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STRUCTURE AND HIGH STRENGTH METALS

¢ _ G. Thomas, V. F. Zackay, and E. R. Parkert

INTRODUCTION .
While the profession of engineering is almost as old as eivilization,

“the age of materials science spans only a few decades. Engineers have long
been accustomed to building safe and reliable structures by the empirical
knowleage accunulated from experience. Even now structural materials
operating in extreme and complex environments are selected more by empiricism
than be predictions based upon fundamentais. Thi§ is especially true when
complex mechﬁnical properties such as fatigue, notch toughness, and stress-
corrosion are involved. However, the gap vetween empiricism and under- -
-standing is now being closed at an ever increasing rate.

A cursory glance at the progress made during the past three dccadeé
reveals that now there is almost a complete‘atoﬁiétic understanding of the
underlying'mechénisms of.plastic flow in simple'solids. Furthermore, pro-.
gress has also been rapid in important @llied fields such as alloy theory
and phase transformations.

The )Japplication of this knowledge to the design of suﬁerior materials
has already begun (see e.g. refs 1,2).

It is the purpose of this paper to summarize briefly what is known

about the plastic behavier of simple solids in terms of atomistie proecesses.

The emphasis is on the relatively uncomplicated but important properties of

v . strength and ductility. The limitations of the principal strengthening

mechanisms are delineated and optimum procedures for achieving very high

TInorganic Materials Research Division, Lawrence Radiation Laboratory and
. Department of Mineral Technology, College of Engineering, University of
California, Berkeley, California. :
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strengih in complex solids are suggested. Some of the progress made to date
in achieving thesc goals is reviewed. Since the literature concerned with

structure and strength is so voluminous, typical bidliographical references

are cited where appropriate.
SOME FUNDAMENTAL CONSIDERATIONS OF HIGH STRENGTH

Metallic crystals are plastic because either they contain dislocations

that can move or because dislocations are created easily. unéer applied

B (<1015 R . ' .
stresses.{B’ ). This is why metals such as copper and aluminum are "soft"
C . . . - _5' ¥ .
and deform plastically at very low stress levels (10 to 10 6). The

geometrical requirement fgr plasticity is that crystals contain at least
five'ihdependent slip sys£ems in order to mitigate ﬁhe stress concentratibns
-of groups 6f blocked dislocations. This criﬁerion.is easily met by cubdbic
crystéls, but not necessarily for.hexagonal metals where the critical re-
;blved shear stress is so high for some modes that they remain inactive.

Aﬁ ideally perfect crystél.would be purel& elastic up to stress levels that.

would elther break the crystal or cause dislocations to be generated spon-

N

taneously. The theoretically shear sirength of close packed crystals has been

(3)

estimate to be about one-fifteenth of the shear modulus. Thus, the

cofresponding stress in a tensile test wéuld be equal to ﬁwice the value of
the theoreticai shear strength. The only materials with strengths approach-
ing theoretiéal values are whisker§, which are exceptionaily small specimens

of pure materials made so that they are highly perfect. OSome measured pro-

*In this paper G always refers to the shear modulus.
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perties of small crystals are. shown in Table I. In or@inary large vieces of
materials mény defects arc present within the crystals and the materials
are correspondingly weak.

Because it is not possible to prepare large pieces of metals without
grain boundaries or other défects at which dislocations can be generated
(2nd made to move and multiply under the application of small stresses)
other means are adopted to strengthen materials. This is done by utilizing
obstacles, such as other dislocations, grain boundarieé, or particles of'

phases in the paths of moving dislocations. The kinds of barriers

%)
o)
0
[¢]
o3
o)

e

needed to impede the movement of dislocations most effectively are well
known but it is often difficult to produce microstructures containing ideal
barriers. . Furthefmore, engineering materials must ve made with sufficient
ductility to provide safety in operation and thus requires that some visi-
bility of dislocations be allowed. Thus, there must be a compromise between

strength and ductility. If dislocation motion is too strongly impeded, the

‘material may be too dbrittle for use in an engineering application. A

certain minimum amount of plastic flow is essential to relieve the high local

stresses present around stress concentrations, such as notches, in order

(5)

to ensure safe performance:

A

A reasoneble approximation for the yield strength in terms of barriers

is given in simplest form by the following, well known, Orowan equation§(6)
Ty = Gb/L (shear) 1 (a)

= 2Gb/L (shear) 1 (p).
where L is the longest mean free path of a mobile dislocation of Burger’s

vector, b. That is, L is the separation between dislocations or other

U U S Y

(R
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‘bvarriers in the slip plane. For teﬂsile loading, the theoretical limit of

strength is equal w. he shear modulus divided by 7.5. Thus the limit of

L is about.fifteen Burger's vectors, or about TSR units for aluminum. IT

the corresponding limit of strength could be achieved, the metal would

nécessarily be brittle. From the above equatiOn; it can be seen that the

vhigher the shear modulus the greater is the potential for hign strength.
Figure 1 is a plot of the tensile yield strength against the parameter.

%’-to the upper limit of 0.15G. It is evident from this plot that the high

mb&ulus materialé such as tungsten, molybdenum beryllium have the best

potential for developing high yield strengths. The sheaxr modulus is not ﬁhe

only féctor of importance, however, because materials such as tungsten ha%e

high densities and are, consequéntly, not as effective.per unit volume as the

lighter elements, such as beryllium. The importance of the density factor is

illustrated in Table II, where the ratio of the shear modulus to the density

is shown in the fourth column. ‘When the density is taken.into‘account,

tungsten, iron, molybdenum and aluminum all appear to be about equal. Beryllium,

because of its low density and High modulus, appears to have about five times

as high a potential as the previously mentioned metals. As is shown by the

last column in Table II;vthere is still room for a great deal of improvement

.in the propefties of cpmmercial.materials. The hope for iﬁproving strength

gt

‘resides in the possibility of controlling microstructure in such a way that,
without significantly impairing ductility, the barriers to dislocations can
be controlled in shape and nature, and shaped appropriately, to obtain higher

strengths. A discussion of the factors that affect the mobility of dislo-

cations in crystals is now in order.



\

One important property of disiocatiqn that affects ité mobility in
erystals is its width. This refers to thé distance in the crystal over
which ﬁhe.chahge from the slipped to the unslipped state occurs. VWhen this
transition is wide,vthe'diélocatiOns can move with greater ease than when
this zone is narrow. Narrow dislocations occur in strongly bonded crystals,
such as those of diamond, éilicon, and germanium. In such crystals, large
stresses are required to make the dislocation move from one atomic -position
to anothef,k The force required to move a dislocation against the bonding
forces in a crystal is known as the frictional force, or the Peirls-iabarro

(L)

force. A simplified expression for such a force is given in the follow-

s

ing equation:

, 2G 27
= erp - =]
LT (l—v) P b{1-v) (2)

where a is the interplanar spacing, b is the Burger's vector and v is
Poisson's ratio. The stress required to move a dislocation increases rapldly

, . a . . ‘ . ars .
as the ratio of = increases, or, in other words, as the width of a dislo-
-b ® b

cation decreases. In face centered cubic metals, which have low stacking

fault energies, the dislocations are widely split into partials, as has been

(7) These

(8)

shown directly using electron microscopy by many investigators.
partials have small Burger's vectors, and they are very mobile. TFreidel
has pointed out an additional fact viz., in crystals where dislocations are
dissociated into partials, and these partials are widely separated, the
theoretical elastic 1limit should be lowered by a factor of about one~half.
This is due to the lower activation energy required to nucleate a partial

dislocation in contrast to that required for the generation of a whole dis-

location, and this consideration is important when the stacking fault energy,

e et R B i A A i

¢ i et a3 e A=A a3 s =
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v, 1s less tﬁan abéut 200 ergs/cm2. On this basis, copper, silver, and gold
are po§r choices for base metals, but aluminum, nickgl, and the boedy cgntcred
“ecudbic hetals are good choiges. Furthermore, the velpc;ties with which @is—_
locations can move throuéh crysﬁals are related to their width. Experiments
have shown that the veloecity, v, of a dislocation is_re;ated to the applied
stress, o; by the following equation:<9’lo) v |

v = [c/co]n ‘4 - } A (3)
where n is in the range from 10 to L0 for body centered cubic'metals,.but is-
very'large, ofvthe order of 300; for face centered cubic méta}s._ This effect,
combined with the pinning of dislocations by impurities or precipiﬂate§
accounts for the yleld point phenomena.(g—ll? Yield drops are expected when
eitner the number of mobiie dislocations suddenly increases (e.g. by multi-
plication) or when a nigher stress is required to.move a dislocation at a
higher velocity.. Such effects are.well known iﬁ impure bce metals and in
non—metals(g) but yield points are rare in fcc metals. Thus, fhe sﬁréss
strain curves for fcé and bee crystals are ofteﬁ'different; rarticularly
during the initiél stages.of pléstic flow. These are fepresented-schemati-
cally in Fig. 2, while Fig. 3 shows results obtained on niobium of varying
purity.- TFigure 3 indicatés-that the impurity effect overrides the grain
size effect in controlling the yileld strength; Frém a practical viewPoint,

therefore, it may be very much more difficult to strengthen face centered or

hexagonal close-packed metals .than those with body centered cubic crystal

(<2

structures, e.g., ferritic steels can be hardened to much higher strengths

" e o . i 12
chan austenitic alloys of low stacking fault energy.( )

v
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The onset of ‘plastic flow requires that high enough stresses be applicd
to free dislocations from pinning obstacles. Continued vlastic flow requires
that stiress levels sufficient such that dislocations can overcome barriers

(5,8)

in their paths be applied. Important obstacles are listed below:
"l. The Peierls-Nabarro lattice friction stress which is important

in covalently vonded crystals, in body cgntefed‘cubic metals at very low

temperatures, and in metals where dislocations do‘not lie in close-packed

planes.

2. vDilecation forests, i.e. dislocations grown in or pre-existing in
erystals through thch moving dislocations must glide. (Ihe\interéction of
noving disloéations with other dislocations that thread through the slip
: . : - | : . (13,1)
plenes is thought to be one of the major causes of work hardening. ?

3. The mutual elastic interaction of dislocations as they move near
each other in theilr passage thr9ugh crystals.

k. Grain boundaries, stacking faults, twin boundaries, or films on
the external surfaces are all effective bar;iers to dislocation motion.

5. Solute atoms segregated to dislocation networks provide strong
barriers to moving dislocations.

6. Toreign aﬂbms, either clustered or existing in an ofdered staﬁe,
mnay offer considerable resistance to the motion of dislocations.

T. Among the most effective barriers are precipitated particles of-

second phases particularly intermetallic compounds (i.e. hard, refractory

inclusions).
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The strength of various obstacles depends upon the temperature of the

8,15,16
aeformatlon.(3’ »15,16)

The shear quulué varies slowly with changing
temperature and its effec£ can be evaluated by measuring the modulus Vs
temperature., kThe effects of tﬁermaliy activated‘slip'ﬁrocesses can Be
distinguished from the modulus effect because of their relatively.lafger
temperaﬁuré dependence. Obstacles generally create locél stresses in the
llattice, and if these local stresses do nét extend ovér“long distances
thermal vibrations can assist dislocations in moving past the obstacles;
if the.internal strésses do extend over long distances, then thermal fluc-
tuations are of no avail, and disloéations éan only be forced to pass-such
obsﬁaclesbby externally applied stresses. Examplgs éf barriers with short
" range stress effects are the Peierls-Nabarro stress, forest or intersecting
dislocation interactions, impurity aﬁoms, short-range ordered regions, and
small coherent precipitates; A strong temperature dependence of yield“
.vstrength is always observed when such barriers influenée the strength. Long
range stﬁess effects can arise ffom complex dislocation interactions, grain
boundaries, large particles of a second phase and also possibly long-range
ordering or clustering. The relative importance of barriers may.change
markedly with temperéture, with some barriers_being unimportant at high-
temperatures but assuming major importance at lo&_temperatures. |
Grain bounderies can aet either as ssurees sf‘sﬁfgngth er of weakness.

v

Dislocations may be generated from grein boundaries during the early stages

(17)

and thus contriblte to weakness, but grain boundariés can - L )

(18)

of yielding,

also impede the motion of dislocations, particularly if foreign atoms

(17,18) - o

are present in the boundaries and thus contridute to strength.

B T N S
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There is a marked grain size effect in many metals and alloys. Thisveffect'
' . {19, 20
is indicated by the following equatlon:< 2 )

fx [a® (5)

VT = R
y

where o4 is the friction stress which inclﬁded all short-range obstacles,

w is a factor ranginé from about -1/2 to 1, and d is the av¢rage grain size.
The parameter k varies widely from one metal to another and also depends
upon the state of a particular metal. For grain size to be important in
strengthening, d wou}d have to be about 0.1 micron for high strength
materials. However, the hardening effect predicted by Eq. 3 1s not observed
at fery small grain sizes. Moreover, it is not practical and‘generally not
possible to produce materiels with very small grain sizss and, consequently,

strengthening by decreasing the grain size is not generally a very effective

way to raise the strength of metals.

Cold working is not only the oldest and simplest way of strengthening
metals, but is élso a very effective one; e.g. the yield strength can be
raised over at least a six-fold range. Deformation strengthening is due to
the complex interactions of dislocations with each other as the dislocations
try to move through the lattice. Dislocations moving through a forest of
other dislocations can undergo several types of interactions such as cutting,
the production of-jogs and point defects, the formation of junctions in
networks, etc. The details of the interactions are complicated vecause of
the large nunber of possiblé interactions that can occur (for review see
ref, 14). Because of the stress fields that exist around dislocations, they

can interact with each other, reducing the local stress flelds and thus



produce z lower energy configuration which causes them to cease motion and
become tangled. Tangled dislocations provide effective barriers to other
moving dislocations. The result is the formation of complex networks of

tangled dislocations which have been clearly revealed by transmission

(1)

electron microscopy. An example is shown in Fig. 4. The density of

)

tangled dislocations increases with plastic deformation, and higher stresses
must be applied to cause plastic flow to continue. The degree of tangling
depends upon the amount of strain and upon the number of slip systens

operating simulvaneously. Figure 5, taken from the work of Mukherjee et

al.,(gl) shows that the rate of work hardening increases rapidly with the

number of cperating slip systems.

Most of the theories' of work hardening predict a flow stress that is

(38131)

proportional to the square root of the uOual dloloca ion density

P
.

This relationship has been found to hold by a number of investigators, for

(7) (22)

both face centered cubic and body centered cublc metals. Saada has
suggested that the most likely zthermal mechanism of hardening ariseé'from
gliding dislocatioﬁs cutting forest dislocations>a£ attraétive jﬁnctions.
In this case, the flow stress is given by:

J

where Lj is the mean distance between attractive junctions and B a geometrical
factor of value about 2.5 for face centered cubic crystals. L‘j is about twice

the value of L vhich is the average spacing between all dislocations in the

rh

orest, Excellent agreement petween Saada's moael has been provided by the

: : (21) L cn . :
experiments of Mukherjee et 'al. As L decreases with increasing dislo-

cation density, the available sources of fresh dislocations becomes limited

e Y ot o e

o

« e e
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to the network itself. Thus for high values of flow stress, the tangled

. (17)
networks can act either as barriers or sources. .

Electron microscope studies have shown that the maximum dislocation

2

density produced by cold work is about lOle/cm .. Such dislocations are

concentrated in cell walls and are not uniformly distribufed throughout

the volume of ﬁhe material. Crystals are divided into heavily dislocéted
boundaries surrounding relatively perfect cells (Fig. 4). It is reasonable
to expect that with a structure such as this, the flow stress would depend
upon the cell diameter, Just as it does upon grain size. Warringtoa<23)

has observed such an gffect for copber, as is shown in Fig. 6. An extra-
polation‘of his data indicates that to reach the theoretical limit of yileld’
strength‘of 0.15 times .the shear modulus, the céll size would have'to be of
the order of 0.l micron. Such values have not yét been‘obtained in cold
worked metals.

Tne effect of cell size on the hardness of nickel suﬁjected to explosive
deformation(gh) is shown in Table III. The ratic'ofhfhe hardnesses produced
by the 250 kilobar and the TO kilobar treatments is 1.52, whiph is close to
the ratio of the corresponding square roots of the cell sizes, namely 1.73.
The cell sizes produced by explosive deformapion of nickel are smaller than
those which could normally be produced by ordinafy plastic deformation (which
generally produces cell svizeslno s‘me.ller than about half a mieren). Such
cells are shown in Fig. Ta-c and can be compared to the cells produced in
nickel deformed by tensile étraining in Fig. 4. A further complication is
that cell walls of the type illﬁstfated are not stable at elevated temperafures

where dislocations can climb znd move away from each other, and the cell walls
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can untangle and disappéar. In order to providé strength at high temperatﬁrés,
the dislocations must be pinned by foreign atoms or pértic}g;. This process
will be discussed in more detall in a later secfiqn...(The effect of grgin
éize on cell size is pfobably due to:tﬁe faét that 5oundaries act aé sources
and dislocations émanating therefrom interact after traveling shqrter dis—.

tances in the smaller grain material).

Heat Treatment Producing Work Hardening

Plastic deformation is not the only means of obtaining high dislocation
densities. Shear, or martensite phase transformations occur with the for-
mation of martensite which contains dislocations or twins due to the trans-

(1)

formation strain. The most widely known and investigated martensite
transformation is that which occurs in iron based alloys. In these systens
_the transfofmation strain produces dislocatiéns in martensites of relati&ely
dilute alloys but with increasing solute content and the accompanying decrease
in Ms temperature, which_is the parameter that seems to control.the tfans——
formation strain, there is an increase in amount of twinned martensitef While
low carbon martensites do contain appreciable numbers of dislocations
(similarly %o heavily worked metals) the work hardening contribution can

play 2 éecondary role to carbon solution strengthening(T) but the combined
effects of carbon and‘dislocations can lead to relatively high strengths.
{(about 1/k theoretical).(eg) However, there is‘a limit to useful carbon
level; since beyond about 0.3 to 0.47 C, the martensites become twinned and
are embrittled. Furthermore,:in plain carbon steels, tempering leads to
rapid growth of cementite partié;es and,loss of strength. Some benefit is
realizeq oy adding ;lloy carbide formers inm which case the tempering results

in precipitation of alloy carbides rather than cementite-—-such alloys are

-«
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then age-hardened.(lz) The most striking development in high strength

steels is the ausforming process which produces a highly work-hardened

alloy which contains stable, finely dispersed precipitates of alloy carbides.

These will be discussed iﬂ a later section. Cold working martensites also
leads to strengthening,.e.g. yield strengths of 400,000 psi in 0.4C steel
have been reported.(35)

The application of ferrous martensite hardening has not been carried
to non-ferrous alloys primarily because of the emphésis that has been given
to fhe role of interstitial solutes in strengthening the becc martensitic
structure, and theixr small effects on hardening fcc and hep structures.
However, what has already been achieved for ferrous alloys might alsc be
achigvéd in other bece systems, if systems can be found which undergo mer-
tensitic transformations.

Some increase in hardness has been observed in Cu-Al martensites after
aging. These martensites have complex faulted structures. Ordering is
presumably‘responsible for the observed aging response.. Such alloys have
nearly double the sitrength of hard rolled copper, dbut, unfortunately, are

2lso brittle.

=3 -

Limitations of Work Hardening

From observations it is well known that the smallest cell size normally
i, . o e i ok - v (B
observed in cold worked materials is of the order of 1/2 micron. The
observed strengths of cold worked metals corresponds well with those pre-
dicted from the observed cell sizes.  From Table II it can be seen that the
observed maximum tensile strength of heavily deformed metals is about 0.4
. , o
of the theoretical, which corresponds to the value that is estimated from

the observed cell sizes.
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If work nardening were to be utilized to produce a maximum of strength,

the critical value of Lj would be given by the following equation:

) Gb = Tb _ (6)

L- 3 Ay
J(Crlblca‘l) 2'56"51’1801'.

. ' . . . . b, 2 .
which corresponds to a dislocation density of about 10~ /em™ in the cell
n e as . . s s . 15 2
walls {the limiting dislocation density in cubic crystals is ~ 107" /cm ).
There is no practical way to obtain dislocation densities of this magnitude.
However, it can be seen that if dislocation densities such as this could be
produced, the strength of real metals could be raised to near the theoretical
value. Thus, it may be concluded that high strength can be produced either
in very perfect or highly imperfect crystals. ' -
There is little hope that further improvements in strength can be

obtained by normal cold working operations. The strain rate effect does,
however, offer some promise. As illustrated in Figs. 4 and 7, explosive
deformation produces smaller cell sizes than can be produced by normal static
loading., However, it is now known that in face centered cubic metals no
further reduction in cell size with further increase in explosive pressure is

e L (2w
pessible Dbecause at higher pressures twinning occurs instead of slip.

Mechanical twinning was observed in nickel subjected to pressures above

) (24)

250 kilobars. Higher pressures produced no significant increase in hardness.
This, and other observations on martensites, strongly indicate that mechani-
éal twinning does not eentribute signilicantly te strengthening. In ivren

e%plosive deformation produces a phase transformation (see e.g. ref. 25).

b} i

Daspersion Strengthening

n different materials and in

e

Dislocations multiply at different rates

these materials in which the multiplication rate is greatest, the work

L]
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hardening rate is highest (sece Fig. 3). Strain hardening can be fostered by
the presence of.bariiers such as particles of'interﬁetallic compounds.’ One
phenomenon which contributes to dislocation multiplication is cross slip.
Only dislocations wifh_appreciable screw character cen cross slip, and vhen
they do, they move‘from éne slip plane to an eéuivalentvslip plane without
changing ﬁhe Burger's vector. ane a segment of a dislocation has cross
slippea, it then will have part of its line lying in a different slip plane.
The parts connecting the ends of this poriion to the original dislocation
- in the original slip plane are unable to move or can move only with greatb
vdifficulty, and consequently, the cross slipped length can act as a new
Frank-Read source bowing out, sweeping through the crystal, and multiplying
as originally postulated by Frank and Read. Dispersed particles acting as
barriers to moving disiocations can force screw dislocdtions to cross slip
and thus act as dislocation mulﬁiplication centers.

It is well known that dispersed particles increase the strength of a

metal (for review see ref. 16). They do this in two ways: first by restrict-

ing the motion of dislocations on slip planes (causing them to bow out between

the particles and requiring stresses proportional to %90,-and second, by
(16, 26-29)

causing dislocations to cross slip and multiply as sketched in

Fig. 8. . The dislocation %tangles resulting therefrom causes the rate of

work nardening to increase drastically as is commonly observed in precipi-

tation hardening alloy systems.

The stress required to operate a source resulting from a cross-slip

Gb
a

s-slipped portion of the dislocation. If d is very much less than L,

process is = , ¥here 4 is the particle diameter or the length of the

[2]

ro

n

\ .

this source cannot operate unless the stress is raised to a substantially

b g+ A S A N s F e 4 L

ey =
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higher value than that required for bowing. It is only when the diameter R

of the dispersed particle and the spaces between particles are the same

order of magnitude that both mechanisms.can operate simultaneously. This v

e

s presumably why the cells observed to form in alloy systems with dispersed
phases appear to have corners located at the largest particles. This is
illustrated for TD nickel in Fig. 9(a). The large effect of the substructure

on yield strength is shown in Fig. 9(b). When the particle dizmeter &

is less than the distance L between particles, during the initial stages of

plastic flow, dislocations will bow and move between particlés or become heavily

jogged oxr cross-over rather than cross slip around them (i.e. the total lengfh
of d1510cationvincreases). As they do this they may leave behind loops‘and , !
debris, so fthat effectively the‘pafticles increase in size;as deformation |
proceeds. Eventually, then, the inter-particle spacing becomes reduced ‘and’

o increases until de ~ L, whence the material

the effective particle diameter &
begins -to be most effectively work hardened. For the theoretical strength

O . i : L . . ,
plotted in Fig. 1 to be approached, the ratio of g-snould be approximately

U O

ol L R . . - :
equal to 5 and this in turn should be approximately equal to 15. However,

under these circumstances, substantially no plastic flow would occur and the
material would be brittle. From a practical point of view, the ideal dis-
persion necessary to produce high strength would be difficult to achieve and

by

their mechanical properties would not necessarily be optimum. If the particles

were of the order of 100_8 in diameter, they should produce strengths of about -
half the theoretical while still leaving the material with something of

the order of 10% elengation.

.

"

Tne nature of the particles is. also important. If the particles are

soft or coherent with the parent lattice, the dislocations may move through,
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rather than around the particles and their effectiveness would thereby be
diminished‘(l6> Lven with particles of the intermeteallic compound type,
large differences may be observed, depending upon the'mechanical'properties
of. the particles.

The effects of different kinds of barriers on the stress-strain curve is
illustrated in Fig. 10. If, in identical matrigés, parficles having a dia-

neter, d, spaced a distance L apart existed, but in one the particles were

disl

“

Guetile while in the other they were hard and strong, the two alloys would
then exhibit the same yield strength (because this would be determined by the

spacing between the particles), but the rate of work hardening would be

v -

drastically different in the two cases, as is.shown by the comparison of

curves 1 and 2 in the figure. Curve 3 indicates the behavior of the metal

.

without the dispersed pﬁase, the pure metal having a lower yield strength
but the same rate of strain'hardening as that of the material containing
the soft dispersed phase.

It is of interest tc note that although dispersed particles of a hard,
strong phase are present, and that these increase the rate of strain hardéhing
of the material due to augmented dislocation multi?lication, they do not
in real systems produce the necessary multiplication of dislocations required

3 dislocations per

to reach the theoretical upper limit of strength. About 10
sguare centimeter would be necessary to produce the maximum strength in a
cold worked material, but in real materials, even with dispersions present

the maximum density is at least in order of magnitude lower than this value.

Strengthening in Fiber-Reinforced Composites

In the introductory section it was observed that, although pure metals
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are usually weak, they have near-theoretical strength when in the form of
"whiskers" or fibers. The possibility of strengthening metals at both low

- and elevated temperatures by the incorporation of high strength and hign

i

modulus fivers in metals has been the subject of active research in recent

. e 0
years. Current reviews of fiber-strengtnening by Kelly and’Tyson,(3 )

(31) (32)

Davies, and Kelly and Davies

summarize progress in this field. These
papers serve as the primary source of information for this section and the
reader is referred to them for a more detailed and comprenensive study. ,

- o A |
One of the primary distinctions between dispersicn and fiber strengthen-

ing is that of.scale.(Bo) For effective dispersion strengthening thelpartiéies
‘ . _ . . ; ;

must serve‘as barriers to dislocation motion and the interparticle spahing
must be of:the order of microns, (i.e., always less tﬁan the grain_size;of'
the metriz). The mechanism of fiber strengthening is.quife different. iThe
cdmpésite is designed so that the applied load is transferred from the?matrix
to the fiber. The fibers do not significantly alter dislocation motion and
their spacing is ofﬁen greater than the grain size} |

" A few of the more important requisite pfopertiés:of fibers can be
mentioned. Fibers must have high tensile strengths and high modulus. Tﬁel
tensile strepgths, meduli, strength-@o—Weight ratios, and welting points of

representaitve whiskers, fibers, and wires, taken from the work of Kelly and

(32)

Davies are shown in Table I. Tor effigient tgansfer of stress from the
matrix to the fiver, the f;bers musé be rods or plates with high

aspect ratios? i.e., they must have high values of the ratio of léngﬁh £o
thickﬁess. - The matrix must bind the fibers together yet keep them sepdraté,
.1t must protect the:fiber surfaces from‘d;mage;'a;d,"for effective st;eés

transfer it must deform plastically at stresses well below the working Ttress

of the composite.

SV U

T o e e i s P o e = e+ ¢

gt

e T —————
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There are four distinct stages of deformation that are observed in the
. - . s . (32) .
stress-strain curve of a metal fiber-metal matrix composite. There are:
(1) <fibers and matrix deform elastically, (2) the fibers deform elastically
. . kg - G ar
and the matrix deforms plastically, (3) the fibers and the matrix both deform
plastically, and (4) the fibers crack and the composite fractures. The
stress-strain curves of tunsten wire, bulk copper, and two tungsten wire-
copper composites (of varying volume fractions of fibers) are shown in Fig. 1l1.

Stage (2), which occupies most of the stress—-strain curve, is the most

useful range. During this stage the modulus of the composite is given by

Yo Lfo + ( EE;')a . Vm (1)

the stress-strain curve of the matrix at the

S

, 4o .
wvhere ( )s is the slope o

. dey
‘strain, €, of the composite in stage (3). The quantity ( Sfm.)s 15 2 %%5
' de
m

for matrices of pure metals so far investigated; hence, for stage (2), the
modulus of the composite isvgiﬁen closely by Ec = Efo, where'V-is the
volume, and the subscripts c, f, m refer to the cgmpésite, fiver, and matrix,
respectively.

The ultimate strength of a composite is reached at a strain equal to the

total strain of the fibers at their ultimate strength. The fibers are assumed -

to be ductile and continuous. For these conditions the ultimate strength of

the eomposite iz given by:

- r t [ .%
0, = 0pVa ¥ ont (1-V,.), Ve > Vi (8)

c m

where Op is the ultimate tensile strength of the fibvers, om' is the stress

of the matrix at the wWliimete tensile strain of the fibers, and Vf and»Vm.
. . 1in

are the colume fraction and a critical volume fraction for strengthening of

ne fibers, respectively.
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15

£ the fibers are brittle and continuous, there is a critical volume

fraction V, ‘t which must be exceeded for stirengthening to occur. This
cri _

=

can be shown to be:

o .
V. ..o LB : : (9)
f erit - 0_.-0C
1 m
where o, is +he increase in flow siress caused by plastic working of the

matrix, This value of V, is derived on the assumpticns that for real
L . .

erit

systems the amount of work-hardening is large, that there is not interference

by the fivers with dislocation motion, and, lastly, that when a fiber fails

there is local work-hardening by the matrix to meke up for the loss of load-

Yy

bearing capacity. The maximum value for V

or fibers of circular cross
L . .

section is equal to 90 percent. Larger maximum values of V., are possidle
N L

for other shapes. For brittle fibers of circular cross section the strength

Talls off for volume fractions greater than 80 percent. This is probably due

to the fibers coming into contact with each ofher. Values of the order of
80 percent seem to be the maximum practical value.

The above analyses have been based on the assumption that the fibers
were continuéus, but in a real composite the fibers are likely to be dis-

continuous. If the fiber length exceeds a critical length, lc’ then the

strength of the composite is the same as that for one containing continuous

1 = do./2T " _ (10)

where T is the shéar strength of the matrix and d is the diameter of the

Tiber. One half of the critical ‘length is referred to as 'transfer length'.

&
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If the actual length of the fibers is about ten times the critical length
for example, the strength obtained with discontinuous fibers is found to
be 95% tnat of continuous ones.
. (31) . ) . - - . A N ‘_'. o PR -
Davies has reviewed the methods of preparation of composites and has
concluded that an efficient means’ of meking whisker-reinforced composites

(33)

is by controlled eutectic or dendritic solidification. Ford has exenined

the properties of an Al—AlBNi composite grown by unidirectional eutectic

dification. Transverse and longitudinal sections of the composite are

(2

sol
shown in Figs. 12 and 13.. The tensile strength of the chemically extracted
Al3Ni vwhiskers varied between 300,000 and 400,000 psi in tension and exnibited
bending strengths as high as 800,000 psi. The tensile stress-strain properties
of as-cast and of unidirectiqnally solidified eutectic Al-Al3Ni_specimens

aie shown in Fig. 1k, ‘A threefold increase in strength was observed for

the unidirectionally solidified specimen over that solidified in the normal
manner.

Tne technological value of whisker-metal matrix composites is yet to be
‘established, However, the properties of room témperatur¢ fracture toughnesé
and of elevated temperature strength are of special interest. The high
~racture toughness of fiber reinforced composites appears to be due fo>one
or more of the following factors: (1) a ductile matrix which‘can blunt the
erack fip; (2) the defiection of the adyéncing crack byldelamination of the
composite; and (3) by the expenditure of large amounts of work in plastic

~

deformation at the interface between the Tiber and matrix.

34)

With respect to elevated temperature properties, Sutton( reported

pecimens of silver reinforced with whiskers of A1203 exhibited short
: ’ 1

cf
)
0
chk
&)
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(VIR W é4

time (30 min.) tensile strengths of over 83,000 psi 2t 1600°F in eir. In’

Y

strength-to~weight ratio, this is equivalent to the best values of nickel

~or cobealt-base superalloys.

So0lid Solutions

~The strengthening efféct of substitutional solute atoms in random
solution is Rnown to be small. The strengthening is caused by interactioﬁ

~between solute atoms and dislocations (see c.g. ‘refs. 36 37) The simplést

:in teraction is that due to size differences between soWute atoms and solvent

.atoms. Edge dislocations woﬁld experience an attfacti&e forqc from'émall

atoms above its slip plane or a repulsive force from large atoms therc. If

Ry

the solute atoms have different modull -from the matrix avoms, there are
further interactions. For examplc,~dislocations would be repc*led from

regions of larger modulus and l*xe"lse the anpllcd tress would have to be

,.l

arge enovgh to pull dislocétions away from regions of lowe moaulug. In
these cases the crystals can be imagined to contain "hard" and ”soft" spots.
The hardening in random subs itutional solutions varies with concentration

(37)

n a simple manner. Dislocation locking can occur by atmosphere for-

3

2
mation or by the Suzuki effect in close-packed metals.

The strongest solute atom-dislocation 1nteraculons occurs for asymmetri-

~Z T ) .
- . o] . N . .
cal distortions. rlelscher(J ) has shown that large tetragonal distortions:

produce the strongest hardening, e.g. such as that found for intersti tlal

elements in body ceniered structures. Experimental reéults have shown that

he yie

ct

-

é siress varies dir c»ly with the concequratlon or with square

(38)

roov of the concentration. For polycrystals, Nabarro derived the

\



following expression:

o_ = G(E)2c - ‘ (11)

where E is the misfit strain and ¢ is the atomic fraction of-solute. This
(26)

law was obsexrved to be obeyed by niobium containing interstitials see

Fig. 3). For carbon in iroﬁ, E 1s approximately éne—half, and the solu-
bility limit of carbon inﬁmartehsite is approximately 1.2 wt.% or about
Sat.%. Thus from the above equation it would appear that the strengthening
possible from the carbon in martensite should produce a yield strength of

. .~ G i o . . .
the order of 0" This is about one-fifth of the theoretical strength and

is a value very close to that observed in practice.

Non-Rendom Solutions
Appreciable hardening can also be obtained in substitutionally type solu-

tions when the alloying elements are non-randomly distributed. In these cases

' (39)

there is not a simple dependence of yield strength on solute concentration.
Pigure 15 shows the strengths obtained in a series of molybdenum-tantalum
alloys in which "demixing" of the atoms occurs. The embrittlement of the

concentrated alloys is thought to be associated with the large differences in

-elastic modull between the two atom species. Solid solution systems in which
the solute elements are not randomly distributed but yet are still in solufion‘
presént a very interesting and potentially important class of materials.

The ones that have bBeen studied in grésgtest detall are those systemé in which
thefe is a miscibility gap in the solid state, so that under equilibrium

conditions two solid solution phases co-exist. In such alloy systems, it

[

s possidle for the second phase to appear by the normal process of nuclea-

and growth of precipitated particles but, under certsin conditions,

4

tio

r3

iy e g e
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e 3 oo
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another reaction called "spinodal decomposition' may occur without the for-
mation of nuclei of a second phase and wighoui'particles of a second phase
appearing in the early stages of the transformation. One very interesting -
system exhibiting spinodal decomposition behavior is that of gold and plati-
num, the phase‘diagram'for which is shown in Fig. 16. In this system, all .
phases have the same crystal structure, namely, face centered cubic. At a
temperature where the two-phase field exists, the free energy, F, varies with
the mole fraction of the dissclved element and, at one concentréti0n5 the:‘
second derivative of the free energy with respect to concentratign is equal
to zero. It is this criterion that determines whether or not a syétem will

s : : Lo . L) .
exhibit spinodal behavior. Although Cahn< ) and Hlllert< have been:
actively exploring the theory of spinodal decomposition in alloy systems in

recent years, the original concept goes back to Gibbs who classified decom-

pte

position reactions in sclution systems into two categories; (1) in which
the composition change was ;arge and the volume very small, and (2) a change

in which the composition fluctuastion was very small but the volume over which

e

t extended was very large. Tne first is a case of a normal nucleation and
growth reaction; &the second is that which has been called the spinodal. When
& spinodal reaction occurs, atoms that are alike cluster and the distance
between these clusters is wvery short, i.e. of the order of 20 to a few

ancously and simulban-

[N

hundred atom distancas. Th

s.clustariﬁg securs sp
eously throughout the entire voiume of the matefial, a condition unlike that
of nucleation and growth where the nuclei are non-randomly located because

they preferenﬁially,form‘at defects such as grain boundaries or dislocation

networks within the crystal. Thus the spinodal resction holds the promi

se
I
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of providing the most uniform small-scale disfribution of inhomogeneous
regions of sany reaction fhat is known at the present time. There is no
doubt that the spinodal reaction produces & marked increase in the strength
of the material as is'shown in'Fig. 17 which was taken from the work of
Van der Toorn.<h2) In this case, an 81% platinum-gold alloy was quenched
from the single phase field and subsequently aged for various times, as
indicated in the figure, at 600°C. The hardness increased from about 260
oH the Vickers Microhardness scale to about 450 within a few minutes, and
2 high hardness was retained for many hours of aging thereafter. The exact
processes whereby the spinodal reaction causes hardening are still under
studyvand are not yet fully understood. Unfortunately, with alloy, systems
of this kind, even thoﬁgh the material is face centered cubic and one might
expect 1t to be ductile, the materials guenched from high temperature and
aged to produce the spinodal reaction have been found to be very-brittle with
failﬁres cccurring in fensile tests with elongations of less than 1%. The
reasons for the brittle behavior are still unknown.

Ordered solid solutions or intermetallic compounds form anothner class
of non-random solutions. Many ordered alloys work harder extremely rapidly

but are relatively brittle(l) (e.g. Fe_Si). The maximum effect is found in

3.
(u3))

alloys that have an intermediate degree of order (see e. Weotb*ook
and includes metals of widely different crystal structures. Alloys such as
?eBAl winieh have relatively lew wvalues eof the orderiap energy do not shew

trong order dependent naraen*ng Tne theories of order hardening are

0

plentiful dut do not seem to be generally applicable, except perhaps for

e e e . (kL) . . . .

that due to Stoloff and Davies, ' who considered the variation in spacing
\ a: P . s ; {

of the dislocation palrs making up the superlattice dislocation' (D with

changing degree of order. The spacing in turn determines whether the nartials



of the su N

erdislocation glide independently or in pairs. If the dislocations

el

N

are coupled, order is perfectly restored and glide is easy. However, if the
partials glide as unit diglocations anti-phase boundary trails are created
behind each unit dislocation and hardening results. Tne actual domain size
in ordered alloys'd 28 not secem to control the strength.

Marcinkowski (private communication) has recently reported that the B2
type ordered elloys (e.g. FeAl, FeCo, FeRh) have two well-defined stages of
work hardening, a stage II which is temperature independent and with a
relatively high work hardening rate (~G/100) and almost linear, followed
by a temeprature dependent stage III, over which there is zero work hardening
and in which the stress level depends on the antiphaée boundary energy.

FeBSi shows Similar.behavior except that the work hardening rate‘is greater
than that ob;erved for B2 structures. Marcinkowski‘explains stage II in

terms of the accumulation of jogs on superlattice dislocations. Stage III

WH

s interpreted in terms of thermally activated cross slip of screw dislocations.
thougnh these a2lloys are remarkably strong, they are unfortunately non-

ductile, (e.g. Fe-Rh shows a maximum breaking stress which is about 0.5 of

ct

he theoretical but at strains of less than 1%), and unless means are

o
F) »
(@]

scovered to increase their ductility these ordered alloys arec not of
nuch potential value.

A combination of heavily work-hardened, ordered structures is possible
by heat treatment. As mentioned earlier, the Cu-~Al alloys (11~-13% Al) undergo
a phase transformation to mertensite reéulting in a complex superlattice
that is heavily faulted. If the marténsite is aged to increase the degree
of order, nearly & two-rold hardening occurs. Whether such effecﬁs can be
utilized for obtaining high strength_ductile alloys remains.to be seen.

i

In short range ordering, dislocations have to overcome local solute atom

berriers. Unit dislocations can disorder or re-order the structure,
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leading to expenditure of energy. In either case the applied stress has

to 4o ithe necessary work. Local elastic interactions when the moduli
N 39 o

_differ widely mey also lead to nardenlng.( ) Similar effects may ~ccur

L (36,37)

in clustered solid sclutions.
SOME EXAMPLES OF USEFUL HIGH-STRENGTH SYSTEMS

Mn interesting example of the effect of hard dispersed particles on the
dislocation network resulting from plastic deformation is that provided by
TD nickel (in which thoria particles are dispersed). Figures L4 and 9 show
a comparison between the‘substrgctures produced in high-purity nickel and
in TD niékel.<28) The cell size in the TD nickel is about half that found
in the high-purity material. The fact that the particles in this .case are
refrac;or&,‘and are substantially insoluble in the nickel, also has a
beneficial effect on’ the high temperature strength. This dispersed phase
does ngt dissolve or coalesce at high temperatures and thus stabilizes
dislocation networks at elevated temperatures. ' The particles impede climbd
as well as. glide of dislocations. The result is that the material retaiﬁs
high'strength even at elevated temperatures. The dislocationAnetworks are
so effectively pinned by the thoria in the TD nickel that it is extremely
difficult to re-crystallize this material even at temperatures neaﬁ the
melting point.

Because of the relatively low cost and large usage of ferrous materials,
more effort has been dsvoted to determine strengthening processes in s€eels than
in #@ny other metal. As was shown in Fig. 1, some ferrous alloys{already have.
been produced with strengths in excess of 500,000 psi;(h )

V1

Such high

strengths, however, cannot be produced by simplc one-step processes. Ausforﬁing,
a relatively new process used for producing high strengths in steel? combine§

the effects of cold work and precipitation with a phase change. It has been

shown that the deformation of metastable austenite prior to its transformation
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into martensite produces a large volume fraction of finely dispersed
alloy carbides which do not grow much upon tempering the subsequently
P armed L . CAnO 29)
formed martensite until high tempering temperatures (>500°C) ere used.
Such particles increase the rate of multiplication of dislocations so that
very high densities of dislocations are produced in the deformed material
( QR - S A - 13 2 ‘. - . ~
estimated to be about 1077 /em”). Figures 18a, b are electron micrograpns

rbides. Once

©

showing the heavily deformed structure and the dispersed ¢
deformed, the austenite is quenched to produce martensite; the martensitic
structuré thus produced is very much finer than ihat produced by a direct
guench from the austenite range without the intermediate plastic

+

deformation. Turthermore, the martensite transformation itself is a source

the total number of

.

of dislocatibn generation and this contributes to
Gislocations present in the eusformed steel. The resulting structure isv
extremely complex as Fig. 16 shows. The high strength of ausformed steels
cen be accounted for by the high dislocation density and by the fact that
these dislocations are pinned by finely dispersed precipitated particles

(29)

{

of alloy carbides.
Another series of promising dispersion strengthened alloys are the
maeraging steels based on a high nickel content combined with several other

ements in smaller amounts, but with no appreciegble carbon (i.e.

bt

alloying e

0
o
by
9]
,-’-
o))
@
0

re not utilized as in the other high strength steels). Ordering

D

may also coantribute to thz strenugts of these materials. Structure-property

¢

correlations are needed so-that the strengthening mechanisms can be more

o1

completely understood and in order to utilize the materials to theilr meximun
capability. Although the maraging steels are not as strong as the ausformed

ng of maraging alloys nas been successful in further increasing
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A SUMMARY' OF THE PRESENT SITUATIO

Teble IV indicates some of the methods by which alloys can de

strengthened. To achieve the maximum strength, & high dislocation density

provides the best combination of sirength and ductili
Figure 19 shows the ratio of the measured to the theoretical strengtih

for alloys of several metals. The absicissa in this figure is the equivalent

.. O ‘s o 5 o - ey

temperatire (in K) which is the test tempera ture divided by the temperature

fect

[52]

Yy

at the melting point of the metal. The e of the concerted efforts Qf

research and development on steels and on aluminum and titanium alloys is

o
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an also be seen that the present stage of alloy
development for the refractory metals is in its elementary stages.
_Significant improvements in the strengths of “efr ctory alloys are certainly
possible and can well result {rom additional research and development work

en these materials.' Beryllium is a metal that appears to be very attractive.
It has low density, & high modulu Us , anavp tentially high strength. However,
it crystallizes in the rexagonal'close-packed structure and is very brittie
at ordinary temperatures. One of the problems associated with brittleness

in hep systems is that the critical resolved shear stress is often 00

(47)

hign for all the necessery slip systems to operate. Attempts must be
made o lmpert duetility to beryllium, e.g. by alloying to obtain the
cuble structure. However, besides the brit: lcness of bervllium that

preciudes its use, beryilium alloys in usable form are very expensive, with

to 3100 or more per pound.

- lmprovements are possible and desirsvle. Encouraging results have been

ovteined with certain 11 oys by gquenching and tempering in repeated cycles

es illustrated in Fig. 20. These treatments are effective in producing
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Tine gr ained martens without the complications of hot formin

necessary for the ausforming process. 1d strengths have bee

s such as 50% over those produced by conventional heat treatme

d

cycling operat Additiongl improvenents in propervies have

ovtained by combining ausforming with elevated temperature stra

ustrated in Fig. 21.
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Table 1

Some Representative Metal Wire, Whisker and Fiber Strengths

*

Tensile Strength

Young's Modulus
(in units of

(in units of

Strength-to-Weight Ratio

Melting Point
{(Tensile Strength/Density,

106 psi) 106 psi)
Metal Wiresﬁw
Carbon steel
(0.90cC) 0.575 30
Stainless steel 0.3h47 29
Mo 0.300 53
Be . 0.160 L5
Glass, Ceramics &
Polymers
Asbestos 0.85 27
Mico, 0.45 33
Dravn Silica 0.86 10,5
Glass in air 1.50 10.5
~ Solution Spun Nylon & 0.27 ———
Yhiskers
Graphite 2.8 98
\A1203 2.2 16
Fe 1.8 28
5ic 3 100

. 5 . (°c)
in units of 107 inches)
0.7 1h50 .
0.hY 1k2s5
0.29 2610
0.89° 1284
&
:
3.k Dehydrates at 500
1.67 Dehydrates between 350
and 00
3.5 1700
6.0 ——
2.4 S
12.7 3000 (sublimes)
5.5 2050
2.3 1540
31 2600

(31)

Taken from the work of Davies

k33

A1) wires 0.006 inches in diameter cxcept Be which is 0.070 inches in diamcter.



Table TI

Shear Modulus(l) Density P Theoretical Theoretical tensile(e) Max. Observed . Obs
Matar ) ) . . - . alio ———-—t—
Material G. psi 1b/cm3 Ratio'G/P yield 0.15G (psi) tensile strength Ratio f o3
(psi)
5 Id 7 .
AL (fcc) b X 10° 0.16 W x 100 600,000 100,000 (alloy) 0.17
Po (fcc) T X 107 0.h1 1.8 X 106' 100,000 12,000 (alloy)- 0212
' 7 e
Cu (Fee) 5 X 10° 0.32 1.5 X 10° 750,000 214,000 (alloy) 0.35
' ) .
Be {hcp) 16 ¥ 10° 0.07 2 X 108 2,%00,000 80,000 0.03(5)
e .

Mo {(bece) 16 % 10° 0.37 4,3 X 100 2,400,000 80,000 (alloy) 0.03(5)
W !vec): 27 X 10° 0.70 3.8 x 107 4,000,000 300,000 (alloy) ‘3’ 0.075¢5)

| 5 (4) G
M (bee) 5,3 X 10° 0.31 1.7 X 107 800,000 110,000 (alloy) 0.1h ™
Fe {bee) 12 ¥ 10° 0.38 h.3 X 107 1,800,000, 1,000,000 (whiskers) 0.56

' - 500,000 (ausformed 0.3
alloys)
700,000 (drawm wive) 0.4

Notes: (1) Data from Metals Handbook (ASH) or assumed O.38E. _

(2) Calculated on basis of G for pufe metal - for alloys theoretical may be different becasuse G may be

changed by alloying. ' :

(3) W-Ta-Mo alloys. '

(L) Nb - 11¥ - 28Ta 2r (alloy FS 85, Fansteel).

(5) Limited data available,



-33.

Table IIX

TOKDb
13CKp

250K

Hardness (VPN)

125
160

190

C Cell Size
(statistical mean)

0.53u
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Teble IV

Dispersions

Characteristics

Methods of Producing

ct
X
=

Duc

Low To moderate
strength, good
ductility

High strength
possible but
poor ductility
common

Very high strengths
possible with poor
or moderate duc-

tility :

Age-hardening (Al elloys
alloy steels) :

Heat treatment as for age-~
hardening

Compacting, powder metallurgy
as in Ni and W base alloys.

Internal oxidation of an alloy
SO &5 tO cause one component
to precipitate as an oxide.

-

Fiber techniques.

Combination of thermal-
mechanical treatments, e. g.

- strain aging, ausforming.
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FIGURE CAPTIONS

A plot of the tensile yield strength versus barrier separat
predicted from the simple Orowan yield theory. The theoretical
maximum i1s indicated at 0.15G.

Schematic stress-strain curves illustrating differences in yield
behavior of impure bce metals and fec metals. The Luders strain
is indicated by the region B. Work hardening occurs over the
region C. The effect of barriers is to raise the yield point and
the work hardening rate.

Experimental data showing the effect of impurity and grain size
on mechanical properties of niobium. The total impurity conbenus
in atom fractions are: A. 2.6x10-2, B. 3.8x10°9, C. 5.3x10~ 2,

D. 6.5x10° 3, E. 1.5x1072. Work hardenlng of specimen B is more

rapid because impurities have precipitated out leading to more
rapid dislocation multiplication. (Courtesy Acta Met., ref. 26).

Dislocation cell structure in polyerystalline nickel, tensile
deformed 20% at 295°K. (Courtesy Acta Met., ref. 2k),

ntal data of Mukherjee et al. (ref. 21) showing the increase
in work hardening rate wi th increasing number of operative slip
systems. The crystal orientations and operative slip systems are
indicated on each curve.

The experimental data of Warrington (ref. 23) relating the flow
stress of copper to the cell diameter. Extrapolation to the
theoretical strength limit predicts a cell size of 0.12u.

Electron micrographs showing dislocation substructures produced after
explosive deformation: a) 70 kb, b) 130 kb, c) 250 kb. (Courtesy
Acta Met., ref. 2L).

Scheme illustrating how dispersed particles can act as dislocation
multiplication centers by causing cross slip.

(a) Substructure in TD nickel after 90% cold rolling of extruded
bar. (b) Stress-strain properties of TD-nickel compared to pure
nickel.  Annealing treatments after 90% cold rolling of extruded
stock. (Courtesy Trans. AIME, ref. 28).

Schematic stress-strain curves illustrating the effect of barriers
on the hardening rate of metals. Compare to Fig. 3.

-The sftress-strain curves of tungsten wire, bulk copper, and two

tungsten wire-copper composites of varying volume fractions of
fivers. (Courtesy Inst. Metals, London, ref. 32).
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Figure Captions (continued)
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Transverse section of Al-Al_Ni eutectic unidirectionally

solidified at 0.66 cm/hr. {Courtesy J.

ref. 3%).

1ley and Sqns,

Longitudinal section of same alloy shown in Fig. 12 but
after solidification rate of 8.5 cm/hr. (Courtesy of
J. Wiley and Sons, ref. 33). :

The tensile-stress-strain properties of as-cast and of

unidirectionally

(Courtesy J. Wiley and Sons, ref. 33).

solidified eutectic Al-Al_Ni specimens.

5

Showing the marked solid solution hardening obtained in Ta-Mo
alloys which become non-random for concentrations greater th:n

about 20% solute.

The phase diagram for Au-Pt alloys.

Age hardening response of spinodally decomposed Au-Pt alloys.
(Courtesy Acta Met., ref. 42).

(a) Retained austenite and martensite in Fe/16 Ni/0.3C/k, 7Cr
steel ausformed 30% at 500°C. and quenched. (b) Dark field
electron micrograph showing small particles (50-150A diam, )
of VC in martensite produced by ausforming Fe/25 Ni/0.3C/1.9V
steel 30% at 500°C. (Courtesy O. Johari).

Maximum measured

tensile strength divided by the theoretical

strength shown as a function of equivalent temperature for:

several metals.

(Courtesy J. Wiley and Sons).

(a) Scheme.-illustrating the process for hardening by cyclic

transformation of austenite. The assoclated expected micro-

structures at the different stages are shown. (b) Variation
of hardness with gquenching temperature for several levels of

cold working for steel. Each cycle is followed by tempering

at 9LL°F for 10 minutes. (Courtesy J. Wiley and Sons).

Stress-sgtrain curves of ausformed H-11 steel in the quenched
and tempered condition (left diagram) and in the quenched
tempered and elewated. temperature strain-aged condition

(right diagram).

(Courtesy of J., Wiley and Sons. )
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ZN-3764

Fig., 4
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Fig. 7
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Fig. 8
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








