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The objective of this program was the understanding of the role of alloying
elements in promoting ductility in BCC metals. The program considered the
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20. Abstract (continued)

of plastic deformation using a model crack that allowed plastic deformation
at the crack tip. Measurements were made of elastic constants, magnetic
susceptibility, and fracture energies of pure metals and alloys. Several

I i alloys were studied including Fe-Si, W-Re, W-Ta, Nb-Zr , and Nb-Hf.

The results can be summarized and generalized as follows:

1. The fracture plane is determined by the rate of plastic deformation
at the crack tip, with the (100) plane having the minimum plastic deforma—

• tion in 3CC metals.

2. The surface energy of 3CC metals as determined by using the inter—
atomic potential function suggested by Mie, Morse, and Johnson. They all
predict (110) cleavage.

3. The stability and ductility of BCC metals are directly related to
the magnitude of the elastic constant, C’ = l/2 (Cl1-C12) and 3CC metals,
with large values of C’ tend to be more stable and more brittle than
metals with low values of C’. This implies a maximum in d-electron type
bonding when the ductility is a minimum.

4. A model which involves both changes in the theoretical cohesive
strength and changes in dislocation mobility was developed that is con—
sistent with the observed changes in mechanical properties.
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I Introduction

I ~~ The experimental program described here had as its objective to under-
L stand the role of alloying elements in promoting ductility in 8CC metals.
t In order to understand why each measurement was made and how it related to

this objective, it would be useful to first describe a model of fracture
which has developed during this program. J

The problem with brittle fracture is the low stresses required to induce
fracture in comparison to the theoretical strength of a crystal . Griffith1
developed the approach of balancing the energy required to form new fracture
surfaces with the elastic energy stored in the strained material resulting
in the familiar equation,

0Prac (1)

where 0Frac Fracture Stress
S • Young’s Modulus
y = Surface Energy

2c — Crack Length

4’C.~ t This model proved useful in explaining why materials were so weak, but it
was found that most metals exhibited fracture energies that were considerably
greater than the surface energy. As a consequence Orowant proposed that a
plastic work term, represented as an artificial surface energy term, be
introduced. Th~ resulting equation was then

(2)

where y5 is the true surface energy and y~, the surface energy associated with
plastic deformation . In general • it was round that ~~ << ye and this had led

• - to the development of the field of fracture mechanics in whIch Irwin3 first
defined a term G0, called the energy release rate which is just equal to

+ y~. In fracture mechanics the equation for fracture is then

~irac “p1 ~~
Further development of this equation has proven to be very useful in

selecting materials for a specific design application. In fracture mechanics
language, the objective of this program is to understand what physical
properties that are changed during alloying of DCC metals that affect G0.

Since the plastic work t r m  Yp is much greater than y~ , ~~ ii often
ignored. This appears to be unfortunate, because a rather simple argussnt
reveals that Yp can be, and usually ii , strongly affected by th. value of y~ .

To demonstrate the arg~~snt , a model developed by Hahn and GiThert~ will
be used, followed by arguments by Lyre. and Stein5 and Tyson, Lyr s and Stein
developed wider this program. Consider a sharp crack of length c with a
plastic son, of radius r as shown in Pig. 1. If it is assumed that this is - 

-~~

an elliptical crack , the stress oono.ntration, u~, at the elastic-plastic
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boundary is given by Inglis7 to be

- 
(4)

and it is shown in Fig. 2. The condition for crack propagation is that the
stress concentration at the crack tip times the nominal stress (u* 

~nom~ 
be

greater than the true fracture stress. This is shown schematically in Fig. 3.
In this figure taken from Hahn and Gilbert ,~ the stress and strain histo ry
of a volume element ahead of a propagating crack is calculated . Now there
are two ways that the amount of plastic deformation can be increased . One
can lower the yield stress, 0~,,, or one can increase the true fracture stress ,

• At first it might appear that small increases in 0* would have little
• affect , but one must remember that in DCC metals the dependence of dislocation

velocity is very dependent on stress . The empirical relation used to rela te
these two quantities is -

V - A T e (5)

where V — dislocation velocity
— shear stress

a — dislocation velocity exponent

The values of a range from around 7 to 40 for BCC metals. Therefore a small
increase in the true fracturing stress , 0*, could result in a large increase
in the plastic work since the maximum shear stress at the crack tip will
increase in proportion to the increase in 0*.

Ayres and Stein 5 and Tyson , Lyre ., and Stein have developed the approach
of Hahn and Gilbert~ for crystalline materials and they have been successful
in predicting the correct cleavage planes in DCC materials. Their argument
is basically that the cleavage plane is the plane of fracture which induces
the minimum amount of plastic work and that in general it is not the plane of
lowest true surface energy.

Therefore, if one i~ to understand fracture frost a crystallographic or
atomic basis • it is necessary that one understand the interrelation between
the cohesion of a solid (true fracture stress) and dislocation motion (plastic
work) . If one is to understand the effect of alloying, one must determine the
effect of the alloying element on both the cohesive stress and dislocation
motion.

Since the cohesive stress i. directly related to the binding between atoms,
it is necessary that a formulation of the attracti ve and repulsive forces
between atoms be made. These reistions are known as interatomic potential
functions. However , the nature of metallic binding is so complex that it is
not now possible to derive them from first principles. However , using the
convention that the potential energy of the system is zero at infinite
separation of atoms, the general shape of the potential curve can be concluded
to be that shown in rig . 4 • The energy is negative over most of its range,
with a minimum at the equilibrium spacing x0. Th. force curve shown in Fig . 4

• • represents the external force which must be applied to produce a separation
between atoms equal to x. This ~4 um force represents the theoreti cal
strength of th . solid and i. directly related to the true fracture stress • 0*
previously discussed . The area u n dr  the force-separation curve is a asure
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7

of the work done to separate two atoms to infinite separation , and thus
represents the surface energy .

Although metallic bonding is too complex to allow calculation of
potential functions from first principles , various empirical functions
have been suggested . In order to represent atomic interactions within a
stable crystal , any such function must satisfy certain criteria. If •(r)
is the interaction energy of two atoms a distance r apart , then :

1. The force ~~ /dr must be repulsive at small r and attractive
at large r , with a minimum at some r = r0 .

2. The magnitude of • must decrease more rapidly with r than r 3.

3. The elastic constants must be positive.

4. C11—C12 > 0, where C11 and C12 are elastic stiffness constants .

The first condition is a result of the existence of condensed phases. The
second assures that the function gives a finite cohesive energy . Together,
these two conditions give a crystal that is stable with resp ect to infinite
homogeneous expansion and contraction of the lattice. The third and fourth
conditions , which apply to cubic crystals, have been given by Born8 and his
associates after analysis of the stability of crystal lattice . These con-
ditions assure that the lattice is stable to infinitesimal shear deformations .

Various empirical , potentia l functions have been developed and three have
been used in this investigation. The various parameters in these functions
can be determined since they must predict correctly the elastic constants ,
lattice constants , and the sublimation energy . Other experimental quantities
such as the stacking fault energy , the vacancy formation energy , and radiation
damage energies have been used to evaluate the parameter for other parts of
the potential function .

Therefore , there were several quite different measurements made in this
program in an effort to determine the relation the electronic structure has
to the ductility of BCC metals. Each of these sets of measurements will be
described separately, with an explanation of why they were made , and then
related to the fracture behavior through the preceding model .

A. Pote ntial Functions

In order for any potential function to be of value in determining the
• affect of alloying on the true fracture stress , that function should be able

to give a reasonable estimate of the fracture strength for a pure material.
It should also be able to predict the value of the surfac e energy , as this
is closely related to the ease of fracture , especially in very brittle

• materials.

Three potential functions were chosen for study in this portion of the
program, the PILe,~ Mo and hn t1 potentials. These functions are
represented mathematically in the following way :

— • I ~~~~~~~~~~ • 7—,- ,J•— • •,__ -•-__—•_ -— - --—‘-7- — — ~~~•••~ ‘ •—•—- —- —•---- •fl••~T•~~~~~W•—,~ 7’ —__________________ _ _ _ _ _  - _ _ _ _- -_ _ _
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Mie
A Br $(r ) —— ~~~~~ +~~~~ ( m < n )

where A, B, m and n are adjustable parameters .

Morse
•(r) = D fexp (-2 ct (r—r0) — 2 exp (—ct (r—r0) ) J

D dissociation energy •(r) = 4 ( r0) ,  where r = r0 defined byenergy minimum, and a is an adjustable parameter.

Johnson

Jc~hnson ’ s interaction potential is composed of three cubic
equations, each of the form

$(r) = A(r -B) 3 + C r + D

and each valid over a specific range of r .

Using elastic constant, sublimation energy , compressibility, thermal
expression and radiation damage data and in some cases the affect of
temperature and pressure , the appropriate constants were defined for each
function (details in Musolff M. S. Thesis). Using the developed equations,
the fracture stress and energy was calculated for iron and tungsten on
both the (100) and (110) planes. Table I presents the results .

Table I

Fracture Stress* Fracture Energy**

W - 
~‘•

(100) (110) (100) (110) (100) (110) (100) (110)

Mie 3.76 3.55 1.07 1.01 2600 2360 784 716

Morse 2.95 2.75 1.47 1.39 3870 3820 1742 1806

5.46 5.14 1300 1200
Johnson 15.27 14.40 5.08 4.79 3690 3450 1030 990

*In units of 1011 dynes/cm2
**In unite of erge/cm2

Examination of Table I shows that there is a wide discrepancy in the
fracture stress calculated using the various potentials , with a somewhat
smaller variation in the fracture energies . However , it is interesting to
note that all potential functions predict that the fracture stress and energy
is greater on the (100) plane. This is in contradiction to the observation
that 8CC metals prefer , in general , to cleave on the ( 100) plane .

_ _ _  _ _ _  — 
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The weakness in our understanding of the bonding in solids as represented
by interatomic potentials is very apparent. This is an area deserving of
attention by solid state theorists and understanding the cohesion of even pure
metals will await development of sore rigorously based interatomic potential
functions.

B. Fracture Surface Energies

One of the major activities of this program was the measurement of frac-
ture energies in pure and alloyed crystals . The technique was basically one
developed by Bearduore and Hull 12 in which they used a spark discharge to
induce a crack into a material . The modification included using a greater
power input into the crystal and performing the discharge at liquid nitrogen
temperature . Specimens of various crystal orientation and composition were
then fractured in tension and from the measured load and original crack shape
the fracture energy was determined . The results are suninarized in Table II.

Table II

Composition Temp. °K Fracture Energy (ergs/cm2 )

W 77°K 3,800 ± 500
W — 3% Re 77°K 6,300 ± 400
W — 10% P.c 77°K 12 ,600 ± 1,000

w 196°K 71,500 ± 5,000
W - 3% Re l96°K 35 ,000 ± 2 ,000

W 298°K 245 ,000 ± 10,000
W — 10% Re 298°K Twin-matrix Failure

Fe — 3% Si 77°K 136 , 000 ± 100 , 000
Fe — 3% Si 298°K 718,000 ± 50 ,000
Fe - 3% Si 323°K 588 ,000 ± 270 ,000

Except at 77°K for tungsten and its Re alloys the fracture energies are very
large indicating the plastic deformation is extensive at the crack tip . The
fracture energy of the pure W is the only one that is very close to the pre-
dicted fracture energies using the interatomic potential and even in this
case it is probably about twice the true fracture energies.

It is noted that Pa increases the fracture energy at 77°K very sub-
stantially and therefore it is clear that Re enhances the ability of tungsten
to resist crack propagation , rather than changing grain morphology or
suppressing crack nucleation .

C. Fracture Morphology

After fracturing, the fracture surfaces were examined to determine the
plane of fracture and direction of fast crack propagation. In addition
features such as microtwinning and “river markings” were observed . Even

- 
- -~~~ though attempts were made to induce fracture on other than (100) planes,

I-,’
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the (100) plane remained dominant . The only real deviation was the twin-
matrix failure of the W-10% Re alloy tested at 298°K. The fracture surface
of the Fe and W base materials showed much greater deformation when tested
at higher temperatures which was consistent with the much greater measured
fracture energies.

A common observation became known as the “< 100> spike” on the single
crystals (Fi g. 5) .  It was found that in a <100> direction on the fracture
surface , that the surface was smooth and featureless, much like expected
from a perfectly brittle solid. In the <110> direction there were strong
markings , either due to microtwinning or the tear lines known as “river
markings .” It appears that the crack in the BCC metals tested runs much
more rapidly in the (100) direction in accordance with the prediction of
Tyson, Ayres and Stein. 6 An effort was made to detect “Wallner lines”
which would provide conclusive evidence of the shape of the crack front.
However , the surface features resulting from microtwinning and “river lines”
obscured or obliterated the “Waliner lines” making the measurement impossible .
However , the surface markings were in all cases consistent with the position
that (100) cracks are heavily favored and that cracks propagate much sore
rapidly in the <100> direction . Because of the rapid propagation in the <100>
direction the crack is left lagging in the <110> direction and the joining
of the two fast propagating <100> fronts results in tracing along the <110>

• direction. This explains the crystallographic nature of river markings and
their origin. The pre ference for (100) cleavage does not appear to be
associated in any way with the segregation of alloying elements to specific
planes. Auger Electron Spectroscopy studies of cleaved surfaces of many alloys
has not revealed other than thc expected average bulk composition. Therefore,
it appears that the (100) cleavage planes are not an artifact in BCC metals,
but the inherent and natural fracture plane for these materials.

D. Elastic Constants

The single crystal elastic constants for the following systems were
determined as a function of temperature : W-Re , W-Ta , Nb—Z r , and Nb —Hf. The
purpose in obtaining these data was twofold; first , the data were needed to
calculate certain parameters such as the apparent surface energies which are
useful in evaluating fracture models and secondly, the electronic structure
has an effect on the ductility of a metal and this effect may be defined by
elastic constant measurements.

1. Tungsten—Rhenium System

The first system measured was W-Re because it is well known that
rhenium additions to tungsten increase ductility.19 The stability and the
ductili4 of Bcc metals are directly related to the magnitude of the elastic
constant ’s C’ = 1/2 CC], ]. - cl2) and BCC metals with large values of C’ tend
to be more stable and sore brittle than metals with low values of C’ . As
shown in Fig. 6 , rhenium additions to tungsten up to 10 atomic percent were
found to decrease the value of C’ , thus decreasing the stability of the 8CC
structure . - - - - - -

In an effort  to relate the elastic constants to electronic structut’e ,
Fisher and Dever15 have developed an equation that relates C’ with the value

_ _  
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of the electron/atom ratio (c/a) . Their model assumes that the tight bonding
approximation is valid and it appears to give satisfactory results for transi—
tion metal alloys. Table III contains the values of C’ calculated by this
technique and the measured values of C’ .

Table III

Calculated and Measured Values of C’
(units of 10 12 dynes/cm2 )

Re 11—10% Re

Calc . C’ 1.56 1.47
Meas . C’ 1.59 1.52
Error 1.9% 3.3%

The agreement between the calculated and measured values of C’ is excellent.
However, later work in this study and by Fisher 16 has shown that the elastic
anisotropy 2C44 is more closely related to the c/a ratio than C’.

[A— (C11 — 
C12) 3 —

Another attempt at predicting ductility from elastic constants of pure
metals was first proposed by Pugh ’7 in 1954. He suggested that high ratios
of bulk modulus to shear modulus , B/G, correlates well with increasing duc-
tility. In the W—Re system, the ratio of bulk modulus to shear modulus
increases with Rt additions to W implying increased ductility. However, a
lack of correlation between the B/G ratio and ductility in other 8CC alloys —
indicates that this criterion is not sufficient to predict ductility.

2. Niobium-Zirconium and Niobium-Hafnium Systems

In order to further develop the relationship between the elastic
constants and the electronic structure of 8CC transition metals and alloys,
the elastic constants of a Group V meta l (Nb) alloyed with Gr oup IV metals
(Zr, Hf) were measured.

In this study , it was found that the value of C’ does correspond to
the value calculated by the Fisher-Dever re1ati~ nship for the Nb-Zr system
but the Nb-Hf values do not show as good an agreement . This is shown in
Fig. 7 where the solid lines represent the calculated values. However , it
was found that the elastic anisotropy ratio is very closely related to the
e/a ratio as shown in Fig . 8. Fisher 16 predicted that the curve of A vs.. c/a
should be U—shaped with a minimum occurring Ltt a c/a of about 5.5. The values
dete rmined in this and in other investigation s do exhibit this type of behavio r
as shown in Fig. 8. The effect of temperatur e on A was also determined and
is shown in Figs . 9 and 10. It can be noted that there is a minimum in the
curve for pure Nb and this minimum tends to disappear when either Hf or Zr
are added. A complete explanation for this is not availabl e at this time —

but it is probably relat ed to changes in the Fermi surface that occur with
changing teinperatur. .
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Based on the work in this and other studies ,~~~.
19 it was found that

Group VI alloying elements tend to increase C’ while Group IV alloying
elements tend to decrease C’ as shown in Fig . 9. This indicates that
decreasing the c/a ratio decreases the stability of the 3CC structure while
increasing the e/a ratio increases the stability of the 8CC structure. This
result is very significant with regard to the superconducting properties of
these alloys . It is well known that a high degree of lattice instability is
associated with high transition temperature CT0) superconductors ~2 0  Since
the elastic constant C’ is also related to lattice stability, then there
should be a correlation between the maqnitude of C’ and T0. Figure 9 tends
to confirm this since the addition of Group IV metals to Nb increases T
while Group VI additions decrease TC.

2’

The temperature dependence of the elastic constant was also determined
and found to be normal for all elastic constants except for C44 . This anomalous
behavior is shown in Figs . 10 and 11. Other studies have shown that there is
a minimum in the C44 vs. temperature curve at approximately 450°K. 22 From the
present work , it appears that this minimum point is displaced to lower tem-
perature with the addition of a Group IV alloying element. In another study 23

it was shown that Group VI elements added to Nb displace the minimum point to
higher temperature and thus it appears that this anomalous behavior is due to
some electronic effect.

3. Tungsten-Tantalum Alloys

The earlier work on the 11-Re alloys had determined the effect of a
Group VII alloying on tungsten and this work was carried out to find the effect
of a Group V element (Ta ) on tungsten. The most significant finding in this
phase of the study is that the curve of the elastic anisotropy ratio vs. com-
position follows the curve predicted by Fisher and the minimum occurs at a
composition of about 55 at. % W as shown in Fig. 12. This composition should
be the most stable of the Ta-W alloys because at this point the maximum value
of C’ as compared to C44 exists. This is also- the most brittle alloy because a
maximum in the ductile-to—brittle transition temperature occurs at this same
composition.21’ Also it can be noted from Fig. 12 that A — 1 for an alloy
with e/a of 5.39 which corresponds to a 39 at. % W alloy . This alloy should
be suitable for high-cycle fatigue applications becaus e it is elastically
isotropic and therefore grain boundaries of a polycrystal should have only
minor effects on the stress or strain distributions. The temperature dependence
of all the elastic constants was normal except C44 of some of the alloys. In
the composition range of 40—70 at. % 11, C44 increases with increasing temperature
(Fig. 13) instead of the normal behavior of decreasing with increasing tempera-
ture . The reaso n for this behavior is unknown but it may be due to changes in
the Fermi surface that occur with temperature changes.

t
4. Conclusions from Elastic Constants

The results of this work provides further evidence of the relationship
between the elastic properties and the electronic struc ture of the transition
metals. This effect is especially evident in the plots of C’ and A vs. the
s/a ratio . It has also been shown in this study that the stability and the
ductility of the 8CC structure can be predicted by the magnitude of the elastic
constant C’ . However, it should be pointed out that the factors involved in
determining whether or not a materIal is ductile are very complex and the

p elastic pr opertie. can only give an approximate prediction of the fracture
behavior of ~ metal .
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E. M~gnetic Susceptibility

In order to gain a better understanding of the electronic structure
of transition metals , the magnetic susceptibility of several 11-Ta was
measured. This system was chosen because the elastic constant work showed
that the elastic anisotropy ratio exhibited a minimum at an electron/atom
ratio of about 5.5. Other investigations2 5  have shown that some type of
inflection point in the density of electronic states may be occurring at
this particular c/a ratio. Since the density of states of a metal is
directly related to the magnetic susceptibility , then these measurements
should given an indication of any abrupt changes in the density of states
with composition. The samples for these measurements were prepared here
at Michigan Tech and the measurements were made at Iowa State University.
The results of the room temperature measurements are listed in Table IV.

Table IV

Magnetic Susceptibility of W-Ta Alloys

Alloy (at.%) X x l0~~ emu/gm

25% W 0.725
31% W 0.710
42% W 0.695
46% W 0.654
50% 11 0.610
58% W 0.488
61% w - . 0.420
71% W 0.337

A plot of the above data shows a very rapid decrease in X in the composition
range 40-65 at. % W. This is the same composition where the ni.inimunt in the
anisotropy ratio occurs which offers further evidence of the correlation
between elastic constants and the electronic structure.

F. Deformation Characteristics -

Since it became clear during the course of this investigation that plastic
deformation was playing an important role in the fracture behavior , a study
of the effect of Re on the plastic properties of tungsten was made . Figs . 14
and 15 show the velocity of dislocation of W , W-3% Re and W-lO% Re alloys
as a function of stress at 298°K and 77°K respectively. These data were
inferred .f~om strain rate sensitivity tests which have been shown by Johnston
and Stei~

2 and by Schadler27  to be a valid way of determining the relation-
ship between dislocation velocity and stress. It is noted that Re is a rapid
solid solution hardener of tungsten at low stress, but at high stress it is a
solid solution softener. Since it is the high stress regime which is important
in crack propagation, it is clear that a major role of Re in promoting duc-
tility is a consequence of its solid solution softening at high strain rates.

Plots of the calculated plastic zones for the 11 and W-Re alloys at 298°K
are shown in Pig. 16. These contours correspond to a dislocation velocity

4 
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of 1 cm/sec which is the greatest velocity that can realistically be applied
to the empirical relationship of Eq. (5) . In a similar manner , the calculated
plastic zones for the alloys at 77°K are shown in Fig. 17.

A comparison of the measured va lues of fracture energies in Table II
with the calculated plastic zones in Fig. 16 shows qualitative agreement at
room temperature . Rhenium increases both the fracture energies and the plastic
zone size . In the case of W-l0% Re the samples failed along a twin-matrix
interface, indicating that for this composition and temperature it is more
difficult  to propagate a {ioo} cleavage crack than to separate along a twin—
matrix interface . This agreement between calculations and data supports the
theory that Re enhances dislocation motion at the crack tip thereby inhibiting
cleavage propagation . Figure 14 demonstrates that Re decreases the strain
rate sensitivity of W which increases m , the slope of the log V vs. log t plot .
This increase of in with Re allows dislocation motion to become “easier”
relative to pure tungsten at higher strain rates resulting in a crossover
point in Fig . 14 at a velocity of — 1 sin/sec .

The existence of a crossover is important because it demonstrates that
the faster moving dislocations , which necessarily lie closer to the crack
tip , are the most effective in blunting the crack tip. Representing the
plastic zone contours by another velocity greater than the crossover velocity
would decrease the absolute sizes but would not alter the order of sizes. The
11-10% Re composition would have the largest plastic zone and pure W the smallest.

At 77°K both the fracture energies in Table XI and the calculated plastic
zones in Fig. 17 decreased in magnitude relative to ambient temperature .
However , the relative sizes of the calculated plastic zones with Re content
are not in as good a qualitative agreement with the experimental results ,
especially the W-3% Re composition. The small. size of this plastic zone
follows from calculations based on the anomalously strong behavior of the
W—3 % Re samples at 77°K. It is not clear why the 11—3% Re compression specimens
behave in this manner at 77°K , but this result points out an important difference
between deformation that is occurring at a crack tip and that which occurs
throughout the bulk . That difference is the influence of the true fracture
stress , a~ , which acts as a sensitive “trigger ” on the amount of deformation
taking place around a crack tip . This does not appear to be as important
at higher temperatures since the plastic work is sufficiently large that it.
can promote cleavage on the {loo } plane even though the {llO} plane is of
lower surface energy . Consequently , the plastic zone model , based on appreciable
plastic deformation , is able to predict fracture behavior with Re content at
ant ient temperatures but Loses validity at lower temperatures where dislocation
motion is difficult.

Although the relationship between the true surface energy and the plastic
work surrounding a crack tip is not well understood , a simple example will help
to elucidate this interaction . Assume that is proportional to the true
fracture stress , 0~ , the stress required to separate atoms at the crack tip
along a given plane. If  O~ is increased by 2% on the primary cleavage plane ,
the norma l load on the crystal to induce cleavage would have to be increased.
However, increasing the normal load causes a dramatic increase in the plastic
strain rate , 

~~~~~

, at the crack tip since it is a sensitive function of shear
stress.
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Therefore , a ratio of the two conditions (assume m = 20 for purposes of
calculation) gives EPl ~ (1.02)20 1.50 , or the plastic strain rate is 50%

Cp2
greater. For a crack propagating at a constant velocity, the plastic strain
will then be 50% greater, and the fracture energy will be proportionately
increased. This concept of the relationship between true surface energy
and plastic deformation is a departure from approaches which attempt to
explain the processes controlling fracture in terms of either plastic work
or

For our samples , the measured (100) fracture energy at 77°K ranges
from 3.8 J/m2 for pure W to 12.6 J/nt2 for 11-10% Re. Sin~e YlOO for pure W
has been measured by Cordwell and Hull 2 5  to be “.1.7 XJ/m , it is clear that
the true surface energy plays a significant role in the cleavage fracture .
It is not expected that Re markedly alters the true surface energy , but small
changes in 

~
‘100 can drastically affect fracture energies as shown previously.

A method of estimating changes in true surface energy with Re consists
of measuring changes in the elastic constants C44 and C’ l/ 2 (C 11 - C12) .
These quantities are related to the first and second nearest neighbor bonds ,
respectivel~~, and therefore, contribute to the true surface energy . Following
Tyson et al the expressions for ~~~~ and Yllo are shown below where +j. and +2are the interaction potentials of first and second nearest neighbors ,

2+l + + 2
y100 = 2

d0

/i 
~+l +

~‘llo 2 . (7)

~‘llOrespectively, and d0 is the lattice parameter . A plot of 
~~~~~~ 

vs. is
shown in Fig. 18. From measurements of C’ and C44 at 77°I( in the 11-Re specimens
the value of C’ was found to decrease wish Re additions up to 11-10% Re while
C44 increased , each by 2-3%. Thus , the ~ 2. would be expected to decrease ,

‘rl
thereby decreasing the ratio “~~~~~~~ as shown in Fig. 18. This increase of y

~00Y b 0
relative to YlOO with Re results in a similar increase in 0* for the (100)
plane . As stated earlier , this will produce more plastic work near the crack
tip and increase the fracture energy. tt is importan t to note that although
the y110 is decreasing with Re , cleavage is prohibited from propa9ating on
this plane by the greater amount of plastic work associated with (110) cleavage .
However , if the plastic work could be further suppressed in these 11-Re alloys
by fracturing at lower temperatures , (110) may become the preferred cleavage
plane . The difficulty of promoting (1101 cleavage in pure tungsten, despite
its apparently lower surface energy , has already been shown by Cordwell and
Hull.

The existence of twinning in the fracture samples does not conflict with
th. present model of plastic zones because twinniny occurs after the passage
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of a crack on the (100) plane in the <100> direction . This crack system is
expected to have the greatest velocity, and the morphology of the micro-
twins on the cleavage planes seems to support this prediction . If twinning
had occurred in fron t of a (100) <100> cleavage crack , then the microtwins
on different {1l2} planes would intersect and form ridges ahead of the crack
front thereby eliminating any smooth <100> spikes . Twin ridges are only
found between two close lying spikes. Since twinning is a sensitive function
of slip, its presence suggests that varying amounts of slip do occur in front
of the slower moving regions of the crack f ront . This would result in a cusp
shaped crack front with the <100> direction leading the other directions.
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