightly more sophisticated assumption, to be discussed
below.) Once the equations and method of superposition are specified, the
map can be constructed easily by a computer program.

All the maps shown here have a linear temperature scale, normalized with
respect to the melting temperature, and a logarithmic stress scale, normalized
with respect to the shear modulus. This permits & logical comparison of the
flow behavior of materials. Normalized in this way, maps for FCC metals, for

instance, form a group: they are broadlv similar to each other, but differ

significantly from those for BCC metals, or diamond cubic materials, which
constitute separate groups. All the maps are plotted in terms of equivalent
shear-stress, T, and shear strain-rate, ?, since this allows their application
to complex stress states. These are related to the tensile stress ¢ and
strain-rate € by T = 0/v3 and y = V3 E.

A major value of the maps is that they provide a means to present and
vigualize the complicated relations between different deformation mechanisms.
They are also a useful means to compare experiment with theory. In the center
of a field an experiment should fit well with the dominant mechanism. Near
a field boundary we would expect behavior representing a combination of
mechanisms. Finally, the maps provide a qualitative way for choosing a material
for engineering applications, for predicting the mechanisms by which it deforms,
and hence in selecting, or predicting the effects, of strengthening mechanisms;
an example of such an application is presented as a Case Study in Part II of
this paper.

B. RATE EQUATIONS

T

The maps presented in this paper are based on mechanisms:
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1) Dislocation Glide
a) Limited by Peierls stress.
b) Limited by discrete obstacles.
2) Dislocation Creep
a) High Temperature Creep.
b) Low Temperature Creep.
3) Diffusional Creep
a) lNabarro-Herring Creep (volume diffusion)
b) Coble Creep (grain boundary.diffusion)
Consider now the rate equations for each of these mechanisms.

1. Dislocation Glide. At low temperatures (less than 1/3 Tm’ where T,

is the abgsolute melting temperature) the deformation is dominated by the
glide motion éf diglocations. 'or the strain-rate produced by glide we have
used equations based on the thermal activation of dislocations over short-
range barriers, either due to a Peierls resistance, or to discrete obstacles.
This approach gr:atly simplifies what is theoretically a very complex situa-
tion, but the resuiting equstions give a reagonable fit with experiment.

In a complete description, the strain.rate depends on how quickly the
dislocations overcome the barriers to their glide and how quickly they move
from one barrier to the next. Under most conditions the dislocations move
relatively quickly from one barrier to the next, and the strain-rate can be
adequately described in terms of the waiting time spent at barriers. At
strain-rates higher than any which interest us here, the limit on the free
velocity of the dislocation imposed by phonon and other drags does becoume
important. But for the rates shown in the diagrams of this paper such effects

play no role; we have ignored them.




Y U T S Y

wda

Barriers to dislocation glide can be divided into various classes (see,
for example, Kocks at.al., 1973). In particular, wa can distinguish between
barriers that can be overcome with the aid of thermal activation and those
that caanot (thermal and athermal barxriers respectively). Typical exampies
of athermal barriers are long~range stress fields and incoherent precipitates;
solute atoms, or a Peierls resistance typify thermal barriers. We may further
distinguish different types of thermclly activatable barriers. In this paper
we have congsidered two of these: localized obstacles (forest dislocations),
and a Peterls potential barrier.

In pure FCC and HCP metals the dislocations glide easily without any
appreciable Peierls resistance. The flow stress can than be best described
in terms of localized obstacles such as forest dislocations. Under these

ub » Where

L
2 is the obstacle spacing, u is the shear modulus, and b is the Burgers vector.

conditicns the flow stress at absolute zero is proportional to

The constant of proportiomnality is complicated, depending on the strength of
the obatacles and on the statistics of their distribution. We have simply
used To - Ejﬁ for this value. At higher temperatures part of the energy
necessary to overcome an obatacle can be supplied by thermal activation. The
amount of energy required by activation can be assumed to be AF (1 - T/To),
where AF is the total energy required. (This is eguivalent to the assumption
of a square form for the strength-distance curve of the obstacle.) If we
agsume that the strain-rate is proportional to the frequency of activation
we obtain:

hJ W/ AP
Y, Y, exp [ -35Q - 1/t)]

where io is an appropriate pre-exponential term.

Like most of the equations in this paper, this equation is based




on a model which 1s physically sound, but which is fhsufficiently precise

to predict useful values of the constants (Qo, AF and 10). Theory gives us
the form of the equation; we have to resort to experimental data to obtain
the physical constants which enter it. This approach of "model inspired
phenomenology' * is a powerful one in dealing with phenomena too complicated
to model exactly. 1In particular, an equation obtained in this way can be
used to extrapolate outside the range for which data is available; a purely
empirical equation cannot.

The three physical constants of egn.(l) have well defined meanings.

T, is the flow stress at 0°K. For pure FCC or HCP metals, T describes the
state of whork-hardening: at the level of approximation with which we are
concerned here, £ can be thought of as the spacing of forest dislocations.
In the computations described below, we chose . to give the observed satura-
tion fiow gtress (a typical value of ¢ 1is 10 2b). The quantity AF is the

total Helmhoitz free energy required to cut an vbstacle: 1in this case, a
ub?
5 .

of the flow stress. Finally, ?o sets the absolute magnitude of the strain-

forest dislocation: roughly It determines the temperature-dependence
rate. Its value is not critical, since it does not enter the exponential,
The value 10 ¥sec fits experimental observations tolerably well.

Dislocation motion in BCC and diamond cubic crystals, and in oxides and
carbides, is more difficult. There is a resistance to moticn produced by the
crystal lattice itself. This Pelerls resistance increases rapidly with
decreasing temperature. Following Guyot and Dorn (1967) we have used a

Peierls potential of parabolic form, such that the activation energy required

*
A term suggested by Dr. U. F. Kocks, private communication.




to move a dislocation has the form:

Uw20, (1-71/t )?
0

Here To, as before, is the flow stress at absolute zero and U, is the energy

k
of formation of a kink pair. The strain-rate is given by ?2 where

?2-?p exp[—%,i,-]
and ?pia an appropriate pre-exponential term. Like the equation for
obstacle-controlled glide, which it closely resembles, the constants To’ Uk'
and ?pare found by matching experiment.
Strengthening mechanisms must be distinguished from deformation
mechanisms. The two strengthening mechanisms just described are obviously
not independent mechanisms giving additive strain-rates. Their superposition

is compiicated; for the purposes of this paper it is sufficient tc assume

that the strain-rate due to disiocation glide is equal to the smaller of
equations (1) and (2). Among metals, the Peierls resistance is important

only for those with a BCC structure.

2. Dislocation Creep, At temperature gbove half the melting temperature

there is sufficient mobility of vacancies to allow dislocations to climb as
well as glide. Deformation is possible at a lower stress than would be
needed for glide alone. The steady-state creep rate for high temperatures

and moderate stresses can be described by the semi-emnirical equation:

g, - a DEEERD (g
vhere A' and n are material constants, Deff is a diffusion coefficient
(usually the lattice diffusion coefficient, Dv)’ and the other factors are
as defined above. This equatfon has a reasonable theoretical basis, as has

been discussed by Muhkerjee, Bird, and Dorn (1969). (We have converted it

from {ts usual tensile stress--tensile strain-rate form into an equivalent
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shear stress-shear strain-rate form by using A'= (/5)“+1 4%+) Dislocation
climb 1y liuited by the diffumion of vacancies to or from the dislocation.

This is reflected in the linear dependence on the diffusion cvefficient.

The power dependence on (T/1) has not been conclusively explained. Empirically,
the value of n is usually between 3 and 7.

We have alsv included an ad<ftional <:.:;.cation creep term. . lower
temperatures, transport of matter via atslocation core 4iffusion contributes
significantly to the overall diffusive transport of matter, and may even
become the dominant transport mechanism. Robineon and Sherby (1969) have

suggested, cightly, we believe, that this might explain the lower activation

energy for creep at lower temperatures. We have .ncorpovated the contribution
of eore diffusion by defining an effective diffusfon coefficient

Deff - vav + Dcfc
where Dc is the core diffusion coefficient, ard fv and fc are the fractions
of datom sites assoclated with each type o€ diffusion. The value of fv is
essentially unity. The value of f, 1s deternined by the dislocation density,
p, as fc = ap, where a, is the crosgs~sectional area of the dislacation core
in which fast diffusion is taking ~“ace. Experimentally it is only possible
to measure the quantity ach. The vather sparse measurements of it have
recently been reviewed by Balluffi (1970): the diffusion enhancement varies
with dislocation orientation (being perhaps 10 times larger for edges than
for screws), and with the degree of dissociation and therefore the arrange-
ment of the dislocations. FEven the activation energy is not constant. In

general Dc is about equal to D, , the grain boundary diffusion coefficient,

bl
if a, 1s taken as about 5b%. By using the common experimental observation

that p u'%g (Th1)2 our effective diffusion coefficient becomes
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which i8 inserted into equation (3).

3. Diffusional Creep. Diffusional flow of atoms, either by volume

diffusion oxr by grain-boundary diffusion, leads to the Newtonian-viscous
creep of a polycrystal. The two alternative flow paths represent independent,
additive contributions to the overall strain-rate. The most recent re-analysis
of this problem yields thz fellowing combined constitutive equation (Raj
and Ashby, 1971):

. S D

0
Y, =42 xrq2 D, {1+—d Bg}

v
Here {i is the atomic volume, d is the grain size, and § 1s the effective

thickness of a boundary for diffusional transport. The volume diffusion term
is known as Ncbarro-Herring creep; the boundary term is know: as Coble creep.

4., Defect-less Flow. In addition to the mechanisms described above,

we have considered the possibility of defect-less flow. At a sufficiently
high stress (the "ideal shear strength") even a perfect, dislocation-free
crystal will deform. This stress is shown as a dashed line on the maps.
Its value has been calculated and refined repeatedly, (see, for example,
Kelly 1966); the result is always about u/20. We have considered the
temperature dependence of the ideal shear strength and find it is too
small tov be oi importance here.

5. Other Mechanisms. Mechanical twinning does not, at present, appear

on the diagrams because no usable rate-equation is available to describ= it,
For FCC metals it is rarely important because it only occurs at very low
temperatures, typically below 20°K. Some HCP metals twin above room
temperature; and twinning also may be importart for BCC metals at lower

temperatures.




"

C. CONSTRUCTION OF THE MAPS.

Dislocation creep (?r) and diffusioral flow (f~) are independent flow
mechanisms involving different defects., At a first approximation, they
superimpose linearly, that is, their strain-rates add. Dislocation creep /
(?3) and glide (?l or ?2) do not. Both processes involve the same defect; '
they describe the different behavior of dislocations under different
conditions. As the stress is raised, the gliding part of the motion of a
dislocation becomes more important, and the climbing part less important,

until, when the boundary between the two fields is reached, climb is not

necessary at all. We have solved the problem by treating dislocation creep
and glide as altermative mechanisms, choosing always the faster one., (It
could be argued that this choice maximizes the rate at which the free energy
of the system decreases, or at which its entropy increases.) Finally, the
problem of the superposition of strengthening mechanisms (mechanisms 1 and 2)
was discussed*earlier: as a first approximation, the slowest one is rate

controlling. In summary, the net strain-rate of a polycrystal subject to

a stress T at a temperature T 1is:

Y., " ?~ + Greatest of { s } (5)

net Leasgt of ?1 and ?2

Within a field, one contribution to eq.(5) is larger than any other. (Remem-
ber that ?~ and ?3 each describe the sum of two additive contributions.) A
field boundary is defined as the set of values of T and T at which a switch

of dominant mechanisu occurs. The contours of congtant strain-rate are

obtained by solving eq.(5) for T as a function of T at co.stant Y.

*
The entire problem of the superposition of flow mechanisus and of strengthening
mechanisms is a complicated one which we are at present attempting to refine.
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These operations can only be performed by digital computation. The way
we have done it involves the use of 2 subroutine EQNS shown in the Appendix,
which evaluates eq.(S) incrementally for 50 temperature increments and 80
logarithmically spaced increments of stress (these chosen to allow plotting
of the results on the line printer), and which ideatifies the dominant
mechanism.

The position of a strain-rate contour is bracketed by searching over
stress increments until one increment yields a strain-rate lower than the
contour value, and the next a strain-rate higher than the contour value.
Similarly, the field boundaries are located by finding the neighboring stress
increments where the dominant mechanism changes. The search for strain-rate
contours for the first temperature increment is done by searching upward
through stress increments one at a time, locating the contours as they are
passed. For all their temperature increments the search for a particular
contour starts at the stress level of that contour for the previous tempera-
ture increment. During this search, the dominant mechanism at each point
calculated by EQNS is stored. This information is then used in a search for
the mechanism field boundaries, along with additional calling on EQNS for
points not calculated in the strain-rate contour search. Quantities such
as the diffusion coefficients and the gshear modulus, which vary with tempera-
ture, are evaluated in the main program and transfered to the subroutine.

D. DISCUSSION.

Two exanples of deformation maps are given in Fig. 1. They are for
pure nickel with grain sizes of 10 and 1000 microns. There is a large region
on the maps at low stresses and low temperatures where the behavior is essen-

tially elastic. The rate-equations can be used to predict strain-rates in
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this region, but the values are far too low to be observed experimentally.
The extent of the elastic region depends on the choice of the minimum
obgervable strain-rate; we chose lo-lolsec.

The stress-dependence of any mechanism is reflected in the vertical
spacing of the strain-rate contours. Mechanismg with greater dependence on
stress will dominate at higher stresses, as is shown by the positions of
dislocation and diffusional creep. Similarly, the temperature-dependence
of any mechanism is shown by the horizontal spacing of the strain-rate
contours. The temperature dependence of both diffusional and dislocation
creep results primarily from the diffusion coefficien=. High temperature
dislocation creep and Nabarro-Herring creep have the same dependence on Dv
and the boundary between them is therefore a line of constant stress. The
same is approximately true of the boundary between Coble creep and low
temperature dislocation creep. There 7g a definite temperature dependence
in the glide region, but it is made less prominent by the logarithmic stress

scale.

The effect of grain size in these mups is confined to the diffusional

_2
creep fields. The Nabarro-Herring creep-rate is proportional to d , and

_3
the Coble creep-rate is proportional to d . This means that these fields
will expand into the dislocation creep fields as the grain size is decreased.

We have not included any grain-size dependence in the dislocation-creep regior.

There may be some grain-size eifect in this region, especially when the grain
size is small: comparable to the dislocation cell size, but this is poorly
characterized, and in most cases is not very important. Experimentally there
is often a grain-size dependence in the glide region, typically following

the Hall-Petch relation, the flow stress (at a given Y) varying as d "z' This

we have omitted because we assumed that the glide behavior s characterized
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by either a Peierls stress or by a sufficient density of obstacles to over-
shadow the grain-size effect.

The most obvious limitation of the maps in their present form ia their
limitaticn to steady-state flow. Time- and strain-dependent effects are not
included., One can constyuct maps using time or strain-dependent constitutive
equations, though displaying the results in a useful way is difficult.

The assumption of steady-state flow is quite adequate for diffusional
creep. At least in pure metals, the defect structure (vacancy concentration,
dislocation density) does not change with time, This is the sense in which
we use the term "steady-state". The overall state of the polycrystal may
change: the grain shape and grain boundary area, and the external surface
area, may change. These changes do, in fact, alter the response of the
polycrystal to stress, but the effect is almost always trivially small.
Opcrationally, the material behaves as if at steady state.

The assumption of steady-state flow is acceptable for dislocation creep.
Mcst materials present a well defined steady-state sacondary creep-rate in
the appropriate range of temperature and stress. This steady-state behavior
continues until either necking or internal cavitation sufficiently changes
the structure to bring on tertiary creep. The primary creep behavicr of a
metal can vary depending on the processing history. From the viewpoint of
the recovery--work hardening theories of creep, the transient primary is a
period of work-hardening (or recovery) that the metal undergoes until it
reaches the steady-state microstructure that is appropriate for the given
stress and temperature., The constitutive equation we use for dislocation
creep assumes that the metal is in that state. This means that we assume a

different structure (microstructure) for every point in the dislocation creep
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field.

The assumption of steady-state flow is least accurate for dislocation
glide, Low temperature experiments produce work-hardening and yield point
phenomena. The closest approximation to steady-state glide ias at saturation
work-hardening, at which the work~hardening rate has dropped to zero. In
tensile tests this state is not usually achieved vecause necking intervenes
first., It is mechanically possible, however, in compression or torsion
tests. To approximate it we have used high obstacle densities in the
obstacle controlled glide equation.

It 18 not necessary to describe the glide region in terms of saturation
work-hardening. If a glide equation is used that describes the temperature
and strain-rate dependence of a yield stress, then the glide region describes
a different sort of phenomenon (non-steady-state flow) than the creep regions
(steady state). The boundary between glide and dislocation creep then
depends on strain or time; a given diagram refers to a particular point on
the stress-strain curve of the material.

Fracture has been ignored in constructing the maps. At low temperatures
many materials become brittle and will fracture in tension at a lower stress
than that needed for flow. This means that the low temperature g'ide region
may be accessible only to tests carried out under high hydrostatic pressure
(eg. the standard hardness test). Creep rupture may also cause confusion.

If internal cavities form in a material before it enters secondary creep,
then it may exhibit a minimum creep-rate that does not represent a true
steady-state. Dynamic recrystallization, too, can complicate the measure-
ment of steady-state creep rates. It typically occurs at high temperatures

and small grain sizes, and is accompanied by an increase in the creep-rate
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which (apparently) is the reappearance of transient creep.

A final word of caution. The diagrams shown here and in Part II are
the best we can construct at present. They are only as good as the data
(Table 3) and equations used to construct them., Both are still poor. The

diagrams can be used for guidance but should not at present be treated as

exact.
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PART II: CASE STUDY. THE CREEP OF TUNGSTEN LAMP FILIAMENTS.

A. INTRODUCTION

The coiled fililament of a tungsten lamp creeps during service. This
creep causes the filiament to sag, and, if it proceeds too far, causes
failure by the shorting or overheating of neighboring turns of the coil.
We gshall here examine the mechanism by which tungsten filiaments deform in

service, and the desigh of filiaments to avoid failure by creep.

B. STRAIN-RATE AND STRESS ON FILIAMENTS IN SERVICE

The filiament of |5 typical 25 or 40 watt lamp is a single-coiled,
doped, tungsten wire. | The dimensions of a 40 watt lamp are given in
Fig. 2. Low wattage Jamps like these burn at a filiament-temperature of
2250 to 2500°C, with an average life-time of about 1000 hours. (Higher-
powered lamps run at higher temperatures: up to 2765°C for ordinary lamps
and up to 3160°C for photo-flood bulbs -~ their life can be as short as 3
hours.)

A lamp may fail in one of several ways. Most fail because evaporation
from the Ziliament surface, or the formation of a bubble or void within it,
locally reduces the cross-section producing a hot-spot, accelerated evapora-
tion, and finally melting. The fact that most fail in this way, and not by
crvep, 1s because design against creep fallure is adequate. What factors
enter this design problem? To answer this question we must first consider
failure by creep.

The most probable mechanism of failure by creep is illustrated in
Fig. 3. A typical coil before creep is shown at (a); its dimensions for

two sizer :f iamp are listed in Table 1. Lamps normally burn with the
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10 VOLT

40 WATT

SINGLE COIL
DOPED TUNGSTEN

Fig. 2. A typical 40 watt, 110 volt lamp,




Fig. 3.

-18-

The geometry of a single-coil filiament before and after creep.
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filiament horizontal. Then sag by torsional creep of the wire leads to
overheating, and ultimately to shorting between turns as shown at (b).
Suppose elements of wire on the upper side of the coil suffer a torsional
creep strain resulting in a twist of 6 per unit length; those on the bottom
suffer a similar twist in the opposite sense. Then the change of angle
between the turns, ¢ is approximately

¢ = 2RO
where R is the coil radius. Contact occurs when

R = § - d
where S is the turn spacing and d the wire diameter (see the figure). The
shear strain at the surface of an element of the wire, YMax® i3 related to

the twist per unit length by

Y 8d

MAX

The maximum permissible strain before shorting occurs is therefore

_d(s - d)

Y,
MAX 4R?

If the lamp is to survive its rated life-time, t, then the maximum

permissible steady-stutz creep rate is given by

v == d)
MAX 4Rt

Inserting data from Table 1 gives for these maximum permissible rates:

-3
Yuax = 2.5 x 10 /sec 25 Watt

-9
= n Watt
YMAX 3.9 10 /iec 40 Wa

To ensure failure does not occur by creep, 3 maximum strain-rate of under
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10-’/sec is desirable.

The shear stress on the filiament is calculated to a sufficient
approximation as follows. Consider the equilibrium of a section of the
coil of length £ between the two supports, as shown in Fig. 4. If the
mass per unit length of the coil is mo, then the length £ between a pair
of supports requires a force mogz to support it. The upper side of each

turn of the coil is then subject tc a torque T, where
T ~ 1/2 m°g£2

The coil sags as the wire deforms plastically under this torque. We define

the mean shear stress in the wire, ?, by
T f‘:/ 2 omeldr = T

from which

The resulting stress for the coils described here, together with che

operating temperature, is shown in Table 2.

TABLE 2
Max mean stress Operating temp
L T
” =
Ty
.
i
40 Watt 6.2 x 10 .725 - .752

Summary of section B, Filiaments creep under their own weight. The

design of the filiaments studied here subjects sections of the filiament
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Fig. 4. The torque acting on a turn of the filiament.
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_s .
coil to normalized shear 8tresses of magnitude between 6 x 10 and 10 ,
at a homologous temperature of between 0.68 and 0.75. To survive for the
design life of 1000 hours, the maximm steady-state creep-rate in these

_9
filiaments must be less than 10 /sec.

C. MATERIALS CONSIDERATIONS: DEFORMATION MAPS FOR TUNGSTEN AND DOPED

TUNGSTEN

Most filiaments are made from doped tungsten: tungsten doped with
Alzog, S:I.O2 and xzo (or mixed oxides of these three metals) which gives
the wire added creep strength.

Microstructurally, doping introduces a fine dispersion of bubbles.

This seems to have two important effects. First, it stabilizes an elongated,
highly interlocked, grain structure, of a sort which cannot be obtained in
pure tungsten: the grains have one dimension of order 1 mm, even in fine
wires. (Such a structure cannot be obtained in fine wires of pur; tungsten).
Second, and fadependent of the grain shape, it inhibits dislocation creep.

These effects become obvious when deformation maps for pure and
doped tungsten are compared. The maps shown as Figures 5, 6, and 7 were
constructed using the data given in Table 3.

Consider first the maps for pure tungsten (Fig. 5). At low stresses
the material deforms by diffusional flow; that is by Nabarro-Herring creep
at the higher temperatures, and Coble creep at the lower temperatures. At
higher stresses the material deforms by dislocation creep {also known as
high temperature, or Weertman creep). In the same stress range, but at
lower temperatures the material deforms by a variant of Weertman creep, in
vwhich the principal transport mechanism is by dislocation-core diffusion. At

yet higher stressas, the material deforms by classical dislocation glide. Due
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to the lattice resistance, or Peierls stress, the flow stress rises as
absol-ite zero is approached.

Increasing the grain size from 10 microns to 1 mm (Fig. 6) expands
the size of the Nabarro-Herring creep field and also of the dislocation
creep field. This is simply because the larger grain size inhibits dif-
fusional flow, but inhibits the Coble creep variety of diffusional flow
more effectively than the Nabarro-Herring variety because of its more
rapid grain-size dependence. Note that the application of a strengthening
mechanism for diffusional flow (the change of grain size ) has side effects:
it expands the dislocation creep fields downwards. A specimen stressed at
2 x lo-hu previously deformed by diffusional flow; it now deforms by dis-
location creep.

Consider now the map for doped tungsten (Fig. 7). Doping does not
significantly change the yield stress (i.e. the boundary between'disloca-
tion creep and glide). But it has a profound effect on dislocation creep,
greatly reducing the size of the field.

Sumary of section C. Sufficient data exists to construct deformation
maps for tungsten and doped tungsten. Doping stabilizes an elo jated grain
structure (which inhibits diffusional flow) and, independently, slows down

dislocation creep.

D. CONCLUSIONS: THE CREEP MECHANISM OF FILIAMENTS

The information summarized in Table 2 can be plotted onto the maps as
a box (see Fig. 5, 6, and 7). The box 1s defined by the range of temperature
and stress to which a filiament is subjected.

Suppose first that the filiaments were made from pure, fine-grained

tungsten (Fig. 5). The maximum creep rate (top of the box) would be about
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10 /sec: the filiament would fail by creep in 10 hours, or about half

a minute. Since the mechanism giving this rate is high temperature creep,
expanding the grain size (Fig. 6) does no good.

1f, instead, the filiaments are made from doped tungsten (Fig. 7),
then the maximum creep rate will be about < x lo-lolnec, comfortably below
the limit (10-’/|ec) required for adequate life. Furthermore, the dominant
cree? mechanism has been changed by doping: 1t is now diffusional creep.

Figure 7 can be used as a guide for filiament design. It gives
guidance in determining the maximum filiament load for a given life, and

allows the increase in creep rate with burning temperature to be read off.
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TABLE 3

Pure Nickel

Pure (Arc-Melted)

Doped Tungsten

Tungsten
Atomic Volume, cm> 1.09 x 10723 1.53 x 10723
Burgers Vector,cm 2,49 x 10"8 2.74 x 10‘”8
'rM Melting Point, °K 1726 3683
2* 11 12
My Shear Modulus at 300°K,dynes/cm 7.89 x 1077(1) 1.55 x 1077(5)
1 g—, Tem, erature Dependence -4 -4 )
H of Modulus, dynes/cm” °K 3.7 x 10 (1) 1.04 x 10 "(6) §
ot
&~
2 + &
Dov Volume Diffusion, cm” /sec 1.9 (2) 5.6 ) o
1]
Q, Volume Diffusion, kcal/mole 66.8 (2) 140.0 n g
o
-
D, Boundary Diffusionm, cmz/sec+ 0.07 (2) .13 (B) 4
QB kcal/mole 27.4 (2) 92,90 (8) g
- - ]
s Grain Boundary Thickness, cm 5 x10 8(2) 1.0 x 10 7 (8) v
2 +
oc Dislocation Core Diffusion,cm™/sec 3.1 (3) 10.0 (7,8)
Q. kcal/mole 40.6 (3 90.5 (8)
Ac Core Cross-section Area, cm2 10.15 W3) 3.0 x 10-15(13)
n Constants of Dorn Eq. 4.6 %) 5.8 (4) 8.43 (12)
dimensionless 2.56 x 10°(4) |2.0 x 1012 (&) [8.48 x 1012
-6 =S -5
£ Obstacle Spacing, cm 3.0 » 10 "(13)]3.0 x 10 7 (9) 3.0 x 10
10
TP Peierls Stress, dyne/cm2 - 1 x 1010 (10) 1 x 100 C0O)
- -12
U Activation Energy (ergs) for - 1 x 10 12(11) 1 x 10 "7(11)

Double Kink Formation

* 1
p(T) = uo( -—

D
v

G T \
- 5 (T - 300)3

v

) Dy D

exp (‘ B oB

=
ov

exp (

i P Do

exp (C é)

e et . A




1)

(2)
(3)

(4)
(5)
(6)
(7)
(8)
(9)
(10)

(11)

(12)

(13)
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