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RS SOME FUNDAMENTAL CONSIDERATIONS
IN DESIGN OF HIGH STRENGTH METALLIC MATERIAI.S -
- With an Appendix by J. Friedel® o

Victor F. Zackay and Earl R. Parker™*

Abstract

The problem of obtaining high- strength with substantial ductility
& 1’vislreviewed_from several.different viewpoints. The theoretical strength fTi
; of_the_structural metalsvis'first estimated ané/then compared with obtainff.;ﬂ.f
'u}able strengths. The superiority of certain metalsiis rationalized in terns '
of dislocation theory and microstructure. vSeveral processes for‘increasing R,
. the strength of steel while retaining adequete ductility are described. |
:”,The limitations of strength in alloy systems that nndergo precipitetion
ﬂby heterogeneous nucleation are summarized. ' Further increases in strength
o and ductility are suggested by the utilization of phase transformations

involving homogeneous nucleation.
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High strength materials fall into two general classes~'those that
"undergo some plastic flow before fracture, and those that do not._ Both

i_classes are technologically important The basic factors that control the

”fgﬁﬁfifﬁl; strength of ductile materials, however, are not the same as those that governw

'the fracture characteristics of brittle materials._ Consequently,_each class =

| must be analyzed separately.f The problem of combining strength with tough-.'““'
i'i?};*,e‘ness in ductile materials w1ll ‘be cons1dered herein. _;5” | e o

Ductility and toughness in metals depends upon the behavior of dislo—-
ﬁ‘cations.f A minimum of ten percent elongation is generally considered essen—

(‘ti&l for highly streSSed structural materials.: For satisfactory service,__

."‘;i'plastic flow must be able to redistribute ‘the high local load around notches ff;e;[e

1and other discontinuities before cracks can form. Large numbers of dislo-'if'?;;hh

. cations must be able to move substantial distances in regions of " high stress~ﬂ"£vi?

Vfi;fﬁ";}-concentration if notch-brittleness 1s to be av01ded. In conflict with this

BN requirement of notch ductility is the fact’ that high strength can' only be “f‘

J ".)Nobtained in ductile materials if plastic flow is inhibited by’ barriers ‘that

;iﬁrestrict the movement of dislocations.; Thus, high strength and good tough-*f

f—ness are seemingly incompatible requirements and, in general the strongest

ﬂu_F7f:;metals tend to be brittle and the ductile ones weak.‘ The problem of combining

T e - : ,{'..,._

the two desirable properties, strength and toughness, is a difficult one to

e w

f'solve, The distance between dislocation barriers mst be-smallrfor high :;ﬁiffxf,ﬁ

':*ge?f_strength, but. the number of- dislocations required for toughness must be ffféa;;r,?_;,

t

S large.r Before reviewingrthe nature and effectiveness of dislocation

':3;;-barriers, the theoretical ‘shear strength of a dislocation—free crystal will
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THEORETICAL YIELD STRENGTHS

- Frenkel( ) Qrowan(e) and recently Cottrell,ﬁa among others, have.con-,b
sidered the problem of estimating the theoretlcal shear strength of crystals.
ey A theoretlcal shear strength of G/15 is assumed in this paper for body-.

centered cubic metals--this value being consiéﬁeﬂt with both theory and the":
measured. strehgths of iron whiskers. Sincé étrengthAis customarily deter-i:vﬂ
_ mined by tensile testing, the theoretical tensile strength becomes 2(G/15)
|  > ...... or:G/T.5. | | ,' | ‘ | |
. Friedel (see Appendix), working on this problem with the authors; cai4 . »
culated the effect of dislocation splitting on the theoretical strength of -"
the close-pagked metals. Hekconcluded that strong splitting.will lower the(?<’¥ 'f;
theoretical strength by abouﬁ 40 percent. Thus, for fecc and hexagonél ‘ |
close~packed metals having staéking»fauit energies (SFE) of less than 200 |
.ergs/cm?,,i.e., Cu, Ag, and Au, the theoreficai shear strength wiil bhe about'f;v :7
G/25 rather than G/15. fHoﬁever, the stacking fault eneréies of Af and Ni -
are so high thet dislocations do not s§1it into partials, and in this case,_- ' _'  .,i
the theoretical shear strength remains G/lS. 6n the.basis of the above coﬁ-f“Q *: ;:' b
' slderations it is possible to estimate the maximum attainable'tensiie yield f“:‘.
:étrengths of the metallic elements. - This has been dbne_for a-number 6f o

mefals, and the results are included in the figures that.will be discussed   ._¥;¥ tA' é

 next. | | . ‘ ) | o | 5:iff$:1j ?
COMPARTSONS OF MEASURED AND
THEORETICAL, YIELD STRENGTHS

.The maximum tensile yileld strengths attained to date for the strongést.Aff“?. Q“

alloys of ten different metals are shown in Fig. 1. . The values shown in

MAB Report 187-M, was a primary, although not exclusive, .source of the R 1
alloy strength data. 3 R
g : S
i
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measured strength is plotted against en equivalent temperature. The latter 1
* was obtained by dividing the test temperature by the melting point (on an
-’E?_absolute scale) The variation of the theoretical/strength w1th temperaturei?,
ilwas assumed to be linear from the Debye temperature to 70% of the melting ;fﬁ

()

point.

Plots of the ratios of. measured—to-theoretical strengths Vs the equi—‘.*"'*

iﬁ)f ‘valent temperatures for alloys of Fe, Ti A£ Mg, (Ni Co) and Be are shown

- in Fig. 3. Theoretical strengths of . G/25 vere used for austenitic stainless ;flf

Jk’fcf steels and for. the (Ni Co) superalloys because these metals have stacking tfhgi

I

*5;;;fault energies;below about 200:ergs per-square centimeter. A value of G/15

i'tfnas used. for the other allOys. The G/lS is appropriate for all bee alloys

[lﬂ and for aluminum. 'Stacking fault energies are’ not known for Mg,,hcp Ti, or"“}

Be, so the proper value of theoretical strengths for these metals remains in :

! iD. doubt. At low values of equivalent temperature, the bcc alloys of Fe and Ti

's-are clearly superior--each being about~a third of thevtheoretical strengthfﬁ
ok ;5~ At higher values of the equivalent temperature the fece alloys of Az and
(-‘__(Ni,Co) are_superior, ~The actual strengths .of commercial -alloys are obviously

“'-_'not determined by the' elastic moduli'of the base metals.f There is at present ?ﬁk

'no a priori theoretical reason why the bcc alloys of Fe and Ti should be

. superior at low. equivalent temperature. ‘

A study. of the compositions of the commercial materials reveals that the
;'strongest bcc materials contain a substantial amount of alloying elements but
:'%g;_no more than those having fccAstructures. . One of the strongest materials,;"f

" namely iron, has a»phase change which permits major modifications of the .-~
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.mioiostructure‘by heat treatment. However, the strongest bee titenium alloy

~ does notf‘ Stable phases,leading to high strength can be produced in the-

z

titanium alloy by a combination of quenching, cold-working, and aging. Thus,l‘”

the factors that the best materials have in common are that they both have

bee structures and they both contain elements that will form strong stegle ,-*

precipitates as a consequence of'thermo—mechanical treatments. In the ab- ;'

sence of evidence to the contrary, it may be assumed that any metal exhibiting'v

substantial ductility in polycrystalline form can be made “to have 8 high frac—_'ﬁ

tion of its theoretical strength. An example of such a possibility is hcp

titanium, which, unlike beryllium, is ductile in spite of its hexagonal crys-'?

tal structure.
.

A very interesting fact is revealed in Fig. L where measured-to-theo-

retical strength ratios of the low melting alloys of Mg and AZ with those

of the refractory alloys of W, Mo, Ta, and Nb are compared on an equivalent

temperature basis. When plotted in this manner, aluminum alloys are superior -

"of a metal is by cold work. Plastic straining below the recrystallization ~*}'V”~;“H

to the refractory metal alloys over the entire temperature range, and bcc
iron is far superior to the refractory metals at temperatures below about

half of the melting temperature. From this comparison it may be ‘concluded

that diligent effort in alloy development could produce significant improve-' el

ments in the strengths of refractory alloys.

STRENGTHENING MECHANlSMS -- LIMITATTIONS
AND POSSIBLE IMPROVEMENTS

The oldest:.and still the simplest method for increasing the yield strength

temperature can be used to produoe a several-fold increase in the yield

strength of pure metals. As extensive examinations have revealed,(S) dislo- liv

cations in plastically deformed metals tend to collect in tangled netwOrks;.-f_i

i

s




TR T, (R WOy UL L e e, . : Ty N L i “ . . . L T oo Ca e e g e w [ et e 4 R o - o -
AN A A e B B e el i 1L e Pt AT el ol whas Berles wat wlee L el L0 L L e B T T n L b e e T Sami et Sy e e L

BTy
LA $

o The portion of the crystal inside the netwOrk is in general »ubstantially

free from dislocations ;. and there are ‘no barriers in this region t\ 1nhib1t
T the movempnt of slip dislocations. The distance hetween barriers is thus
"'. equal to the cell diameter, which reaches a limiting size during plastic

flow of approximately 0.5 micron.(5 ) A dislocation bowmg out ‘into the ;

nearly perfect crystallite 0.5 microns in diameter s and pinned at oppOSite

cell walls g would move freely under a. stress of only a few thousand pounds '

per square inch. In reality, yield stresses an order of‘ magnitude higher

,_result from plastic deformation. ThCLS occurs because of the fact that the
- “ dis_Location sources ,' which are. located in the tangled cell wall network.,, are

pinned by interactions With other dislocations. 'iransmission electron micros- -

R

- )copy has shown that the pinning point spacing is of the order of one-tenth

o 'of the cell. diameter.' _Observations.indicate thet it is proba'bly not reason-'
able to expect pure metals or sol1d solutions to develop cell sizes smaller ?;'1'1:‘;7,‘”-
f; :_ tha.n ‘about 0.5 micron, nor . is’ it likely that the/ pinning point spacing of

source dislocations can be effectively reduced. Consequently, there is an ﬂ

t

- upper limit of strength that can be expected from cold working alone ’ and
this limit has already been reached in connnercial materials. | T
Gb . _26b

From e simple consideration of the relationship =7y Or oy = T‘

*y
. foI‘ the tensile yield, it would be necessary to have ba.rriers only 15 to 25
',:f;a,tomic dista.nces a.part ir the theoretical tensile yield strength of a man
terial were to be attained (see Fig..5). However, a material at this strength
'3 1evel wou.'!.d not have any ductility because no dislocations could move. In R

! order to permit enough dislocation movement to provide the toughness necessary g ;,

e ¥ T, = shear yiel-d stress', a& = tensile- yield stress,. G = the shear modulus ’ E ’_ s
b = the Burgers vector, and £ = the d_istance between precipitated particles

through which dislocations cannot pass. _ o ,

¢
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for engineering structurai uses, berrierslshould be.several trmes the min;mﬁm_
theoreticai distance apart. Thus, for steel having hard carbide particles
spaced at 50 atqmic'distances, the tensile yield strengsh should be'about
500,000 psi. Ir would seem from this analysis; that the optimum combinetion
of-strength and toughness 1s being closely approached by some of the aﬁsform»
steels. It does not seem reasonsble at this time to expect that the yield
strength of steel cen be increased much beyond 500,000 psi by carbide pre-
cipitation without causing a serious loss iIn toughness.

There is:sfill ample room for improvement in the properties of ordinary
comercial steels, however, because the low values of 35;000 to 70,000 psi
for the yield strengths of common structural_sfeels leaves much room for im-
provement, and even the best of the conventionally treated steels, with yield "
strengths generally below 250,000 psi, are still weak in comparison with
atﬁainable maximum theoretical strength levels, Exploration of ways and
means for producing high yleld strengths, combined with good ductility and

adequate notch toughness, are therefore appropriate. Two examples of research»

. of this kind are cited in the following section.

METHODS FOR INCREASING THE YIELD
STRENGTH OF HIGH STRENGTH STEELS

Iron base matérials have had by far the greatest attention paid to them .-
because of their low cost and extensive ussge. Their positlon near the top f'
of the list is therefore not surprising. Nevertheless, it is essentlal to
understand the reasens_for their high strength. The strongest steels are
those that have beenJausfermed and, although results of detailed studies of 4‘f'f

this class of steels%will‘be presented in a separate paper, an importent-

. point to note here is that plastic deformation forms an essential part of the 3
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technological processing involved in developing superior strength It‘is'”/”

of aging that the deformation does two thlngs' It provides closely spaced

: nucleation sites on which stable compounds or clusters can form, and secondly, R

plastic flow 1s thought to accelerate diffusion of substitutional elements if?w

80 that they can participate in the formation of finely dispersed precipitates

';.- at temperatures that are too low to cause overaging. '_ v "4'f_}?_[r:‘ f,fﬁfi;f;

. The maraging steels, although not as strong as the ausform steels, are .f:3l{,f;‘}

also superior materials. The strength of these aIloys seems to. be due’ to the;f:

{ii' presence of a finely dispersed prec1pitate. Additional benefits ‘can be de-i “
”ii; rived in the maraging steels by follow1ng the practice employed in ausforming,i%:;.7n
‘7.f which con81sts ‘of plastically straining the austenite prior to the phase t“

(6)

transformation.

Among the strongest class of materials are the body-centered cubic tita—“?“'w

nium alloys which also derive their strengths:from a combinationuof factorSI‘.\siz':

similar to those that produce superior steels. Although there. is'no phasevtrans;;f:
;A formation in these alloys, cold working plus aging promotes the formation of ,_;f,«
Aa-va finely diSpersed precipitate. The_well-knowanlQOVCA alloy is-superior'for‘
~ this reason. o | . P
hii?;_. _  Two extensions of slloy treatment have teen made by the authors and their *': e
' o;workers., One of - these consists of transforming a small amount of the aus—
tenite in an alloy steel by cooling Just below the M temperature, and then
‘reheating to an.intermediate temperature toltemper the martensite,_followed '”%'
'"by a seriesvof'similar‘treatments,wherein the remaining austenite.is trans-
; ."formed in stages, with'intermediate reheatings, until, after sbout ten or soxi
.’;cycles, all the austenite has ‘been transformed. This treatment has the effect

:‘“?#_of producing a very fine microstructure. - The martensite plates are prevented 3

f,from.growing to large. sizes because of the presence of previously-transformed*,;

1

AR )
TR RN o - i [



-9- UCRL-11588

materisl. Figure 6 ciows the heat treating cycle employed; and Fig. T shows -

the corresponding ha:lness at each stage of treaﬁmentg ,Figures 8 through 10

are photomicrographs that show the structure for several stages of thé.treat— v,

ment.

involved 1s the use ¢! small amounts of plastic deformation, followed by

aging at an intermedit.e temperature, to increase the strength of quenched

and tempered alloyed s z2els. This treatment can be applied to both conven—' .

'tiOnally treated alloy:l steels and to ausform steels. When ausform steels
are strained at either .>om or slightly elevated.temperature and then-aged,
there results a substan:al increase in yield strength. This effect 1s
illustrated in Fig. 11. [t is apparent that by combining the two processes
of ausforming and el:vat:. temperature strain aging, yield strengths ap-
proaching 400,000 psi wit elongations.of nearly 10 befcent can be aéhieved,v
One important f¢iture'is t.ot the stress-strain curve retains a desirsble |

and useful sh:pe. The effe of post-tempering temperature on thé'strength ,'

and ductil’ .y of an ausform .:2el is shown in Fig. 12, A1l specimens were = -

pretempes2d at 500°F, straine. <wo percent at 300°F at a strain rate of 0.05°

per mtuwte. Unlike ordinary s :2ls in which strain aging increaées the
strragth but usually reduces duc.ility, as shown in Fig. 13, the strain aged -
e:sform steels retain excellent C::tility. It has been found possible to
imprbve conventionally freated all:r steels in a similer manner. Room tem- i

perature deformation cannot normall be used for such materials because of

" the adverse effect of stréin aging o the ductility.(7) Ybunt(B)bhas recently

.:?Shown, however, that if the amount of :train is 0.4 percent or less, strength-.

ening results without a loss of ductil:y, If, as in the present work, the

v

/

Another interest ng and potentially useful extension of the principles -
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v

5}stra1ning is carried out at an elevated temperature, the usual deleterious ;

“'”-effects on elongatlon are Signlflcantly less and good properties result

The effect of prestrain temperature on the strength and ductility of
Aausform and conventional steels is shown in Fig. . 15 All spe01mens were i
pretempered and post-tempered at 900 F, strained two percent at a strain L»
': rate of 0.5 per minute. It appears from the results that straining at the iij};j

“higher temperatures permits new and very effective barriers to form possibly

‘iifbecause of the strain—enhanced diffusion of the solute elements.,"

A_brief review of the processes of hardening that could contribute to J?;ni

'“Vﬂ?pthe strength of an age hardening alloy may be helpful in introducing the next

iwhfsubject--the problem of obtaining homogeneous nucleation of a pre01pitate
/Hllhaving the characteristics required to_impart meximum strength..A f:;._ 4 .’_xgg;;
One Ofithe,major problems encountered in precipitationvhardening SyStemsif;u’
“:is the occurrence of heterogeneous nucleation. Nucleationvtendslto occur;:_ftk'
'.;most edsily at lattice imperfections or discontinuities producing precipis ;f;

" tates preferentially at grain boundaries or at widely diSpersed lattice.sites;ngqj
The finer, more uniform dispersion’ of precipitates needed for very high 14',‘;dec

' . strength should come from a homogeneously nucleated precipitation reaction. ”_'

"'There is one class of alloy systems in which homogeneous nucleation is known .-

© to oceur, and that is alloys with miscibility gaps. The spinodal transforf'

mation, which often occurs in such alloy systems, provides homogeneous nu- %

- cleation sites that can be used for the purpose of increasing‘strength., In':7~'w

;- tate are usually solid solutions which meke no significent contribution to'Jf@

" most systems of this kind, however, the two phases that ultimately precipi-. V-

= strength. There are certain cases, however, wherein one of the phases ¢an. =~ %:L
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The best support for the Orowan theory is the work of -Ashby

" results was published_by_Kelly and Nicholson.

R s UbRL-11588

‘be:. made hard: by converting it into either’an ordered structure, or, by

means of & third element, into an intermetallic coﬁpound, and alloys ofvtbis‘

" kind are worthy of further investigation.

AGE HARDENING ALLOYS -

There are several ways in which precipitates cen act as barriers.to'dis-
locations. They cen act as‘strong, impenetrable,vnoneoherent particles, or
they can act as‘coherent or incoherent particles through which disioeations
can pass, but only at stress levels much above those required to nove dis-v
locations through the parent lattlce. .The" only sound theoretical model for
the strong incoherent,particle case 1is that- of Orowan,(g)-whieh is as follows::

Gb 2 d—2r

where Ty is the shear stress at ylelding, Té is the yield stress'of the matrix,

G is the shear modulus, b is' the Burgers vector, d is the particle spacing;

_r is the particle radius, end ¢ = % (1 + —;—), where | is Poisson's ratio.

(10) who performed

tests on internally oxidized binary alloy single crystals of copper containing

'silicon, aluminum and beryllium. The oxide particle.size was determined by

extraction replication and electron microscopy. The>spacing could be celcu- -

lated from the composition and the particle size. A summary of Ashby s

(ll) The important data are

‘reproduced in Table I.
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Table I .
- Comparison of Measured and Calculated Yield Stresses :
for Internally Oxidized Alloy Copper Single Crystals(lo)'
: : - Yield Strength | Yield Strength -
.. lAlloy, Particle, | Particle , | at T7°K, dynmes/em® |- at 293°K, dymes/cm®
wt b Radius, A | Spacing, A | Measured Calc. Measured |- Calc.
0.3 81 185 3000 3.h x 108 3.3 x 108 2.5 x 108 | 3.08 x10
0.25 Af 100 900 8.0 x 10° |11.2 x 10° | 6.4 x 10° [10.5 x 10°
0.34% Be 76 150 15.7 x 108 20.7 x 109 [12.2 x 10° 19.4 x 10
For the silicon alloy (which had spherical particles as assumed for cal-
culations of interparticle spacing) the agreement between the measured and
vcalculated values is»excellent at T7°K. In the aluminum and berylllum alloys,iﬁ'
- the particles were not spherical and the measured values were about. 25 percent
- lower than those predicted from theory. A1l of the measured yield strengths
(10)

at room temperature were significantly below the calculated strengths. Ashby
suggested that at the.higher temperature cross-sllp occurred and that this

v was equivalent to increasing the interparticle distance. _Other evidence in
support of the Orowan theory has been summarized‘ﬁy Kelly and Nicholson.

It seems reasonably certain that this theory is valid for the case of uni-

 formly dispersed strong spherical particles,.and that measured and calculated_i'

yield~strengths may be expected to agree within a factor of two. ,Greater
Ff differences than this mey occur for several reasons, particularly when the
particles are not sphericel, when extensive crosseslip occurs, or when thei.”

-yield_strength is measured at a strain that is not near zero. Alloys eon-. ' -

taining.strong particles strain harden very rapidiy because slip dislocations":{

leave dislocation rings around particles that thevaaSS, and the effectire '

g interparticle spacing decreases rapidly as the number of riﬁgs increases.

(1) o

e ooz i Aoty o S
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Substituting for n,

' 1 vhich is equal to'J273 ro; where T, is'the particle radius.
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For coherent precipitates, the passage of a dislocation leaves the material _

substantially unchanged because the slip dislocations pass through the par- '

ticles and not ‘around them. In this case, the rate of strain hardening is low.<f

Factors other than interparticle spacing govern the yield strength when

" slip dislocations pass through the particles.___n general, the atomic arrange- i;.ﬂ

ment within the particle will tend to be ordered, ond slip will locally des- L
troy this order. The energy necessary to disorder a Lﬂit area, ¥, must be

supplied by the external force pushing the_disiocation thi-~ugh the particle.

" If there are n particles per unit of area of the slip plane, éuﬁ_the average

radius of the particles is r, then the disordering energy is given uy*

nnrzr o

~.

When a particle is sheared, the surface area of the particle is increased by ?‘ o

approximately 2rbdb, where b is the Burger's vector. . If the surface energy of
the particle is Ts’ then the increase in surface energy per particle is
2rbYS, and the total energy increase for n particles is.

n (rraro + 2rbYS)

~ The loed per unit of area, T, times the distance moved, b, can be equated to -

~

the internal work required, so

‘n N ’ B
T=3 (nraro + 2rbrs) | f5 S

. The precipitate occupies 8 fraction, , per unit . .of area, or f==%?r2n.,'(

(o}

fr J“fr

o r_
%

In general, the slip plane will not pass through the center of a spherical
particle because it may intersect the sphere at any section. In this case__\T;:

the effectlive radius becomes the average radius, r, of circular'sectioﬁs, i




"'upon the particle size.

" .. where IR € =

1l . VUbﬁL—il§88_v?_, L

- If Yo is much greater than Ygs then. the flow stress is approx1mate1y equal .“j;f,?j;

to fr /b and depends only on: the volume fraction of prec1pitate and not .

There are various other factors that must be considered, such as the
fact that the modulus of elast101ty of the precipitate nay differ from that :y;flf )
of the matrix, and the energy of a dislocation depends upon the modulus.'l' o
Also, because of differences in atomic volume, there may be a hydrostatlc.
interaction between a slip dislocation and a preCipitate.(le) » _

One of the earliest theories, -due to Mott and Nabarro,( 3) considered
precipitation hardening from the point of view of long -range internal stresses: o
arising from- the -difference in the atomic volume, 8 of the matrix and pre01e*
pitate atoms. They evaluated the case for a spherical coherent precipitate.f,‘
,Of radius,. ré, which contained material having an atomic volume equal to
(1 + 6)(3) where the atomic volume of the matrix was unity. In this case,‘ -

‘ the stress in the precipitate is a hydrostatic pressure given by
| K (5 - )

3K®
3K + 2E/(1-p)

K is the bulk modulus of the precipitate, E is Young's modulus of the matrix,
and p is Poisson's ratioc of the matrix. The matrix is subjected to'a shear"-“; -
strain, 6, which varies in magnitude w1th the distance from. the particle

Aaccording to the expression

3
. er, y
‘v r3

The shear strain, era, at the surface of the particle is independent of the . .~ 9 a

) radius, r,, of the particle. Mott and Nabarro computed a mean shear strain,'

0, by assuming.a value of r corresponding to the average distancelfrom a point ‘

in the matrix to the nearest particle. This is.half the distance between
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- , L : oo : . .
particles, or %(N)'3, where N is the number of particles per unit of volume. -

Then 9=8€I‘gN.

The volume fraction of the precipitate is

-

So 0 = 2ef.
Thus, the avérage shear strain in‘the matrix is independent.of_tne sizevOfbthe
particle and so is the crltical stress for flow, To because

T 2Gef

fhiévrelationshibiapplies when the interparticie‘spacing, d; is\snall enouéh
so that Orowan looping does not occur. In this caée, it is the volume'fractidnlﬁ‘i
of precipitate, and not the interparticle spacing, that controls the yield
strength. |

Ductility considerations also indicate that high strength combined with

toughness requires a large volume fraction of a coherent precipitate. Inco-

. herent precipitates have'large surface energies. When dislocation loops form
around such particles, cracks are likely to form along the high energy intere“

faces because of the local stress concentrations due to the disibcation»loops;t_

The smaller the particles; the higher the local stresses and the.more likely

- cracks are to form. This type of crack nucleation is avoided when disloca-v
‘tions can pass through the particles. With coherent precipitates, high local ?.*=?

- - stresses are avoided, as are high rates of work hardening, and extensive |

plastic flow can occur at high stress levels before cracking begins.

Other factors being equal, a large volume fraction of coherent precipi—lJ

 tate seems to ‘be the best means for combining high strength and good toughness.f?}f

" Of the two main types of prec1p1tat10n reactions, nucleation and

7

V
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v’:;;f:;:,f'fv growth transformations,andﬂspinodal decomposition, the latter seems morelf{ifi};ir?

ﬂ’ifﬁw;;f§> 'desirahle;.AThis.phenomenon is WOrthy of special'study.y,7

SPINODAL DECOMPOSITION.

Spinodal deCOmposition of a supersaturated solid solution occurs‘hy gf,jfif'ff

nucleation and growth process, but differs in that the prec1pitate

coherent w1th .the matrix and surface energy is not- 1nvolved in the formation fgaa‘u

of a stable nucleus as it is in thevnormal precipitation process~(assuminéxl
" that there is. no mismatch in lattice parameters  at the 1nterface) . In the .:j‘j'i
;{‘lzﬂn" theory proposed by Borelius,(lu> the rate oflpre01p1tation from 8 super-' jiké;
saturated_solid solution is erendent upon the sign ofuthe second deriyatiye ;i"
of the free energy uith:respect‘to the compoSition.'xWhen local compositionbffu
oo fluctuations occurring in.the,matrix are assoclated uith evdecreaSevin free?»;fﬁ
- energy, precipitation tends to proceed.= The free energy7of mixing, AG, is =
E the thermodynamic factor involved.» Whenever d2AG/dax® < O, even small com- Eii~;:1
'vﬂ positional fluctuations cause a decrease in free energy and thus become sta;ih;“ o
* ble regions that continue to grow. Conversely,_local regions‘that have . 5##
" composition fluctuetions such that dZAG/dxz >0, are associated with en
| ‘increase in free energy and will thus tend to be unstable and to redissolve.t;fii'qf

ip_The application of this pr1nc1ple is 1llustrated in the upper part of Fig. l6

';xﬂs{;The upper figure shows a solubility gap, in this case in the gold—platinum -
i:j‘fff‘isystem, and the corresponding'free energy of mixing_curve'(in'terms of AG/R) quﬁy.
i;“lgf&_-vs conposition is shown in the lower figure. The spinodal region iS Vithin ;i'hyf,
the dotted lines in thé phase diagrem. The limits of this region are set -~ |
lﬁ-l:;:,r 'be the concave downwerd pert‘of the free energy-composition curve}shown in '

* the lower figure, at the compositions corresponding to the requirement~3-

.. J
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' dZAG/dxé < O.‘ Fbr an alloy having an average composition at the midp01nt
| of the solubiliuy gap, small local composition fluctuations are more likely
to occur than large ones, and so spinodal decomposition is favored over the"
normal kind of nucleation and growth which requires large local compositional
fluctuations to form stable nuclei This is ilitstrated in the lower part .
of Fig. 16, wheve composition fluctuations Ay and iy (from the average value,
x) would be sufficient to start spinodal decomp051t10p of a supersaturated
solid solution, whereas 1orge composition fluctuaticns, such as those shown
at Ao and B> would be necessary to form stable nuclei of the normal type.

| Age haideningvin,spinodal alloyé can be very effective, even in such
~ simple systems as fﬁe gold—piatinum'alloys. Fig. 17 shows tta hardnéss-in-; S

(15)

creaéés measured by Van der Toorn for polycrystalline specim-ng of sev—v":;“
eral compositions, Not only is the rate of hardeoing éxtremely rapic in
alloys that ondergo spinodal decomposition, but largé'increases in hardneag.
ﬁay also be obtained. ‘ |
bMany alloys undergo spinodal reactions. Figures 18 and 19 illustrate
two of the kindo'oftmicrostructures that caﬁ be obtained in such matcrials.

A concentration of effort on such alloys may yield new materialéhwith de-

_ éirable combinations of high strength-and.toughness.

‘SUMMARY

’ »The maximum tensile yleld strengths attained to date for alloys of tenfii3-~'>

' common metals have been compared with thesretically attainable vslues of
- yield strength. The best materials availsble at present are alloyé of body-
" centered iron and titanium, which exhibit about'oneéquarter'of their theorgti-”l

‘cal maximum yield strengths at room temperature. The room temperature yield

e

-/
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'”if-TV:;; - strengths of other types of . alloys fall below these two materials.,.Thexii7d'l“§;'

:}fffff.T | alloys of the refractory metals are particularly poor when compared to :33_3’

af:i"j".' other metals on an - equivalent temperature scale._

.
.
+
*a

A new processing technique has oeen developed for improving the‘yield T

strength of commercial steels. With this process, the yield strengtﬁiof _"fg"f” ,
ausformed H-ll steel has been raised from 3ko, OOO p31 to about koo, O@@ p51, ':Q}lf5a

,w1thout serious reductions in the elongation. Another new treatment,«not

.yet fully explored is based on the cyclic conver31on of austenite tf

‘ness of a special alloy steel.

Precrpitates resistant to dislocation motion must be present in Bulk

;;:?‘»"p~: material if high strength is to ‘be attained. The contributions to strength

‘ - by various kinds of precipitates ‘are discussed from a theoretical poiht of -
view, and. comparisons are made between theoretical and measured yield;; F[fi?‘f_‘

'»tstrengths. High rates of strain hardening are to be expected with 1ncbherent b‘h
precipitates, and. microcracks are expected to form at. low strains in alloys

'i.containing such precipitates. Both theory and experiment lead to the con-viiﬁ

: clusion'that the best combination.of high strength and good ductility is.tov'

‘ybe expected from'alloys containing coherent precipitates through whichlﬁiip':'i
dislocations can pass, but only at high stress levels. | . - :f;? fvfff::;h

The yield strength 1s dependent upon the volume fraetion of the

'izr:“z precipitate, and a fine dispersion is essential for toughness and;@"} ' ;;;:
ductility. The spinodal decomposition reaction is ideal for producing the -;ug-f
.o best type of precipitate; and examples of 1ts effectiveness as a strength¥ ,;'”

_ening mechanism are cited.

P
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‘9 Micrograph of the same as-rolled austenite after several oycles-of'
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| E;gure CaptionS~'

-1 Maximum measured tensile yield strengths, shown as & functlon of
temperature, for the .common metals.. . T o ; Q;{g,(éif
2‘f'Maximum measured ratios of- tensile yleld strength—to-weight, shown L
as”a function of *emperature . ) - o ».1~f 137-

3 Maximum measured tensile yield strength divided by the theoretical "~ .

maxima, shown as a function of the equivelent temperature fornﬁhe”{ S

metals Ti, Fe, AL, Mg, (Ni, Co) and Be.

4 Maximum measured tensile yield strength divided by the theoretical
maxima, shown as a function of the equivalent temperaturevfor‘the

metals Af, Mg, (Ni, Co), W, Mo, Ta and Nb.

5 Plot of.theoreticalitensile yield strength vs ratio ofvparticle
~ spacing (£) and Burgers vector (b), for Orowan type hardening
Gb

(i.e., " z-)‘

6  The heat tfeating cycle employed in the convension of coldfﬁorkedv,'
austenite to martensite. The schematic inserts suggest the manner.

| in which the austenitic microstructure is converted to fine- gralned.

martensite by alternate cycling between cryogenlc and tempering '

- temperatures.

7,' The variation of hardness with quenching temperature for several
levels of cold-working. ZEach quenching treatment is followed by
tempering at 914°F for ten mlnutes.

8 Micrograph of the as-rolled austenite, X 100. BSome ieothefmal decom~

Ty -

vposition can be seen in the grain boundaries.

treatment at cryogenic and tempering temperatures, X 100.

10 Micrograph of the same as-rolled austenite after completion of the -
cyclic treatment, X 100. Sample is virtually 100% mertensite. .

11 Stress-strain curves of an ausform H-1l steel in the quencheﬁ and :
tempered condition (left panel) and in the guenched and tempered .
plus elevated temperature strain-aged condition (right panel).
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Fig. 12 The effect of post-tempering temperature ‘on the strength and duc-
tility of an.Ausform H-11 steel. All specimeéns pretempered at 500 F,

strained two percent'ét 300°F at a strain rate of 0.05 per minute..~

E _ Fig.'l3 Typical stress straln curves of a quenched and tempered and a quenched,

tempered and straln—aged martensitic steel.

Fig.;ih Stress-strain curves of a conventional H-11 steel in the quenched .
and tempered condition (left panel) and in the quenched and tempered‘-
plus elevated temperature strain-aged condition (right panel).

© . Fig. 15 The effect of prestrain temperature on the strength and ductility.of
Ausform and conventional H-11l steels. All speeimens.pretempered and’
post-tempered at 900°F, strained two percent at a straln rate of

0.5 per minute.

.Fig. 16 Phase diagram and free-energy vs composition curves for the Au-Pt

system.

Fig. 17 The variation in hardness with time for several alloys in the Au-Pt
system after reacting in the spinodal regionm. From the work of
Ven der Toorn. (15) '

Fig. 18 Transmission electron micrograph of Fe-Cu-Ni splnodal prec1pitate.,‘
From the work of Tufton and Nicholson. (16) _
Fig. 19 Photomicrograph of over-aged (1000°C) spinodal precipitate (NixAﬁ )

: y
in the Af-Cu-Ni system, x 1000. From the work of W. O. Alexander.(lT)
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. INFLUENCE OF SPLITTING ON THE THEORETTCAL ELASTIC LIMIT,
: 7. . J. Friédel |
. The purpose of this note is to point-out that‘in_crystals.where dislo-.,_;fﬁf
N .¢étions afe strongly split the theofetical elasﬁic limitzshould be n@tabix;";&f N
'{;f_ioﬁé:ed by’é factor of about 3. | - - - T
) Frahk's iﬁitial analjsis(l) fo# perfect dislocafions is first recailed -Sf
; andvdiscuésed. . | | i
) viil,_'Thermal NUcleation.of Perfect Disldcatioh Loops -
A circular loop of radiué, r, and Burgers vectof; b, has, undef an appliéd'
ﬂkv‘ (resolved shear) stress o, an energy | o |
U (o,r) = omr S 1 BZ . qR20H, S
v 2IK b B
J-'Vhere by = b is a parameter related to the crystéi'structuré,_and K a num¢rjf~
'Jx,1 ical factor between 2/3 and 1. - | _
: . For increasing radii, r, U& goes through.g maximum.Uv(a, R)vfor r:=>R' _‘”
Puch thet 0 = dU /oR = 2n %; 1n .(%g# ‘1)»-211:53' ob.j .
P.: »Hénce an activation energyv L
o U (o R) = GbD,, BB .ay : '(1)',
| < K 0 o T
. with . : b ' R
,& _ : ' o(R) = g%ﬁﬁg 5% (lﬁ_%§ + 1).a f; ..'i } 1(?):{
‘ These equétions define the activation energy U_ as an iﬁplicit funCtion 6f'ft f  )
7;. ; the applied stress o (Fig. 1). | _ ‘ | |
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Thermslly activated nucleation can then occur in thé volﬁme or at the
surface of the crystal. The second process will be shown to be slightiy.j

gasier.'

a. Volume activation: " The strain rate, &, can be estimated, assuming

tﬁat each loop sweeps through the cross section * of the crystal:
¢ = NAb ZP; ex@ [- U_(o)/kT],
TR v
where N 2 b“3 is the‘number of possible nucleation sites, and . the Deb&e fre~
quency. ybE/HRlz is then an estimate of the probability for the n&e/be o
atoms, on the area swept by the loops of radius R, to vibrate in fhe éamé‘ .
direction.

This requires an activation energy .

_ v
U&(c) = kT 1n (nReé)'
For T = 300°K, & = 107% sec™, R = 2b (see below) and A = L cm?, tﬁis givesu |

U =1.8 e.v.
v ,

With average values by = b, Gb® = 5 eV and K = 5/6, equations (1) and

(2) give R = 2.2b and G R

v 9.5

o]
This value does not depend much o the size of the érystal: for a
whisker one micron’thick, thus A = 10’3cm2, one finds U = 1.3 eV aﬁd .
. - v ‘ H

G . . . . .
o, = 8.5 The value of o, is also litile sensitive to the value taken for

>

Gb3, becaugse of the steep slope of the »urve, Fig. 1. The value of ¢ is
. . v -
however directly proportional to b/bo, “hus #c take b = b, 1s one of the most.

critical approximations.
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jfb. 'SurfaCe'nucleation' If a loop 1s nucleated at. an atomically smooth
‘Hgsurface, one needs creating only a critical semicircle of radius R requiring 3

“ii'half the energy U(G) This result assumes that the half loop does. not creategkh £

gf'any surface step, ice., 1ts Burgers vector is parallel to the surface.l The

frequency factor is then reduced in the ratio of at. least b/L where L is theﬁft;

liﬁff?;' " size of the crystals

b2
- E<N=ADbD-— exp (- )
The activation energy required is therefore f,.,
1 N . Avb
U =3 U, 3 va 1 (meé L)
This gives 3 Iy (c)ﬁ>' 1. 35 eV for macroscopic crystals (L
value practically identical to that for volume nucleation°fA :
¢ : | :
g 2, 10 . +
(g2 g5 forshiskers).
~On the other ‘hand; the nucleation could be definitely easier on a surface:tz
containing many steps of atomic height parallel to the slip planes of the loops.-
This 1s because~the creation of a loop with a suitablevBurgers vector can sup-u'»;'
. press the step over. the length 2r (Fig. 2) The energy:required is_thenf,_i* ) .
- U (c r) = U (c,r) -2rv, b. R ? 8 )
| ' This leads to an activation energy - S L
' ' 1 S T o R T
U (o,R) = 3 U, (o,R) - R Ty b - R ‘ 5
with . , | B N T A
: SR o i = -nB e PUR P S S
: The implicit function U (c) defined by these two equa.tions is plotted in Fig. 1 L
o v: o for the likely value Y Gb/20 for the surface energy of_a step.(a); In the i,t"
'Vv"-'-.;‘v.' "-= i . o .// ’ ' R N S
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most favorable conditions, the distances dyﬁetween steps, Fig. 2, are of
atomic dimensions.  For such atomically rough surfaées, the 'same value;

UR = l;35 eV,; should apply as for smooth surfaces, leading to

GR'?E.

2. Partiél Dislocation Loops:

For a partial (Shockley) dislocation loop 6f>Burgers vector b' and
stacking fault energy v, the energy is

; 62 . 2r
Uv:(c,r) = znr. =% In =5

+ TIr? (Y,f-cb').' o
0 | |

The same reasoning as for a perfect dislocation 1oqp_giVes an actlvation _:'
G(b')2 by 2R'.< oR' .
= (ln =54 - 1) -
7 % . P -

energy vl (o,R) =

with an activation radius R' such that

' N
b oR'

; Gb' 0
oR") = %T * ST~ 3R (In &+ 1)
0 0 .

3

Hence, a similar discussion applies, except that b is replaced by b’ and ‘a

term v/b' is added.

8., Change of b into b': In the FCC or CPH structures, (b")% = = b2, -

wlk

If one takes by = b', this gives ¢(b")? ~1eV.

For volume nucleation, one then findsiU% (¢) = 1.8 eV, thus R' = 2.8%

- and G , ‘_:’,

’_—-
Ov-—-i—g..
Very similer velues sre obtained for surface nucléation on atomically
- smooth surfaces (cé 2'G/18.5) and for whiskers, For surface nucleation on

atomicelly rough surfaces, an argument similar to the one for perfect loops -

“

leads to t
| op 2

mlm
m .
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Stacking fault energies From the prev1ous equations, a partialfi;”

{' .j'dislocation is nucleated preferentially to a perfect dislocation if
. | | Gb i
‘ for volume nucleation in:macroscopic'crystals‘with FCC or. CPH structures#;.lq{;?tias;

Similar values obtain_for whiskers or surface,nucleations.ngypically,;f;f;};

Gb/50 ~ 200 e/cm?.

1) Splitting lowers the elastic limit o, only if Y < 50 200 e/cm
e. g., for Cu, Ag, Au, not for Al or Ni. ‘ _ ,
| ~2) As soon as Y < Gb/SO the 1n:f‘luence of the stacking fa.ult is negii-,-
- gible and. the splitting should lower the elastic limit by a factor near to ,.%L

. "1/2 (9.5/16 for volume nucleation, lO/18 5 for surface nucleation on smooth

. surfaces, 15/25 for surface nucleation on rough surfaces). This should typi.- e
cally apply to Cu, Ag, Au. N ‘
3) Other factors, such as the presence and direction of surface steps of

. atomic height and, thus, the crystalline orientations of . “the . surfaces should

‘_be-equally important. _
. 12
..' b »?.vx R
7 . : : -
7 " ks e -
Lk Y T .. )
o " o
. - [% i3
& -
- J 1 -~ e
! .v, ‘ - ' : :t'
: N Y Vo
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Titles of Figures

- Activation energy U as a function of the applied stress g for fhe'f '

nucleation of a perfect loop. S ' o

&K . enkby.
V: volume nucleation; U —_—= Uv and 0 = — C.
Hb=b, ub o
S: surface nucleation; U = l6§2 1 Ul and o = 2%% 4 .
L ub*2b R " 5. -
0 . KD

.Nucleation of a loop on a surface éontaining many,stePS‘pf atom .'

height parellel to the slip planes of the loops.
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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

B. 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.
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