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SOME FUNDAMENTAL CONS]])ERATIONS 

IN DESIGN OF HIGH STRENGTH MEI'ALLIC MATERIALS 

With an Appendix by J. Friedel* 

** Victor F. Zackay and Earl R. Parker 

.Abstract 

UCRL-11588 

The problem of' obtaining high· strength with substantial ductility 

is reviewed from several different viewpoints. The theoretical strength 

of' the structural metals is first estimated ana:'then compared with obtain-

able strengths. The superiority of' certain metals is rationalized in terms 

of' dislocation theory and microstructure. S~veral processes f'or'increasing 

the strength of' steel while retaining adequate ductility are described. 

The limitations of' strength in alloy systems that undergo precipitation 

·by heterogeneous nucleation are summarized. ·Further increases in strength 

-and ductility are suggested by the utilization of' phase transformations 

involving homogeneous nucleation. 
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strength of' ductile materials, however, are not the same as those that govern<< 
. . ' .. .' ~ .. -:;~ ~. '. .. . 

,·. 

the f'racture characteristics of' brittle materials. :Consequently, each class .:'" :.:· .. ·. 
•' •';-\; \~ ' 

mu~t be analyzed separatel1· ·. ·irhe problem of' combining strength with tough- . 
. .:·: \i~. 

ness in ductile materials will be consi~ered herein. . . 
.·' . . ,_~- .: 

Ductilityand toughness in ~etals depends upon-~he behavior of' dislo·· :,;>;,,,.· 
~- . .. . 

cations .. · A minimum of' ten percent elongation is gener8J.ly. consfder~d e_ssen~.--' 
,. 

' , .. 
tial f'or ·highly stressed strlictural materials~. For satisfactory service; :·~';;: · ·~ ·. 

; . ~- "· -~"' ·. 

' 
. ··-. 

! 
I ••yo' 

'·· .. 

-... 

plastic f'low must be able to redistribute ·the high local load around notches ... · . ·

.and other discontinuities bef'ore cracks can f'orm. Large· numbers of' dislo":' .< 
·-;·-

' \ 

'.• 

·cations must be able to move substantial dis_tances in· regions of' high _stress:: . ' ~- . 

·COncentration if' notch-brittleness is to be aVOided. In conflict with this -.- ..... 
I 
! 

·: .1-

' . requirement of' notch ductility is the f'act that high strength can onl~ be .... --> 

. · 
.... q. 

obtained in ductile materials if' plastic f'low is inhibited by barriers that·:~\~, .. : 
• - .. J-·. 

i. 

Thus, hi~ strength and good tough-·'·<~~·· 
~- ·. -

.restrict the movement of' dislocations. 
- . . .. ,-..,-·_ ..... 

' 
:· :·· '· . '/ ness are seemingly incompatible requirements and, in general, the strongest '' ·, · 

J •. 

'·. · · · metals tend to be brittle and the. ductile ones weak. The problem of' combining 
~ .. . 

. > ·. , ... 
the two desirable· properties' strength and toughness' is a dif'f'icui t one to'' ': '; r ·· . 
solve .. The distance between dislocation barriers Dn.wt be· small f'or high 

. ·-
-_ ... _ - ,;_ . 

.·-. ~--~._ .. ~- .~ ~ 

·, ·. ' ~~~- r:'·.;-> 
, . ... · . · ·· strength, but the number pf' ·dislocations required f'or toughness must be · · · ·-.· .__. 

t .. ·. ~ , .. ~· ~-
j• __ :......-. "'.--'~ . 

·: ., .. , ·. ' large. Bef'ore reviewing ithe nature and effectiveness of' _,disl.oc·ati.on'.cc . · ' . .. -· . : . . "" -· " 

. ; -~--~ --t~- .. · -~ .:' 4~,-i __ ~ _,_ l ! ' • 

· :' ··:. /·•. '·. >barriers, the theoretical. shear strength of'. a disl.ocation-f'ree crystal wUJ.;.:;,~-... -: ·. ~ 
r. ~.: ... : .~ .: -~ ' · · . ·. · · . ·· . ~ ;>-.,~t,.. :~ _.: .~-~. · 

«:; ~--. ·. · ·be est~ted to provide a f'igure f'or the upper l:lmit of' the strength.of' .metal~~~-,:;.··; . 
"• -!_ ~ 3 ::~ , ~ .. ~. - .. ' ',~>- I ,_ • . : ~ .-

• I .... ._ ..... _ 

.. - ·-~· . . ;.!_.. \-.. ;· · ... 
: ..... :~_·::?:.;' ." .. ; 

·:>. 
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T.HEORETICAL YIELD STRENGTHS 
, .. 

Frenkel~l) Orowan~2) and recently Cottrell~) among others, have con- . 
... 

sidered the problem of estimating the theoretical shear strength of ·crystals.' 

~r, :o A theoretical shear strength of G/15 is assumed. in this paper for body-. __ 

'·~ 

.... 

. . . . . 

... 
centered cubic metals--this value being consistent with both theory and the 

measured strengths of iron whiskers. Since strength is customarily deter~ 

mined by tensile testing, the theoretical tensile strength becomes 2(G/l5) 

...... or: G/7·5· 

Friedel (see Appendix), working on this problem with the authors, cal~ 

culated the effect of dislocation splitting o~ the theoretical strength of 

the close-packed metals. He 'concluded that strong splitting will lower the 

theoretical strength by about 40 percent. Thus, for fcc and hexagonal 

close-packed metals having stacking .. .fault energies (SF.E:) of less than 200 
. 2 
ergs/em , i.e., Cu, Ag, and Au, the theoretical shear strength will be about· 

G/25 rather than G/l5. However, the stacking fault energies of AJ and Ni 

are so high that dislocations do not split into partials, and in this case, 

the theoretical shear strength remains G/15. On the basis of the above con- · 

siderations it is possible to estimate the maximum attainable tensile yield 

strengths of the metallic elements. This has been done_ for a-number of 

metals, and the results are included in the figures that will be discussed 

next. 

COMPARISONS OF MEAStJRED .AND 

THEORETICAL YIELD STRENGTHS 

. The maximum tensile yield strengths attained to date :for the strongest. 

* 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 
alloy strength data • 
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this figure were reduced." to strength-to-wei~ht ratios and replotted in Fig~)~,;..;,-:. L:<_ ~; 

r._. ·: .. -

-~- ~ ; .-: . 
. , , ..... .. 

- . '··· 
:.·· 

;,.· ... 

. ·: ~- -. 
. ~ . 

·,. 

. . \_ ~ 

; 
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A more revealing comparison is obtained when the ratio of., the theoretical-to~>-_;. ';.:. 
. .. . ' .. ,··. '. . . . ' : .. ~ .;' . .. ~\· 

• ·.·~ ; • r .. • 

measured strength is plotted against an ·equivalent ·temperature~ The .latter·. · .··:'"'>.\ · ·• 
. .·. ' • . • • ' • ' ' ·. ' ' ·. ·. . i• ' ,-.' c··;,-~;~ ',),:< 
was obtained by dividing the test teMperature by the melting-point (on an · .. ,. ···::_.. :'Yi ', 

. . . ~--~ . . .• . ···-. ·. ... 
•') ., .. 

absolute scale). The. variation of' the theoretic~·strength with temperature .. ;(,.·,:.· __ ; 

,. was assumed to be linear from the Debye temperature to 70ojo of the melting . '· :·:_.''.; ·>.·-· 
· ~ ·point. (4) 

Plots of the ratios·. of measUred-to-theoretical strengths vs the equi-
•• ' .... - .... ~: • • ••• -~;~ < 

:.> ·valent temperatures for ·~loys of Fe, Ti, A£,. Mg, (Ni,Co) and Be are .shown. 
. .. ~ 

. ·~ :· .. 
in Fig. 3 . Theoretical strengths of G/25 were used for austenitic stainless 

st~~ls and for. the (Ni,C?) sup:~ralloys because these metals have stacking. . ' ~ ~' ; . .: ., 
·fault energies_below about 200 ergs per square centimeter: A value _of G/15 .. _. 

' · .. 

. . · was used for the other alloys. The G/15 is appropriate for all bee alloys . ' . 
·. ·. "·"" 

' 
,. and for alumintim. · Stacking _fault energies are n~t-_known for Mg, 'hcp Ti, or 

. Be, so the proper value of theoretical strengths for these metals remains in · 
. . ~ . 

. . 
-·, 

.' ·-~ ·- r .. doubt. At low values of equivalent temperature, the bee alloys of Fe and Ti .. · . 

are clearly superior--each being about -a third of the theoretical strength.;· .. -~-

,. 
'' 

' 
/' · At higher values of the equivalent temperature the fcc alloys of A£ and 

. (Ni,Co) are superior. .The actual strengths .of cominercial alloys are obviously . ·. · 

. ~::. 
not determined by the elastic moduli of the base metals. There is at present · . ,~ ·-

-~ ~ ~ .. ·. 

• • '.·.~'.I ~;-~ no a priori theoretical reason why the bee alloys of Fe and Ti should be 
' ~ ; . • 1· 

· ·.. superior at low equival.ent temperatu:r~· ~. :~:-'-''\<f'~t;~ . 

. __ "~_·::.,_';;J .. ·.~~-·~_:~_'_·._r,_:.·_:_'·.·_; ___ :_~_-' .. _:_.,:;_·.',_·.·~._.·,. . A study ~f the compositions of the _commercial materials reveals .·that the':'·}.'i.;~~;.~;;· 
, r- ~.. ~ • ~ ·.- • : • ; • •. ~-.:~:;~,.rw·i; ~ !~ 

....... ·. ·,~~··-.:c.;,." strongest bee materials contain a substantial amount of alloying elements but_::_ ·., (;. ·-~ 
,.:··;;_.~>:;: ..... :' 'f i' ~ / .. • . ·. • .• ' . • • • ; . ...: 1,;·:._:_.:·..-..:o. 

:·:.:-.:.:.· :. >; ~-->;: no more than those having fcc structures •. One of th!3 strongest niaterial~~·- · ~ ... ··~~·:o;·.·~:'~· .. 

\;?·:); ': namely iron, has a phase c~e which permits major modi~icationa o~ the , .. >:}·~' 
~. ' ., .. ; \ ·. 

j\{.-:.;·_ .. •. .-

·: : . 
. · ~··~ ... .. ,•. 

. .. · .. · ... 
.. 

. ' . ~ "" ~- . 

~ ~ .. -~· -~~ :~~-~ t. :. '( }~-'. ~ 
, ... 

,• . 
·! .. 
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microstructure by heat tr'eatment. However, .the strongest bee titanium alloy 

does not. Stable phases leading to high strength can be produced in the 

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

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 stable 
. . / 

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 

substantial ductility in polycrystalline form can be made to have a high frac-

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

titanium, which, unlike beryllium, is ductiie in spite of its hexagonal crys-

tal structure. 

A very interesting fact is revealed in Fig. 4 where measured-to-theo

retical strength ratios of the low melting alloys of Mg and A£ 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 

to the refractory metal alloys over the entire temperature range, and bee 

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-· 

ments in the strengths of refractory alloys. 

STRENGTHENING MECHANISMS -- LIMITATIONS 

AND POSSIBLE lliPROVEMENTS 

/ 

·. ··, .·:· 

'j 
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' 

The oldest·. and still the simplest methpd for increasing the yield strength ,; , .~ 
' . -~· 

·of a metal is by cold work. Plastic straining below the recrystallization 

cations in plastically de.f'ormed metals tend to collect in tangled netwOrks. 

- ;. .~· 
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The portion of' the crystal- inside the network is in. gen"eral :-~tibstantiaJ.ly . '- .: , ~ ·._ ;~ ::.·. 

~->}{:)>· fre~ from dislocations, and there-are no barriers in this region to inhibit•,,;·-~-~~···;~: 
, ::~_+<; __ . ---~,.._\. '-: ' 'the movement· of' slip dislocations. The _distance between barriers. is. thus :·\\\;.\·,:: . 

~ ;: . ~ .. ~ f ~ .• ·"'· t 

... < 

.. -: ·"·' ~-. 
' . ~~- _,; 

equal to the cell diameter, which reaches a limiting size during plastic· 

flow of approximately 0. 5 micron.(5) A dislocation bowing out 'into the •. ·I 
-~- ...... ' . ' . . . ' ·~ . ' : . . ... · ...... 

... . -~ ... .- .. '·' 

-nearly perfect crystallite:n.s microns in diameter, and pinned at opposite 

cell walls,. wquld move freely under a stress of' only a f'ew .thousand pounds'_.·.·.\ .. 

In reality, yield stresses an order of magnitude higher 'r 0;' ..- .· 
~ . : ,:- .... ~ ' ·~..-. 

This occurs bec·ause of the fact that t:ti~ ·~ _< ~-· 

. . .:"_ . . . : ··~; --~ {.~;..-- ·-·· . . 
·_ • _· dislocation_ sources, which ~e located in the. tangled cell wall networkr;, are · . 

. · .. ·, 
. - .'·· ---~ fo-~ • f. . pinned by interactions with 6.ther dislocations •. Transmission electron micros- . ·. '· 

.. ~ ·. 

.. 
' ' . 

(. ;. ·. ~ 

. .... : .. 

•' 

'---;' 

~· ... 

'i. ·• 

(: ~_;·~ ;; l" ·:-/.1 . 

copy has shown that the pinning point spacing is of the order of' one.:.tenth 

·of the cell diameter. Observations·. indicate that it is probably not reason• · --. 

able toiexpect pure metals or solid solutions to develop cell sizes smaller 
1'- . . ' .. . /. • • . . 

than about 0. 5 micron, nor is· it likely that th/ pinning point spacing of' . 

-:.~-:. ·;·. ·.,source dislocations can be effectively reduced •.. Consequently, there is an .. ' 
·. :~ .. 

. . :-.-.:'",. . ~ . 
upper ,limit of strength that can be expected ·'from cold working alone, and 

. '-•. l. 
~ 

:·. ~-~·•--:-.~· .! ·r· 

• ~:"!J >-.4~.-~-~1·::~~. this limit has already been reached in commerc"ial materials • 
- :o-.~~ ·.: -.... _ 

.. 

·. 

. . :·1,-., 
:<;,~\- • •. _, 

·... ' -~_.!;_ .. ' ...... ~ :~··. 
"T"'~·.-~--, :.~~' .II 

From a simple consideration of the relationship* -r = ~b ,_. or a· = 2Gb./~.-'":··, · y k y £. . ·. ·. 
1"' ·,.~ 

. f'or the tensile yield, it would be necessary to have barriers only 15 to 25 · ~'-' 
. . ~ ·.· '~ 

. ·~ <~,':: _':')~ f : ~. ~-
' .. '.''.~ ;,,' . , ato.nrl.c distances apart if' :the theoreticai tensile yield strength of' a ma- ~'i::·.~ ,-. 

· · -~ :}'\~-:t~j\;< teria.lwere to be attained {see Fig •. 5). HoWever, a mB.t~rial at thiS streng~~ :.>:( ... :> 
· .. i;~ .. :·:-·;1..\ :.:-: · level would not have any ductility because no dislocations could move. In · .. . -~~_.:,;· :_.'. ~ __ .::<·~~.:~.~~- ~-~_._:; .' .. ~-~- ! • :}j~~'. 

.. . . . . . -~ ... 

order ~0 permit enough dislocation movement to provide the toughn:ss necessary-~<\ ~": 
J • _· ..... •• :. "!'' 

4· •• . ~ ·" • • . ...~ f 

* -ry = shear yiel~ stress, cry = tem;ile yield stress,. G = the shear modulus,-> ,. ;':·": 

b =·the Burgers vector, and £ = tb.e _distance between preciJ;>itated particles · · .. · 
. < 

. ;,12:;'}/; .. ':> ·. ·. 
... 

through which dislocations cannot pass • 
{ 

. ' ·'"'· . ~. ... 
··· . 

... 
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for engineering structural uses, barriers should be several times the minimum 

( theoretical distance apart. Thus, for steel having hard carbide particles 

spa~ed at 50 atomic distances, the tensile yield strength should be about 

500,000 psi. It would seem from this analysis, that the optimum combination 

of strength and toughness is being closely approached by same of the ausfor.m 

steels. It does not seem reasonable at this time to expect that the yield 

strength of steel can be increased much beyond 500,000 psi by carbide pre

cipitation without causing a serious loss in toughness. 

There is .still ample room for improvement in the properties of ordinary 

commercial steels, however, because the low values of 35,000 to 70,000 psi 

for the yield strengths of common structural steels 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 

attainable maximum theoretical strength levels. Exploration of ways and 

means for producing high yield 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 materials have had by far the greatest attention paid to them 

because of their low cost and extensive usage. Their position near the top 

of the list is therefore not surprising. Nevertheless, it is essential to 

understand the reasons for their high strength. The strongest steels are 

those that have been ausformed and, although results of detailed studies of 

this class of steels 'will.~e presented in a separate paper, an important 

I 

point to note here is that plastic deformation forms an essential part of the ,.;;. 

'-i· 
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,< ~ ... , \: 
' • ..... , .. t 

_;_ ; .. 
·c - .. ·t. 

technological processi~g involved in develop~ng superior str~ngth. It ·is 
~'- . ; ' 

... :. ' 

-~-- -~-;::~;\ .. r:. -~.-. 
J .• ~... .: '"" -~ 

.. clearly evident f'rom mi(!rostructure studies and f'rom. ;t.nvestigations of' kinetics · ·•' .. · ) . · . 
. . . ., : . . . . ; - . . . -· . ' . . . ·' . . . - ' .. -. . .__ ":,- . ::· ... _.., .~- .• 

'~-·--~- :, .. ~--. ".: 

-1-' ·.: ••• ,_- ••• 

i. 
. _..;,., 

) •' 'it 

. -~ 

of' aging that :the deformation does two things: .It provides closely. spaced· · .. :·· :·:~_:.:J:· 
_-.:~ "> <1- ,. : ~ "" -

' • -· ~. • ':l f-

··nuclea.tion sites on which stable compounds or clusters can f'orm, and secondly,··~ .. ·'·.·,. 
. ' . . " .• • :' i_ ~: \):- • 

.. ··plastic f'low is thought to accelerate dif'f'usion of' substitutional elements .. : :;-~" ~-.r.~ '~ 
. :.·-

so that they can participate in the formation of' finely dispersed precipitates.~~· · < .. ·, ·. , 
: at temperatures that. are too low to cause overaging. 

.... ... 
. ' . ·.. } 

. . . . . . 
-, ~' . 

,_ .... 

. : ·.-., . The maraging steels, although not as strong as the ausf'orm steeis,. are 

these aa:J:oys se~ms to be due. to th~ ... ·. < ; ·. ;1, ·-: ·a.rso superior materials.. The strength of' 

. ,· 

' . . :: 
..... '! 

·.-... 
.. -.-.. . ·.· ,) 

:_.<-... (·._;·· 

" . . . , -·· 

·• 
presence of' a f'inely dispersed precipitate. Additional benef'i ts can be de- · · 

rived in the maraging steels by f'olloWtng the practice employed in ausf'orming: :··; > ·• 

which consists :of' plastically straining the austenite prior tothe phase 

transformation.· ( 6) 

Among the :strongest class of' materials are the body-centered cubic tita- ·· · · ·• 
\ . . . ::.- .. '. 

;t 

,., .. · 

.. , 

,· 

.·· 
: ·,' .ni~alloys, ·which also derive their strengths f'rom a combination'~1of' f'actors \: -(~ 

. ; . 

. ' 
j· 

similar to those that produce superior steels. Although there. is no phase tran~~~ 
~ -. 

.. ·.. f'ormation in these alloys,· cold working plus agtng promotes the formation of' .... ·. ' ' 
~ 

a finely dispersed precipitate. 

this reason. 

The well-known Bl20VCA alloy is superior for. ' .,. 

~; .. _.,. . ·,." -. . :. ·. ~ ·. -·: . 
• • ~ .. : .• ~- : ··_-·t ~ _t 

Two extensions of' alloy treatment have been made by the authors and their' ·"',.' '·' · 
·, >··· •. > > -~ ·t ... :~,·.·. 

· .. \':- '·~;~ , ''< . co-workers. ~e of' these consists of transforming a small , amount of'. the aus:-. : : :.~. ':: ~, 
·r· ·~ •.- . t .. - . -~-. -~. • -- .. 

·. ':::,:· ... i~:~'-· ·' tenite in an alloy steel by cooling just ~elow the M
6 

· temperatm:e~ and then . >i.:. ·. ,::·:}• :;·, 
.·~: '. :'

1 
:.::'reheating to an .intermediate temperature to temp_er the ma.rtrnsite~ followed r :--:.·:~·~-:·-

;:,-.. ::"· ~~·~·;._.. by a series of similar· treatments. wherein the remaining austenite is trans- .. ;>~· ;~-~:.:·/ >, 
'formed in stages, with int~rmediate reheatings, until, after about ten or so~: : y •. \(: ··:~.;·· :; 

•• ···.: ..... 'l't> ..... 

~/ --~~-- ~--~~~ ~ : 
... ·i'-. 

. t·, .. • __ -~I~~::~ .--
, .. ' ...... · 

' ,-~ ..... _~.... ' ... 

''Jo I .;. ,~ .-.,. ~ . #· ~ 

has the effe~t::.· ~·.·:·> ~- · 
. ;". .. . -. i" 
. ~ ... - ._ ...• 

are prevented :.{~.;·\~? .. 
f. ~.. •. ' • 

-cycles, all the austenite has been transformed. This treatment 

of' producing a very fine microstructure. · The lna.rtens'ite plates 
.j._ • ' -':" ~ ... . ,\ ~ 

:from growing to large. sizeE because of the presence o:f previously. transformed · <\i_.:~, ): 
J • '--~: " ., 

,,· .-. 'fE~ ~-(~~': 
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material. Figure 6 ·E~1mrs the heat treating' cycle employed, and Fig. 7 shows 

the corresponding .ha~·iness at each stage of treatment. Figures 8 through 10 

are photomicrographs ~hat show the structure for·several stages of the. treat-

ment. 

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

involved is the use C small amounts of plastic deformation, followed by 

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

and tempered alloyed e·=els. 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 is 

illustrated in Fig. 11. [t is apparent that by combining the two processes 

of ausforming and eJ ::vat,'. temperature strain aging, yield strengths ap-

preaching 4oo,ooo ~si wit. elongations of nearly 10 percent can be achieved. 

One important f~··,;~.ture is t. t.t the stress-strain curve retains a desirable 

and useful sb:•pe. The effe ·:. of post-tempering temperature on the strength 

and ductil~ :;.y of an ausform ,-, .~el is shown in Fig. 12. All specimens were· .. 

pretempe,.=d at 500oF, straine, ·;wo percent at 300°F at a strain rate of 0.05·· 

per m~ 1ute. Unlike ordinary s· o·=ls in which strain aging increases the 

str.ngth but usually reduces dtit-.Uity, as shown ih Fig. 13, the strain aged 

e.ecsform steels retain excellent c · ~t.ili ty. . It has been found possible to 

improve conventionally treated all·_,r steels in a similar manner. Room tem-

perature deformation cannot normall. be used for such materials because of 

the adverse effect o; strain aging o. the ductility. (7) Yount(B) has recently 

:· shown, however, that if the a.mou._l'lt of: train is 0. 4 percent or less, strength-. 

ening results without a loss of ductil\y. If' as in the present work, the 

.· .... 

I 
I 

j 

I 
l 
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"' 
straining is _carried out at an elevated te~erature, the usual_deleterious '~ 

··. l 

effects. on elongation-are significantly less and good properties resul~, 

as Fig. 14 shows. 
.· ..... ~' ~ ~ 

The effect of pre strain temperature on the · stretigth and. ductil.i ty ·of .. . ·. ·( ~ · .. · ·.' 
. ~ .. ~ .. ~· ~: 'S. 

ausform and conventional steels is shown in Fig •. 15. _ All specimens were 

pretempered and post-tempered at 900 °F; strained two percent at a strain.· : <;: : 
' . • • ·, ~ • ~· !,. 

' 
rate of 0.5 per minute~ It appears from the results that straining _at the-

'higher temperatures permits new.and very effective barriers to form possibly 
. -

-
because of the strain-enhanced diffusion of the solute elements •. 

A brief review of the processes of hardening that could contribute to· ··, 

the strength of an age harde~ing alloy may be helpful in introducing the. next· 
"·!. 

subject--the problem of obtaining homogeneous nucleation of a precipitate _ 

having the characteristics required to impart maximum strength. 

One of the m(:J.jor pro1:5lems encountered in precipitation hardening systems 

is the occurrence of heterogeneous nucleation. Nucleation tends _to occur 

.·most easily at lattice imperfections or discontinuities producing precipi-

tates preferentially at grain boundaries or at widely dispersed lattice sites~ 

The finer, more uniform dispersion of precipitates needed for very high -::. 

strength should come from a homogeneously nucleated precipitation reaction. 

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

to occur, and that is alloys with miscibility gaps. The spinodal transfer~ -

mation, which often occurs in such alloy systems, provides homogeneousnu-

cleation sites that can be used for the purpose of increasing strength. , In · · 
.' 

- most systems of this kind; however, the two phases' that_ u1. timately :Precipi- ::- ·.'.\l .. 

~---~:. ;~.~~:, ;: .·.f.--. tate are usually solid solutions which make no significant contribution to 
·, _..- .!-"' • .'tr: •.i; ·, 

?: ;~ ~. .·. l. · - strength~ There are certain !!aSeS, however, wherein one of the phases ¢an . 
. ' ~ 'I• 

-'' 

.. : ~: .... .,. ·:"•. J 

. :.:: • ....... t • • : 
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'.be.:_ made hard by converting it into either 'an ordered structure, or, by 

means o~ a third element, into an intermetallic compound, and alloys o~ this 

kind are worthy o~ ~ther investigatio~. 

AGE HARDENING ALLOYS 

There are several ways in which precipitates can act as barriers to dis-

locations. They can act as strong, 1mpenetrable, noncoherent particles, or 

they can act as coherent or incoherent particles through Which dislocations 

can pass, but only at stress levels much above those required to move dis-

locations through the parent lattice. The only sound theoretical model ~or 

the strong incoherent particle case is that 6~ Orowan, (9) which is as ~ol1ows: 

T = Gb 2¢ £ d-2r 
y Ts + 4~(d-2r) n -zs-

where TY is the shear stress at yielding, Ts is the.yield stress o~ the matrix, 

G is the shear modulus, b is· the Burgers vector, d ·is the particle spacing, 
. . 

r is the particle radius, and ¢ = t (l + 1
1 ) , Where ~ is Poisson's r~tio • 

. -j.l 

The best support ~or the Orowan theory is the work o~ -Ashby (10) who per~ormed 

tests on internaJ.J.y oxidized binary alloy single crystals o~ copper containing 
. 
silicon, aluminum and ber;rllium. The oxi.de particle. size was deterridned by 

extraction replication and electron microscopy. The spacing could be calcu-

lated fiom the composition and the particle size. A s~ o~ Ashby's 

"' · results . was puqlished ~Y Kelly and Nicholson. (l1) The im;portant data are 

reproduced in Table I • 

. : . ,. 

. ": 

\ 
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Table ·I 

Camparison.of Measured and Calculated Yield_Stresses 

for Internally Oxidized Alloy Copper Single Crystals(lO) 
•. 

Yield Strength Yield Strength · · 
Alloy, Pa.rticle

0 
Particle 

0 
at 77nK, dynes/cm2 . at 2_23°K-'- dynes/cm2 

wtj' Radius 2 A s;eacine;z A Measured Calc. Measured · Calc. 

0.3 Si 485 3000 3.4 X 10 
8 

3.3 X 10 
8 2.5 X 10 8 / 8 

3.08 X lQ 

0.25 A£ 100 900 8.0 X 10(5 11.2 X 10() 6.4 X 108 10.5 X 10() 

o. 34 Be 76 450 15.7 X 10(5 20.7 X 10
8 11.2 X 108 

19.4 X 10
8

. 

For the silicon alloy (which had spherical particles as assumed for cal-

culations of interparticle spacing) the agreement between the measured and' 

calculated values is excellent at 77°K. In the aluminum and beryllium alloys, 

the p~ticles were not spherics~ and the measured values were about 25 percent 

lower than those predicted from theory. _All of the measured yield strengths 

(10) at rpom temperature were significantly below the calculated strengths. Ashby · · 

suggested that at the.higher temperatt~e cross-slip occurred and that this 

was equivalent to increasing the interparticle distance. Other evidence in 

. (11) 
support of the Orowan theory has been summarized by Kelly and Ni~hols.on. · 

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

formly dispersed strong spherical particles,.and that measured and ca1culated 

yield strengths may be expected to agree within a factor o,f two. Greater 

differences than this may occ~ for several reasons, particularly when the 

particles are not spherical, when extensive cross-slip occurs, or when the. 

· yield strength is measured at a strain that is not near zero. Alloys con-. ,: 

taining strong particles strain harden very rapidly because slip dislocations .. 
' leave d~slocation rings around particles that they pass, and the effective 

interparticle spacing decreases rapidly as the number of' rings increases. 

.• 

·, ' 
.. I 

·· .. ·-

.. ~-· 

- .· : 

I 
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1 
I 
l 
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For coherent precipitates, the passage of a dislocation leaves the material 

r substantially unchanged because the slip disloc.ations pass through the par-

... 

:f 

'•. 

\:· 

• .' J-' 

': ..... 
: ,,_. 

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

Factors other than interparticle spacinr govern the yield strength when 

slip dislocations pass through the particles •. >l general, the atomic arrange-
. I 

ment within the particle will tend to be ordered, ~'.n.d slip will locally des-

troy this order. The energy necessary to disorder a w:it area, y
0

, must be 

supplied by the external force pushing the dislocation thi·.:,gh the particle. 

· If there are n particles per unit of area of the slip plane, ru.• the average 

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

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

approximately 2rb, where b is the Burger's vector .. I:f the surface energy o:f 

the particle is y , then the increase in surface energy per particle is s 

2rby , and the total energy increase for n particles is s 

n (nr2r + 2rbr ) 
0 s 

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

the internal work required, so 

~ =· _bn ( nr2r + 2rby ) 
0 s 

The precipitate occupies 

Substituting :for n, 

a fraction, f, 
:fyo 

~=b 

per "!lllit.o:f 
Jg"fr s 
+--

1tr 
0 

:f 2ir 2 . area, or . == 3 __ r 
0
n •. 

* In general, the slip plane will not pass through the center o:f a spherical.·-. 
\ 

• I . . ~ .. 

'"'·· .. 

. ;_ .. _ F. 

,,:·· ' . 

particle because it may intersect the sphere at any section. In this case~ ' . '. ~ ' 

the effective radius becomes the average radius, r, o:f circular sections, 

which is equal to .J273 r0 ~ where r
0 

is the particle radius. 
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'· 
' 

If' r is much greater than r , then the f'low stress is·_ approximately equal . 
. 0 ' s . 

. -r: ·· to f'y 
0
/b, and depends only on the volume fraction of' precipitate and not .. -

·. ,. ~ 

. ,. 
t~· ~ •., 

upon the particle size. 

There are various other factors that must be considered, such as the 

f'act that the modulus of' elasticity of' the precipitate may dif'f'er f'rom that l 

of' the matrix, and the energy of' a dislocation depends upon the modulus. 

Also, because of' differences- in atomic volume, there may be a hydrostatic.·' 

. (12) 
interaction between a slip dislocation and a precipitate. 

One of' the earliest theories, due to Mott and Nabarro, (l3) considered 

precipitation hardening f'rom the point of' view of' long-range internal.stresses. 

arising f'rom the. difference in the atomic volume, 8:, of' the matrix and preci- · 

pitate atoms. They evaluated the case f'or a spherical coherent precipitate 

of' radius,. r
0

, which contained material having an atomic_ volume equal to 

(1 + 5)(3) where the atomic volume of' the matriX was unity. In this case, 

the stress in the precipitate is a_hydrostatic pressure given by 

where 
•.• ¥" .<~/~~ . 

P = 3K (5 - e) 

3K5 

K is the bulk modulus of' the precipitate,· E is Young's modulus of'.the matrix, 

and 1-l is Poisson Is ratio of' the matrix. The matrix is subjected to a shear . 

strain, e, which varies in magnitude with the· distance f'r?m the particle 

according to the expression 

... ' 

)· 

The shear strain, er ·, at the surface of the part~cle is independent of the .w 
0 . / 

radius, r 0 , of the particle. Mott and Nabarro.computed a mean shear strai~1 

e, by assuming-a value of r corresponding to the average distance from a point 

in the matrix to the nearest particle. This is half the distance between 
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. .1 

particles, or ~(N)-3 , where N is the number. of' particles per unit of' volume. 

.Then 

The volume f'raction of' the precipitate is 

4 
f' = 3 nr~N 

/ 

So e ~ 2Ef'. 

Thus, the average shear strain in the matrix is independent. of' the size of' the 

' particle and so ls .the critical stress f'or f'low, ~ , because c 

-r "" 2G.Ef'. c 

This relationship applies when the interparticle spacing, d, is small enough 

so that Orowan looping does not occur. In this case, it is the volume f'raction 

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 f'raction of' a coherent precipitate. Inco-

herent precipitates have large surf'ace energies. When dislocation loops f'orm 

around such particles, cracks are likely to form along the high. energy inter-
~ 

f'aces because of' the local stress concentrations due to the dislocation loops, 

The smaller the particles, the higher the local stresses and thecmore likely 

cracks are to f'orm. This type of' crack nucleation is avoided when disloca-

tion5 can pass through the particles. With coherent precipitates, high local 

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

plastic f'low can occur at high stress levels bef'ore cracking begins. · 

other f'actors being equal, a large volume f'raction of' coherent precipi

tate seems to be the bes~ means f'or combining high strength and good toug~ess. 

. ''. 
Of' the two main types of' precipitation reactions, nucleation and 

• • .1,' 

· .•. ; 

.•. '· 

- .. · 

-..... 

,, . ·. .:~l." .· -~ 
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growt? transf'ormations,) and sp;Lnodal decomposition, the latter seems more 

desirable. This .Phenomenon is -iv-orthy of' special study.· 

SPINODAL DECOMPOSITION 

Spinodal decomposition of' a supersaturated solid solution occurs·b'y a .; . i;, \· 

'· ... ~~~/. t-~: . ~-

nucleation .and growth process, but dif'f'ers in that the "precipitate". is . : · 

coherent with the matrix and surf' ace energy is not ·involved in the f'ormation · .., · -. 

of' a stable nucleus as it 'is in the normal precipitation process (assuming . ,: . 
. ,; . ~ .. 

that there is no mismatch in lattice parameters at the interf'ace). In the··, .· _ 

theory proposed by Borelius, (l4) the rate of' precipitation f'rom a super~ 
... ' ' '. 

,. ... : 
.. ~j •. : 

saturated solid solution is dependent upon the sign of' the second derivative . 
\ 

of' the f'ree energy with respect to the composition. When local composition 

f'luctuations occurring in the_ matrix are associated with a decrease in f'ree ·· 

energy, prec·ipitation tends to proceed.·. The f'ree energy. of' mixing, !Yl, is 

the thermodynamic f'actor involved. Whenever d2!Yl/dx2 < 0~ even small com~ · 

positional f'luctuations cause a decrease in f'ree energy and thus become sta-

·. ble regions that continue to grow. Conversely, local regions that have 

. composition f'luctuations such that d2!Yl/dx2 >O, are associated,with an 

:'• •, ... 

increase in f'ree energy ~nd will thus tend to be unstable and to redissolve. 
~ •. ~ '-. .. 

The application of' this principle is illustrated in the upper part of' Fig. 16. :.::: 
·:-..; f •. ' 

.• 

· The upper f'igure shows a solubility gap, in this case in, the gold-platinum . : . . 
•• 1•• 

..... ~ .,. ' . . : . . 
system, and the corresponding f'ree energy of' mixing_ curve (in terms of' !Yl/R) 

.·r; 

., ' 

.·'"t 

.. 

. '~ 

.. i·· l. 

; ,., 

' '' . vs composition is shown in the lower f'igure. The spinodal re~ion is within 

the dotted lines in the phase diagram. The limits of' this region are set 

by the con~ave downward part of' the f'ree energy-~omposition cUrve shown in 

the lower f'igure, at the compositions corresponding to the requirement 

-~ ·: 

;,( .• 

.· 
~· .. \' 
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d2mja:x2 <0. For an alloy having an avc-.rage composition at the midpoint 
• c . . 

of the solubility 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 a.l"ld growth, which requires large local compositional 

fluctuations to form stable nuclei. This is il::.:astrated in the lower part 

of Fig. 16, where composition fluctuations A~ and ;:::t. (from the average value, 

x) would be sufficient to start spinodal decomposi tiOtl of a supersaturated 

solid solution, whereas large composition fluctuatio1s, such as those shown 

at A2 and B2 would be necessary to form stable nuclei o~ the normal type. 

Age hardening in.spinodal alloys can be very effectivt, even in such 

simple systems as the gold-platinum alloys. Fig'. 17 shows tL~ hardness in

creases measured by Van der Toorn (l5) for polycrystalline specim.·c'1.s ·of sev-

eral compositions. Not only is the rate of hardening extremely rapi~ tn 

alloys that undergo spinodal decomposition, but large increases in hardnc''.s 

may also be obtained. 

Many alloys Undergo spinodal reactions. Figures 18 and 19 illustrate 

two of the kinds of microstructures that can be obtained in such materials. 

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

sirable combinations of high stren·g'th'. and>.tO'~i'ghne·ss. 

SUMMARY 

The maximum tensile yield strengths attained to date for aJ.loys of ten· 

common metals have been ~ompared with the·?retically attainable· values of 

·yield strength. The· best materials availnble at present are alloys of body-

/ 

centered iron and titanium, which exhibit .:~ .. bout one-quarter of their theor~ti-

cal maximum yield strengths at room: tempera1;ure. The room temperature yield 

,.. 
/ 
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strengths of'. other types of' . 8lloys_ fall below these . two materials. . . The · 

other metals on an equivalE:mt temperature scale. i: 

A new processing technique has ,been developed f'o:r. improving the.;yield · .. 
. . ·~ rf·-· : "1.: ·. 

strength of' commercial steels. · With this process, . the yield strengt:fi,; of' 1 ' . r~-~~ • T .·,_". • 

ausf'ormed H-11 steel has been ;raised from 34o,ooo psi to about 4oO,OQCtpsi; · .. ,:._ 
. . . ~,:··:~ ,• 

.without serious reductions in the elongation. Another new"treatment~~hot' 

.yet fully explored, is based on the cyclic conversion of' austenite 
·- -~·---· 

t~t~~~ .' 
tH~'·Hkd-martensite. It has been used to produc·e a significant increase in 

ness of' a special alloy steel. ,i. 

~l ' .. 
Precipitates resistant :_:to dislocation motion must be. present in :liliuk · 

:~ 

material if' high strength is to be attained. The contributions to s~ength 
. . ;t \ . 

by various kinds of' precipitates are discussed from a theoretical ;poitlt of' 

view, and comparisons are made between theoretical ·and measured yield ;:~t . , 
. . . . t · .. { -·_-. 

·strengths. High rates of' strain hardening are to be expected with indS~l=rerit .. 

precipitates, and microcracks are expected to form at low strains in alloys 

f' 
... containing such precipitates. Both theory and· experiment lead, to the cori~ 

clusionthat the best combination of' high strength and good ductility is to 

be expected from alloys containing coherent precipitates through which i!ip 
·. 

dislocations can pass, but only ·at high stress levels. ,.·. . ~ .. ( ... f 

The yield strength is dependent upon the volwne fraction of' the -::.~1 :-f·~, 
. :!-... · '.~.~ . .:.~ j • ..,_ ; 

· ~ ·.:·: :.i.; precipitate, and a fine dispersion is essen-hal for toughness and.·: 

ductility. The spinodal decomposition reaction is ideal for producing the 
,· 

best type of' precipitate, and examples of' its effectiveness as a strength-

ening mechanism are cited. 
\ 
\ 
I 

' 
/. 

. . 
I ~ ,. . 

-~·-··/ ):. ~~)~~~J;,,~~~··' 
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'· Figure Captions-

Maximum measured tensile yield strengths, shown as a· function of' :-

temperat'ure, f'or the .common metals •. 

Maximum measured ~atios of' tensile yield strength-to-weight, shown 

as a function of' temperature. 

Fig. 3 · Maximum measured tensile yield strength. divided by the theoretical· 

maxima, shown as a function of' the equivalent_ temperature ~or the 

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

Fig. 4 Maximum measured tensile yield strength divided by the theoretical 

maxima, shown as a function of' the equivalent temperature f'or the 

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

. _j. 

, . 
· .. 

: ( -. 

Fig. 5 Plot of' theoretical;tensile yield strength vs ratio of' particle 

spacing (.£) and Burgers vector (b), f'or Orowan type hardening . 

. - ~ . 

Fig. 6 

Fig. 7 

Fig. 8 

( Gb 
i.e., T = n-)· y ,Jj' 

The heat treating cycle employed in the conversion of' cold'7worked 

-austenite to martensite. The schematic inserts suggest the manner 

in which the austenitic microstructure is converted to fine-grained 

martensite by alternate cycling between cryogenic and tempering 

temperatures. 

The variation.of' hardness with quenching temperature f'or several 

levels of' cold-working. Each quenching treatment is followed by 

tempering at 9l4°F f'or ten minutes. 

Micrograph of' the as-rolled austenite, X 100. Some isothermal decom

position can be seen in the grain boundaries • 

Fig. 9 Micrograph of' the same as-rolled austenite after several cycles-of· 
. ~-. . 

•· treatment at cryogenic and tempering temperatures, X 100. 

Fig. 10 Micrograph of' the same as-rolled austenite after completion of' the 

cyclic treatment, X 100. Sample is virtually 100% martensite. : 

Fig. 11 Stress-strain curves of' an ausf'orm H-11 steel in the quenched and 

·tempered condition (lef't panel) and in the _quenched and tempered 

plus elevated temperature strain-aged condition (right panel). 

. -- ,. 
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Fig. 12 The effect: of post-tempering tempe:;-ature on the strength and duc

tility of an. Ausform H-11 steel. All specimens pretempered at 500.°F, 

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

Fig. 13 Typical stress-strain curves of a quenched and tempered and a quenched,·· 

temPered and strain-aged martensitic steel • 

Fig. 14 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-11 steels. All specimens .pretempered and 

post-tempered at 900°F, strained two percent at a strain rate of 

0. 5 per minute. 

Fig. 16 Phase diagram and fr~e-energy vs composition curves for the Au-Pt 

system. 

Fig. 17 The variation in hardness with time for several alloys in the Au-Ft 

syStem after reacting in the spinodal region. From the work of 

Van der Toorn. (15) 

Fig. 18 Transmission electron micrograph of Fe-Cu-Ni spinodaJ. precipitate.· 

From the work of Tufton and Nicholson.(l6) 

Fig. 19 Photomicrograph of over-aged (1000°C) spinodai precipitate (Ni AJ ) · . 
X y 

in the ~-Cu-Ni system, x 1000. From the work of W. 0. Alexander.(l7) 
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Appendix 

INFLUENCE OF SPLITTING ON THE THEORETICAL ELASTIC LIMIT1 

J. Friedel 

. • f). 

The purpose of this note is to point out that· in crystals where dislo- ~·· ' . 

cations are strongly split the theoretical elastic limit. should be notably . , 

lowered by a factor of about t. 
Frank's initial analysis(l) for perfect dislocations is first recalled 

and discussed. 

1. Thermal Nucleation of Perfect Dislocation Loops 

A circular loop of radius, r, and Burgers vector, b~ has, under an applied 

(resolved shear) stress a, an energy 

/ ' /.. . . 

where b
0 

::::. b is a parameter related to the crysthl structure, and K a num:er- .; .. 

ical factor between 2/3 and 1. 

For increasing radii,::r, U goes through a maximum U (a, R) for r = R v . . . v 
such that 

0 = {JU j{JR = 21I Gb
2 

ln ( 2R:+ 1) -21IR ab." 
v 4ITK b

0 
· 

Hence an activation energy 
. -~ .. 

(1) 

lvith 
a(R) Gb bO - 2R 

= 2IIKbo 2R (ln bo + 1) (2) .. 

These equations define the activation energy U as an implicit fUnction of 
v 

the applied stress a (Fig. 1). 

. ' 

. ! 

•' 

.r 
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Thermally aGtivated nucleation c&~ then occur in the volume or at the 

surface of the crystal. The second ~recess will be shown to be slightly 

easier. 

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

that each loop sweeps through the cross section <'.. of the crystal: 

€ = NAb v b
2 

exp [- U ( cr) /kT], 
IIR2 v 

where N:::::: b"";3 is the number of possible nucleation sites, and ,, the Debye fre

quency. vb2/JtR1
2 is then an estimate of the probability for the ru:2jb2 

atoms, on the area s~ept by the loops of radius R, to vibrate in the same 

direction. 

This requires an activation energy 

U (a) = kT ln ( A~.). 
v IIRE 

For T = 300°K, € = 10-4 sec-\ R = 2b (see below) and A ;::: 1 cm2, this gives 

Uv = 1.8 e.v. 

With average values b0 = b, Gb3 = 5 eV and K = 5/6, equations (1) and 

(2) give R = 2.2b and G a = --. 
i' 9·5 

This value does not depend much o:c·l the size of the crystal: for a 

whisker one micron thick, thus A = 10-'3cm2, one f;inds U = 1. 3 eV and 
/. v > 

G av = tf.5• .The value of av is also little sensitive to the value taken for 

Gb3, because of the steep slope of the r:urve, Fig. l. The value of a is 
v 

however directly proportional to b/b0 , ·~hus t<;: take b = b0 is one of the most. 

critical approximations. 
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'. 

. b. Surface· nucleation: . If' a loop is nucleated at ari atoxitically smooth: ·: ;. ::-·, 
. . . . ""' ~ ' .. ,.. 

. surface, cine needs_ creating only a critical semic'ircle o:f radius H, · requiring ;,. \ .. 
' •• .t 

hal~f the energy U( a). ; · This resUlt 13.ssumes .. that ihe half' loop d~es not create ; ·,, ~- -~ 
anysurf'ace step, i.e., its Burgers vector.is parallel to the su:t'f'ac~~· The '. 

'• 
~"J.. •• - .... '·-~ 

frequency factor is then reduced. in the ratio of at least b/L, where L is the: ... · 1 ,_ .. __ ; . 
. ~ .. ;_ .. 

size of the crystal·:· -~ .,+ 

u ··.-.--! 

., i 
·' 

exp (- 2~T) •. 
p I, ,'' • '. •. j • .' :' ~ .~. ' '\ 

The activation energy required is therefore •,' 

This gives~ Uv(a) ~- 1.35 eV ·f'or macroscopic crystals (L = 1 em),. hence, a .· 

value practically identic·al to that for volume nucleation: 

a· 2 G 
s . 10 

.. G 
(as~ 

9
.
5 

for whiskers). 
· .. ,_ 

·' 

•' .. ·· .. 

. ' 
. \ .· 

.. 

- ....... 

. . ~ .. - : ~ 

On the other hand; the nucleation could be definitely easier. on a surface··. 

containing many steps of atomic height parallel to the slip planes of the loops~·. 
·.-.. 

This is because the _creation of a loop with a sui table Burgers vector can sup- · : 

press the_ step over the length 2r (Fig. 2). The energy required is then 

·•. 

2 r y b. 
-; • • ~ • pf 

This leads to an activation energy 

UR (a,R) = ~ Uv (a,R) 

with 

S· . . 

R r b s 

~ . l . 

.• . 

. 
'.·: ·• 

;~. .• .. 
+ _ ... •• 

-~ ,._ 

The implicit function UR(o) defined l;>y these two equations is ·plotted in Fig. ·1:· · 
for the likely value ~s = Gb/20 for the surface energy of ·a step. (2 ). ~n-the- .. _.'·-:- · · . 

.:..._ / _ ... · . 

/ '' . . ~- - ' .. 
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'· 
most favorable conditions; the distances d between steps, Fig. 2, are of' 

atomic dimensions •. For such atomically rough surfaces, the 'same value, 

UR = l. 35 eV, should apply as f'or smooth surfaces, leading to 

2. Partial Dislocation Loops 

For a partial (Shockley) dislocation loop of' :Bu.rgers vector b' and 

stacking f'ault energy y, the energy is 

u~ (o,r) = 2ITr . frrK)2 ln ;~ + rrr2 (y - ob'). 
0 

The same reasoning as f'or a perfect dislocation loop gives an activation 

energy U-' . ( o' R ' ). = G ( b ' ) 2 bo 
v SK 

2R' 2R' 
V (ln V- 1). 

0 . 0 

with an activation radius R' such that 

y Gb' 
o(R') = b' + 2ITKb, 

0 

bo · 2R' 
2R' (ln b' + 1). 

0 

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

term r/b' is added. 

a. Change of' b into b' : In the FCC or CPH structures, (b , .. ) ~ = ~ b 2 • 

If' one takes b0 = b', this gives G(b') 3 !::: 1 ev. 

and 

For volume nucleation, one then f'inds U.' (o) = 1.8 eV, thus R' = 2.8 b 
v 

Very similar values are obtained f'or surface nucleation on atomically 

smooth surfaces (o' ~ G/18.5) and f'or whiskers. For surface nucleation on s 

atomically rough surfaces, an argument similar to the one f'or perfect loops 

leads to I > G . 0 R - 25 • 
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···.· 

.. ··. 
'. : ~b. · ·Stacking f'a:ul t energies: From t~e 'J?.revious equations, a partial · 

! '( -~: .' -: • . 
dislocation is nucle'ated pref'ereritiaily to a pe:i:-f'ect dislocation if'. -~. ~·~_·· ... -~: ~ ~- . · .. , . 

., •• ; :: • .~ "":>_ 

. ':· , . .--.: ~-.--. . !' .. ~ :: .. .··! 

· .. : .. 
~. ' 

f'or volume nucleation in macroscopic crystals with FCC or CPH structures• 

Similar -values obtain f'or whiskers or surface . nucleations. ·· TYJ?ically ,. - <, 

Thus: 

f I ~. 

1) Gb 2 Splitting lowers the elastic limit, a, only if r <
50

::::: 200 e/cm 1 · 

e.g., ·for Cu, Ag, Au, not f'or Al or Ni. 
. . ~ . 

2) As soon as r << Gb/50, the inf'luence. of' the .stacking f'ault is negli

gible and the splitting should'· lower the elastic limit by a :factor near to 

. 1/2 (9. 5/16 f'or volum7 nucleation~ 10/18.5 f'o~ s.urf'ace nucl~ation oO: smooth' 

surf'aces, 15/25 for surface nucleation on rough surfaces). This should tY]?i~ 

cally apply to Cu, . Ag, Au • 

3) · Other f'actors, such as the presence and direction of' surf'ace steps of'- · 

at6mic height and, thus, the crystalline orientations of the surf'aces should 

be equally important. 
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Titles of Figures 

' · . 1. Activation energy U as a function of the applied stress d for the 

.• ... 
nucleation of a perfe.ct loop. 

8K V: volume nucleation; U = ~ 
. J.l. 0 

S: surface nucleation; U = l6K 

Uv and 

u~ 
R 

~~Kbo· 
(J ·= 0. 

J.l.b 

and a= 2~Kbo o. . ,._.' 
JJ.b 

2. Nucleation of a loop on a surface containing many steps of atom 

height parallel to the slip planes of the loops. · ; 

.. . ,. 
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