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ABS.TRACT

The load-bearing capa.city of a structural material is, perhaps, its
most important property., The reliable prediction.of this property w1th

extreme environments and under complex conditions of stress and load

. .;‘applicationa is one of the materials engineer!s most formidable problems. h

It is all too apparent at present that materials science has not yet
progressed far enough that the complex engineering properties of solids can
be described in terms of funda.mental quantities, -

This paper briefly surveys the progress that has been made in

'nndersta.nding the fundamental nature of the strength of crystalline solids,
s l The essential differences between brittle and ductile crystalline solids are . B
" " first discussed. Several of the effective strengthening mechanisms of

e ductile solids are then reviewed The discrepancy between the theoretical

a.nd the actual strength-wezght ratios of ea.ch of the common structural

v meta.la is next exa.mined over-a wide range of tempera.tures. Finally, two

o

recent high strength iron-ba.se alloys designed for use in the temperature

range of 0 to 1000" F are descnbed very bnefly.

1



2" THE REAL AND IDEAL STRENGTHS,
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'BRITTLEAAND DUCTILE CRYSTALLINE SOLIDS :

o Frenkel in 1926 calculated tha.t an ideal crystallme sohd free of
- : ma.croscc;pie and microscopm defects, would have a fracture strength
SRR approximately equal to E/10 and a flow stress equ'a.l to G/S', where. E and

| -G are the elastic (Young' s) and shear moduli, respectxvely.}' His atomic

) 7mode1 was one of close-packed spheres having attractwe forces that vaned

. sinusmda.lly with position., Although Frenkel's results could be viewed only>. "

| as a crude estimate at best, it was apparent that the 'st':rengths of real and

" ideal solids differed by several orders of magnitude. In the ensuing years,

‘.f'a;___,";‘.,:much has been learned about the reasons for this startling discrepancy.

. In theory, the stx'ongeét crystalline _solids are those with covalent
and ionic bonding.  Gilman has computed the theoretical strength of several

ionically and covalently bonded solids by assuming that they can be elasti-'

i 'Vﬂ_ca.lly strained 5%, as shown in Fxg. 1. 2 leman concludes that it should be
e ,va.:Poseible to utilize these materials at stresses in the range of several |
million pounds per square inch (psi), provided certa.in severe design

:;;bire'strictiona are adhered to by the intended user,. fAmong these are avoid-—,‘-_: o

..;l;"»‘ance of surface scra.tches and undamped 1mpa.ct loads. The'di‘screpancy'

I -_f'"":"between the strength of real and ideal brittle solids 13 now rationalized on -

o thg_basis of the'.existen,ce: of surface or vmterna.vl flaws o_f\macrosc\op:.c or .

ST . UCRL-10811
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" microscopic (i.e., greater than atomic) dimensions. Thus, covalent and

" some lonic solids are inherentlyﬂ strong but inevitable surface and

internal flaws initiate runmng cracks at applied stresees far below the

' theoretical strength

Very strong, brittle materials are not likely to be used where

reliability is esaential or where extremely complex shapee are required.

. “;'I‘herefore it can be concluded that although very-high strength brittle solids

would exhibit indisputable superiority in a limited number of applications, .

the engineering requirements of most structuree will contmue to demand

"the use of less strong but more ductile solxds.

7 The discrepancy between the observed and theoretica.l strength of
AR ductile‘ eohd. i.e,, a metal, is known to be related to the mobility of

atomic -size defects called "dislocations " Dislocations are present in all

B metals. almost irrespectwe of their purity or mode of preparation Thus,

o vductile metals. unlike brittle solids, are mherently weak a,nd can be
| strengthened only by immobilization of dislocations that normally move

.v:"under va.nishingly small applied shear stresses

.~ STRENGTHENING MECHANISMS IN REAL METALS

. A dislocation is defined as a linear defect in metals, consisting of

L a missing half-plane of atoms that moves under a very small applied shear

- ' stress, as shown in Fig. 2. The ease of ‘movement of these dislocations in

R crystalline solids explains'satisfactorily why realvmetals are far weaker

e ‘than predicted from calculations based upon ideal or "defect-free' crystal

" .lattices, The theory a.lso explains why thin metal fibers or - "whiskers" of

:many metals ha.ve strengths equal to the theoretically calculated values.

5 P : UCRL-10811
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In these‘, the dislocations' are very few, or those presenf'are:almost

' completely immobilized,

Dislocation theory suggests that the weakest form of a ‘metal, viz.,

,:a high-puz_‘ity single crystal; shoeld be one in which the dislocations are
wrelatively unimpeded by barriers,. such as grain boundaries, iihpurity e.toins,f :

K et Thu‘s.y high-purity single'cirystals and a whisker of near-theoretical |

v'iv"'_.fstrengith iepreeent the“« ""floor and the ceiling" of the strength of a given

. metal, as shown in Fig. 3 for iron, The objectiye of the metallurgist is to

increase the strength of metals from that represented by inherently weak .

" high-purity single crystals to that exhibited by whiskers. His success in

this endeavor is readily measured by comparing the strength of the alloy he

has designed with that of the whisker. The highest proportions of theoretical

strength reached to date in meta.l systems are those of iron and titanium,
' Some of the efiective strengthening mechamsms in iron are represented in

F1g. 3. _

'I'he stress requxred to move dxslocatxons over appreciable d1stances

- i.e., to cause plastic flow - —~ina high-punty single crystal is strongly .

dependent on the inipurity content, Conservative estimates place this  "flow"

stress in iron single crysta.ls of h1gh punty at about 1 000 pounds per square e

E inch Conversely, the flow stress o£ iron whxskers has been experimenta.lly

s

; determined to be about 1,2.5_0,000 psi. Thus a.bout three orders of magmtude

separate the weakest and strongest forms of iron,
The most effective strengthening mechanisms of iron are those in

which dislocation movement is greatly impeded or blocked. For example,

" when small amounts. of carbon (several thousandths of o;ne percent) are

- _diﬁgsgglved in the body-cer{te‘eed cubic (bee) form of iron, the flow stress is -
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pE

.- into the holes or interstiees of the lattice, or may be clustered about the

of the carbon atoms in the 1ron lattxce. The carbon is ezther "squeezed" _

| ._a grain boundary in stainless steel is shown in Fig. 4.

de | . UCRL-10811

quadrupled This- potent strengthenmg is thought to be related to the pos1t1ong

.xf.

- Sy By g

d1slocatzons. thereby creatmg a "drag "

3

Metals are crystallme sohds but unhke many naturally occurrmg

mmerals, are polycrystalhne rather than monocrystalline. The transition
, jregmns (regtons of crys..allme "misftt") between adJacent crystals of

‘ dxffermg orienta.tions are called "gram boundarxes " There is evidence

suggestmg that grain boundaries are barriers to the movement of dxslocatz.ons

in metals. ‘ For example, by decreasmg the gram s:ze tenfold, i,e.,
,:presenting many more barriers to movmg dislocatmns, the strength of iron B

. 'can be tripled. An electron rmcrograph of a ''pile-up'" of dislocations at

i

Complex tangles of dxslocatxons mtroduced by deformmg a metal or

o an a.lloy can strongly 1mpede the motion of other dislocations. Severe

N deformatmn of iron at room temperature doubles its strength. A transmission

; electron micrograph of dzslocatzons in cold-worked meta.ls is shown in F1g 5.

The presence of d1spersed hard partlcles or precxpxtates in alloys

‘“also serves to block dxslocatxons The rmcrostructure o£ steel though
" v'complex in detail, can generally be descnbed as an aggregate of hard brittle

‘Carbides in a relatwely soft matnx of body -centered cubic iron (ferrzte)

o The closer the spacing of these carbides and to a somewhat lesser extent,

‘the smaller the carbide size, the stronger w:.ll be the steel. Two well-known

microstructures of steel are pearhte and bainite. The specific differences

" between these microstructures and others in steel is based upon the shape

’ -and dtstrxbution of the hard carbxdes in the ferrite, and 1n the manner in whmh' :

) the microstructurea are formed, The strength of pearhte and bainite may be
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increased one-third by decreasing the distance between the particles through %j;

‘x-ﬂ

R various heat treatments, A variation of ult1mate tensile strength of 120, 000

’ :"-i_ to 190, 000 psx for a pearlitxc steel and of 186, 000 to 220,000 ps:. for pearhtxc '

e ‘,lram"r-"‘ b

' steel of the sa.me composition but with a bainitic mlcrostructux/e is thus a

-.,.,.possible. PR o _ N o _ Lo

: The'strongeet dtlctlle 'solids known to mets.llurgists are the so-

| .‘,;-:_v_;'called "martensitic" ‘steels.. Ultimate strengths to 350,000 psi can be
.".'.obtained in thes:e quenched and tempered steels by appropriate control of
“composition and heatltrea.tment., The strengthening mechanisms operative

in martensitic steels are not yet completely understood in terms of disloca-

tzon theory. However, it appears that a combination of mechanisms is
, ' ' . | respons1b1e, including several of those mentioned above. vxz. , sohd solutmn'
: S a.nd precipxta,tion ha.rdening.3 \
L ' The attainable strength level for martensitic steels has recently
been extended to nearly 500 000 psi by "Ausformmg" —-~—a process
developed by the Ford Motor Company, consisting of cold-working a steel -
vpr:.or to its transformatxon to martensite, Another development of both
| scientific and technological significance is that of the '"Maraging steels" --v‘-v-f,
introduced by the Internatzonal Nickel Compa,ny. Thexr strength is not -
dependent upon carbon content as in conVentmnal steels, Maraging steels
l 'have t;vvice _the ductility and many times the notch toughness of »convention_al:_'
“steels at the same strength level, " The importance of these two new
materials warrants a somewhat more deta.11ed exammatmn of the1r engmeer-

ing properties. This is discussed later m this paper.

Although strength levels greater than about 500,000 psx ca.nnot be

rea.ched in bulk duct1le solids, ensile strengths exceedmg 650 000 psx have e o
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bbeen attained in fine cold-drawn steel wires. (several mils in d1ameter)A
“ Thus. in such wires, dislocations can be so immobxhzed through cold=-
working, solution and precipitatmn hardening, size effects. etc,, that
ens1le yield strengths about one-thxrd of the theorencal wh:.sker strength can "
| be, achieved |
N The discussion has dwelt upon a companson between the theoretxcal
| {““I::and currently attamable strength of iron at room temperature. A similar |
| '<::f‘_,comparison. including the effect of temperature, would be of interest for all
" .‘;:f,.-.':ghe common structural metals. Further, in such an analys1s the pa.rameter
o of strength-to-wezght ratio rather than that of strength alone might prove to

.'."_’_.v._be:_,_o_flgreater value to the designer,

i’ . REAL AND IDEAL DUCTILE CRYSTALLINE SOLIDS

A civzhan advisory comm1ttee to the Department of Defense has '

"recently completed a comprehensive survey of the actual and the theoretical

A* The'mernbership of Committee 2 onv Meta.llic Materials for MAB Review of DOD
.. Mater*als R & D, is as follows Dr. WalterL Fxnla.y, Chairman, Crucxble Steel

_Company ofAmerica. Dr. Spencer H Bush, General Electnc Compa,ny. Dr, SamC

" Carapélla, Jr., American Smelting and Refining Company; Dr. Edward Epremian, -' -
'’ UnionCarbide Metals Company; Dr. John C, Hamaker, Jr., Vanadium Alloys Steel

Company; Dr, John P, Hirth, Ohio State University; Mr. John M. Siergiej, Nuclear -

| Metals. Inc.; Mr, Cre'or‘ge I, Wiie, General Electric Cornpany; Dr.V.F. Zackay, .
_';?ord Motor Co'mp'any'('on educational leave at University of California, Lawrence

‘ .]ﬁRadiation Laboratory, Berkeley4 Cahforma) Special Consultants Dr, Raymond
| F. Decker. International N1cke1 Company, Dr Adolph J. Lena, Alle gheny Ludlum M

g ﬂ'i"v’_Steel Company. Dr. Joseph Lane, National Academy of Scienc es, Secretary. o
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strengths of- the common structural r'netlals.4. 'I‘he contracting agency, the
National Academy of Sciences. has generously granted perrmsszon to the |
. wrxter to publish the results. The writer gratefully acknowledges the N
efforts of Dr. Walter Finlay, Chaxrman, and his colleagues. who labored :
o several years to collect and mterpret the data to be shown here. |
The theoretxcal shear stress in an‘ideal solid, viz., "one free of

defects, has been variously estxmated as bemg between G/5 and G/lS _The i
o lower lirmt i e., G/15 is the one used herein, FollOWJ.ng a suggestmn of

Dr. -Hu'th a member of the above -mentxoned comm:.ttee. the temperature

dependence of the shear modulus is assumed to be linear to about 70% of the

%

L melti_ng point, -
. - Since evaluation of the actual strength of thevarious metals is
based upon tensile yield data, the value of the estimated theoretical shear
'.'v"strength must be doubled. Thus, the two criteria, the theoretical‘andvaetual ,
“’ strength-weight ratios. are 2( G/15p) and YS/p, ‘respectively, \;yhere o is
| the densxty and YS is the measured yxeld strength | |
. The melting pomts. the densﬁnes, and the shear moduh of the common |
= .structural metals are shown in Fig. 6. The metals can be grouped most -
conveniently in terms of their meltmg pomts These groups are Mg and Al

(1202° and 1220° F respectlvely), Be, Fe, Nx, and T1 (between 2332‘ and

. 3035- F). and Nb, Mo, Ta, and W (between 4474° and 6170° F).

The low densities of the elements of Mg, Al, Be and T1 are

_'inamediately obvxous as are the high dens1t1es of the elements Ta a.nd W
Perhaps most strikmg of all are the high modull of the light metal Be and
the heavy metals Mo and W, - L ‘ e
The temperature at wh1ch the strength drops sharply is 1nd1cated m -

the first panel for each metal by a short horizontal lme. It is apparent
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that the orimary' factor in determiningthe elevated temperature strength is

ER

the melting point,

'I‘he actual and the theoretxca.l strength-wexght ratios o£ Al- and

o Mg-hase alloys are shown in -Fig. 7. The d1£ferences bemeen these two

ratxos for A.l ‘and Mg at room temperature are by factors of about 4 5 and

8 respectively. Theoretically. then, ductile a.lummum and magnesxum

a.lloys ha.vmg yield strengths in excess of 300,000 psi are possible, Thxs is
~in marked contrast to the highest strengths presently attainable, viz., about

'--’1_00,000 psi for Al and about 40,000 psi for Mg. There do not appear to be -

: a.ny new developments in these alloy systems that will markedly improve

ki

e st ¢ ength-weight ratios o£ these alloys are shown m F1g.

kS thelr properties at room or elevated temperatures,

The prmcipal problems of a.lummum alloy des1gn are those of L

improving stress-corrosion resistance, and of raising strength w1thout'
' concomitant loss in cluctility. The most serious deficiency of'magnesium__-

" base alloys is in corrosion resistance. A better understanding of

strengthening and corrosion mechanisms is needed before appreciable

improvements ln properties can be expected., Further the low melting pomts_ .
; of Mg and Al will continue to restrxct their use to tempera.tures less than

half of their melting points, i.e., to about 600°

The crystal structure of 1ron-ba.se alloys 1s either body-centered

e
-

cubic (bcc)., fa.ce-centered cublc (fce), or, in some instances, mixtures of

'.‘ 'both The austenitic stainless steels are the ‘most familiar example of those -

having the fce structure, whereas the strongest alloys of the bce structure

~are the martensxtic ultrahxgh strength steels The actual and the theoretxcal .

" The highest strength-wezght ratios attamed at room temperature for

" "metels are those for the Ausform martensitic steels.6 The tensile yxeld

8- .~ UCRL-10811
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' gtféngth of ihege alloys can be over 400,000 psi. This strength level is

within a factor of about 3 '5 of the theoretical yield stréngth The strength;

m wexght ratioe of the austenitzc stainless steels are considerably below thosa '

. .of the martensitic steels. . The: y1eld strengths of both austemtlc and

e ;»V‘Vj;‘_,;'martensitxc iron alloys drop sha.rply at

m "ratures above 1000° F
The elements T1 and Be ‘are of especml interest to ‘the design - '
a enginee,r. 'T{ alloys, in add;tion to their excellent corrosion resistance,

o ‘have é.‘stx"ength-weight ratio equivalent to those of the best ultrahigh-strength

e ."';:'Steél'a_.‘_" Be, in addition to its light weight, has an exceptionally high shear

. ’;”_i_‘.ﬁ..-quulné.* The -strength-weighﬁ‘ratiols of Ti-and Be alloys are shown in_'_

St .Fig, 9. Similar data for the martensitm steels are included for compa.rison.

Titanium- a.lloy research and development covers a time span of
‘ F:_ less than twenty»years. ~However, there now exist high-strength titanium
"‘nﬂ-"?‘!j'é._l.lo;'rs‘ which are suitable for use at c"ryogenic._‘ room, and elevated tempera-

. ture_s,o‘_:’_Unpublished data of the »Armour Rese_a.r;h- Foundation indicate, for

' example, that the strength of experimental Ti-Nb-Al-Zr alloys may surpass

that of the Ni~ and Goebasé superalloys in the temperature range of 1200° to f
"1800° F. | |

" The metal berylhum may well be the ult1mate cha.llenge to the

) meta.llurgist.» It is relatively scarce,'{difficult to"win from its ores, brittle,

~toxic in some forms,' and, of course, quite expenswe. On the pos1t1ve side,

o v Be has both low density'and 2 high modulus. _ As a consequence of these R "

| | ;adx}antages‘,' ‘Be has the ‘highest theoretical strength-we_ight ratio of any

*‘metal. The difference between the thébréti_ca]\.i_’and the actual ratios for thisv' '

. metal .'i_s'.about.a factor of 40 at room temper'ature, as shown in Fig. 9. bTh.e'. .

el great potential of Be as a structural ma.te_;rialﬂcvan' be 'il'lu'stra’tved by the -

5

-
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: _“"_following example. lf Be alloys could be made thh the strength of conven- -
tional ultrahigh-strength steels ——viz,, about 300,000 p31 - then the v

strength-weight ratio of such alloys would exceed that. of the theoretical ratio, -

\ :'ﬂ'of either 1ron or titanium (50 X 105 in, )

Followmg the introduction of the Jet turbine engine into military and ;

f-f‘between 1200‘ and 1800° F The Ni-. and Co-base alloys -the so—called |
iy "superalloys, " were employed in thls range and a great amount of research

o _v';l;“?l‘f‘_was directed toward improvmg their strength The theoretical and actual.

son, similar curves are shown for the refractory metals, Nb and Mo.

rather steeply a.t temperatures above 1400° F. The prodigious research
IIIII ?.:f"efforts in recent years azmed toward improvmg these. a110ys have resulted

m only small incremental strength gains., At service temperatures above
about 1700" F the hxgher-—melting refractory ‘metals must be utilized,

- All the refractory metals consuiered here have high melting pomts -
: -;.-{:i”v(over 4000° F), are bcc m structure. have moderate to high densﬂnes, and
» .-;f?.'yf’possess catastrophically poor oxidation resistance at theu- service tempera- s
;«.v;t't;v‘._tures.; Reliable oxidation coatings are not yet available for most of the |

-?f"'__.._.:metals at their highest operating temperatures._ -This problem, and that 'of L

:_i'improving the elevated-temperature strength by alloying, w1thout further

“"f?pvrograrns. |

commerc1a1 aircraft. the" most 1mportant elevated temperature regime was

strength-weight =ratios for these alloys are shown in Flg.' 10,; For compari_-,‘ SR

The elevated-temperature strength of the superalloys begins to fall

sacrificing room-temperature ductihty, are the £oci of current research BT

t The theoretical a.nd actual strength-weight ratioe of Mo and Nb are :
.,-,-.‘;‘('shown in Fig. lO and those of Mo, Ta. and W m Fig. ll The elevated-_'v Wi

'temperature strengths of Mo and Nb exceed those of the Superalloys above about _' .
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1800° F as shown in Fig. 10 The - "break" in elevated-temperature strength o

| a characteristic of \n.rtually‘ all metals, occurs at about 2400° F for Mo, at
| about 2500° F for Ta, and at about 3000° F for W Both Ta and W haVe

o appreciable strength remammg at 3400° F

A composite graph of the theoret1ca1 and actual strength-we1ght _

N ratios. as a function of temperature for all metals 80 far dzscussed, is shown

’i"in F1g. 12 S1gni£icant improvements in the elevated-temperature propertles
may reasonably be expected for t1tan1um, the refractory metals, and perha.ps,:v_” |
Be The somewhat disa.ppomtmg pr0perties of the Ni- and Co-—base alloys -
are likely to remain so until new and more effective strengthenmg mechamsms
_are discovered -
e TWO NEW MATERIALS IN THE TEMPE’RATﬁRE RANGE 0 to 1000° F
|  Two recently introduced materials vdesigned for use in the tempera-
‘;;?:Etﬁré range 0 .to' 1000° F merit é’;‘)ecia}_ atten’ti'o'n.. 'These.afe the high-strength
: iron-base Auaform and Maraging s“t\eels‘.‘ ‘The Ausform steels are o'f_inte:res.t N
“““because they ha'ee the. hignest known"i'oom-temperature tensile and fatigue
strengths of any' ductzle sohd and they combine both fabrication and heat
treatment in one proceea. P | |

 ~ The metallurgxsts. Lips and Van Zu:.len, suggested about a decade

j_,m_",ago that austen.te be "cold-worked" prior to its transformatmn to marten-

5 “The texrm’ "cold-working" is defined here as workmg. or plastically -

Lo site,
L , deforming the austemte by a varxety'of fabrzcating techmques, such as
;*‘“"rolling,“ wire-ldrawing, forging, -etcf", below its recrystaliization temperature; |

5 under this treatment an entirely new set of soft stram-free grains is formed

Thus, cold-working below th:s temperature results in a stram-hardened or

| ,stronger austenite £rom which the martensite must form.
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The d1£ference between the conventmnal heat treatment of steel and
the Dutch Process is illustrated schematically in the two panels of F1g. 13,

Both ha.rdemng processes require heatmg to a.bove the cr1t1ca.1 temperature B

“in order to achieve a chemically homogeneous austenite, However. in the -

- Dutch process, the austenite is either contmuously deformed as it is cooled
’ ';f;._“from the crxt:lcal temperature, or, alternat:.vely. it is deformed at a constant '

-‘.:'temperature Just a.bove the ma.rtensxte Wgtart! temperature (M ). The

*deformed a.ustenite is then quenched and tempered as in the conventional

hea.t treatment of ma.rtensit:.c steels.

o ‘I‘he ea.rly promise of the Dutch 'process was not realized for se’veral -

:"'years in spite of numerous unsuccessful attempts to duplicate the1r results

| ;',The difficulty was that the cold workmg of the austenite below the cr1t1ca.l

~ temperature caused rapid 1sotherma.l decOmpos;.tion, with the result that the :
R final microstructure was usually a mixture of coarse decomposition productsl

o The initial encouraging results -rep_orted by Lips and Van Zuilen were on |

wires and thin sheets wherein the decomposition reactions were 'beaten' by

"¢, quick deformation and drastic cooling, It was clear that a new process was

:.required if the adventages of this'technique Were to be employed in bulk steel
o parts ha.vmg cross sections 1a.rger than wxre, foxl and thin sheet, In an

intensive effort, lastmg about a:.x years. researchers at the Sczentzfxc

,/.

.Laboratory of the Ford Motor Company succeeded in developmg a process |
'”5 .'Which was applicable to a wide variety of steels and fe.brication,techniques. o

S ;‘__Tlus is now known as the »“Ausform" process.

The essential £eatures ‘of the Ausform process a.re. (a) the steel is~

- alloyed in such a way that the undesira.ble isothermal decompos1t1on reactx_ons

V;**{:f-’a'_z_-‘e suppressed over a wide te‘mp'er'a;ture interval; and (b) the def'ormation; vor-_v =

" cold working, is Tconﬁned to this temperature interval., A comparison of ,t‘h»i‘s'v
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!, process with the -two previously mentioned is shown in Fig, 13, The steel is

B \ture in the relatively stable austenitic region, The ensuing deformation is

| performed so that the tempereture of the steel'does not appreciably rise or

:’j.'_Afall thereby Preventing decomposition of the' austenite to either pearlite-. or A

"-'i;_j”'bamite, respectively. The resulting cold-worked and stram-hardened

. ‘austenite is then quenched to martens1te a.nd tempered Many commermally
' a.va11ab1e hxgh-strength steels are of compositrons that lend themselves -
“'L_'v_‘f,:fa.vorably to the Ausform process. ‘One such steel, known as Type H- 11
._':-,;‘»(5 o% Cr .1 3% Mo - 0 5% V-0, 4% C) reSponds espeoxal.ly well,
'. The principa.l factors controlhng the strength of Ausform steelsva.re ..f | }
the amount of deformatzon, the temperature at wh1ch the deformation is |
» performed and the carbon content Lesser variables are the tempering
R temperature and the alloy content. ‘
The optimum hardness of Ausform steels is found in a hxghly alloyed

o 'high-carbon steel that has been severely deformed in the a.ustemte condition

“lat a relatively low temperature. The mechanical properties of such a steel,’

' called "Vascojet MAM by the producer and having 0.55% carbon and a total

R 5 of 12% all.oyin'g element,b are shown as a functioh of tempering temperature in ~

“ "-:,"' _:A.Fxg. 14 The strength and hardness (equxva.lent to that of a metal cutting tool) o ..

.""‘:';':-"‘a.re rema.rka.bly msensxtwe to tempermg temperatu.re The complex sohd-
) 8tate reactmns responsible for the "seconda.ry hardness peak" of the . |
"conventiona.lly heat-trea.ted eteel are unexpectedly absent in the Ausform stee]..,._"l__"? .
é'_'"j,The strengthof thzs steel ‘1s more than 450,000 psx.vfor ‘a.'w:.de range ,of o C
““f;'f“ tempering t_erxiperatdrea‘,“‘e.‘hd the ducti)».it}.r is equiv.‘a'l.e'nt'. to its "c.ovnve.n'ﬁohany | e

A ~ heat-treated counte_rpart_. S
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:f;be improved ‘I’he results of severa.l elevated-tempera.ture tensﬂe tests On
' "--..‘;‘_..».}"')Ausform Vasco MA and Type H 11 steels are shown in Figs, 15 and 16,

" respectively. The strength of Ausform Vasco MA falls somewhat more
L ra.pidly thh test temperature than does tha.t of the c0nvent1ona.ll,r treated
" "steel, as shown in Fig, 15.: However. over the range of temperatures |
"-;-.invesngated the strength of the Ausform steel is super:.or to that of the
: ._'conventxonal For exa.mple, ‘the strength of the Ausform steel at a tempera-
S ;sture of 1100° F is greater than that of the conventxona.l steel at °00° | ‘.
e ’:-"'f:‘,fj Further. the strength of the Ausform steel at 1000° F is. equwa.lent to tha-t

W

of the conventional steel at room tempera.ture. ',

'”f‘i“Ausform Type H-ll steel over the non-Ausform steel is noted as is.

| -'observed for the- Va.sco MA., Of add1t1ona1 mterest is the increa.se in 'fv S

- strength and retentxon of duct:.lity at cryogenic tempera.tures.

E o f - The endurance limits for 107 cycles-of stress reversal were
| S established_ for _Ausform and_ conventional Type H—ll‘ and conventiona.l_

" ;v'flvrepresent the highest ever recorded for any known matenal There is an-

: unprovement of about 20% in endurance limit for the Ausform steel over its

S conventxonal counte rPa~rt

"_’."limit to the tensile strength of steels is about 0.5 for tensile strengths up

-4- . UCRL-Tos1l .

The increased reszstance of Ausform steels to- overtempermg S

) I:suggests that their elevated-tempera.ture mecha.mcal prOpertxes xmght a.lso SEL

~’I‘he same superiority of elevated-temperature properties of the L R "

"SAE 5160, as shown in Fig, 17, The endura.nce limits for the Ausform steel N SRR

Experimentally, it zs known that the ra.tto of the fatigue endurance et

ii"‘vto 250 000 psi Above thxs strength level the ratio decreases for most low-v o

?::ba.,l_l,oy steel_s,:},a,svs‘hown in '}:‘1gs.a18‘. The ra.tio rema.ms high however, for
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: eonventionaliy heat treefed Type H-ll steel reflecting its.excellent fatigue
' strength at 300, 000 ps:., while the Ausform steel maintams a a1m11ar ratio
a.t a strength level o£ 360, OOO pez.
| The Auaform proc:ess combines fabricatxon and heat treatment in

E one operatxon. This is at once its source of strength a.nd of wea.kness‘ The‘
s .requn‘ement that the steel be pla.stmally deformed at a dull red heat (below
about 1100° F), a,nd tha.t this be done over a rela.tlvely 11m1ted tempera.ture

I‘range, Currently imposes some maszacturmg limitatxons on the process.

I—Iowevar utilxzatwn of more rigld fabncating equzpment promxses to over- .

- come these lzmita.tmns. The striking comb1na.‘.:10ns of strength and

ductxhty at cryogemc, room, and elevated temperatures, the Outatandmg

resxstance to fracture under cychc loa.ding, and the unusual toughness
exhszted by several low-ca.rbon Ausform steels suggest ma.ny applications |
“' for these steels ——a few of the more likely ones are showp in Table I,

The high strength, ha‘rdn_es.sls,v and ductility at room and elevated
temperature‘s recommends them for tooling, such as punches, dies, shears,
'etc'. The strength, coupled with excellent resistance to fatigue failure, has

. prompted studies ‘of their use in aufometive suspension systems and in high-
) sfzjength bolting.. Se'irera.l of the highestostrength bolts ever fested_ were

- made of Ausform steel, The demonstr'ated"high burst strength of Ausform

’
-

- steel tubes holds prormse for a.pphca.tmn in small mlssxle cases, mortar
- t;:ubes, vand_rifle barrels. Preliminary ba,lhst:.c tests of the low-carbon -

: .' Ausform steels‘ show them to have cvonsiderahle poteptml as armor materlals, .
~"The disculssio‘n has been confined to‘eteels, i. 'e. , i:on—h_a.se elloye ] B

' .contaimng carbon as the princxpal etrengthemner element Newly introduced_ ,

martenmtic alloys, ca,lled "Maraging steels" by then' developer - The
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| International Nickel Company ~ — -do not contain mgmﬁca.nt amounts of carbon . -
‘yet ca.n be heat treated to ultimate strengths of more than 300, 000 pm.? o
A typzcal Maraging alloy contains 15% Ni, 9% Co, 5% Mo, 1/2% Ti, |

‘and neglig:.-ble ;arbon. . The heat treatment for this a.lloy is illustrated in the_

" fourth panel of Fig, 13. The alloy is heated to -above the critical temperature

(about 1‘500" .F-) and allowed to air cool to room temperature, Draétic_
quenching is not necessary, The martensite that forms is soft and malleable,

unltike that formed in quenched steels, and it can easily be fabricated into. '

uéeful shapes prior to further hea;t treatment, The martensite is then "aged"

at about 900° F for several hours, The agihg process causes i:he ~s6ft ;

o martensite to harden. Strengths of 250,000 to 300,000 psi are rea.dlly '
a.c'hieved'.-‘ At this strength level, the Maraging steels have about twice the' -
g ductilitj} of conVentipnal steel, Furthermore, their toughness is ina classv. .

| By itself, as is .-e.videnced by their ability to resist brittle fracture in the

presence of sharp notches or microscopic flaws such as nonmetallic inclusions,

o fThe' simple heat treatment, the excellent welding characteristic s, the high

- _toughness, and the combination of good strength and ductility at cryogenic and-
room temperatures have prompted a flood of development efforts directed |
’towa,rd ea.rly applicatiéb. of these steels'. 'I‘he sudgested applicatzons include
such diverse items as h1gh.1y stressed rotatmg parts of machmery, a.1rcra£t

~

B landing gea.ra, hulls for deep~-diving submarines, ete.

L1

SUMMARY

Bnttle crystalline sohds are inherently strong but actually weak

'“":"The wea,knees is ascrxbed to macroscopm internal a.nd surface ﬂ.a.ws
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Ductxle crystalline solids, or. meta.ls, are m.herently wea.k but

" potentxa.lly strong.. The weakness of me"cals is due to the high mob:.hty of
Lo . a.tom-sxze defects called chslocatlons.: Metals can be strengthened by '
1mmobilizxng these dmlocatmns. SOme of the most effective methods of

L " doing this are interstitial and solid-solutmn strengthemng, cold-workmg,

[T

A comparison of the theoretmal and the a.ctua.l strength-we:ght

e ra.tios of the common structural metals over a w:.de ra.nge of tempera.ture

. demonstra.tes the progress made in strengthenmg ductile solids, The

discrepancy between the theoretical and the a,ctual strength-wexght rata.os -

, at'room. tempera.ture va,r:.es by factors ra.nging from approxlma.tely 3 for .-
] Fe and Tx. to about 40 for Be. Substantxa.l gains in st1 ength can reasona.bly .

be eXPected for alloys of Ti, the refractorY meta.ls. and p°ss"bly‘ Be,

The recently developed h1gh -strength 1ron-ba.se alloys, the Ausform

"'and Ma.ra.gmg steels, have unusual tensile. fatigue, a.nd notch-toughness

- 'characteristzcs of interest to the demgner.

| l't is abundantly clear that from the mcreasing knowledge of the e

. _':fundamenta.l £actors underlying the strength of solids w111 come a wide selectmn

__of a.lloya for t:he cha.llengmg ma.terla.ls problems of the future. ,

K

. !
L o
4
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- Table. I, 'Su'ggested'Applications of Aus_fdrm‘_'Steela.‘ B

* . Nondefense.

; :,‘_',.f_-.,Adva.nced suspension systems o

torsion bars, coil sprmgs, smgle-leaf va.riable-cross-f

section springa >

e 'Z'V,Toolmg

_ punches, dies, cuttmg tools shears
: ngh-strength bolts IR ,
"":_-Aircra.ft pa.rts .

landmg gear. structural panels, hzgh-strength forgmgs

" ,"'."'.‘:,.'Earth-moving and agricultural eCLUiPment parts

~ " Defense

- Missile cases (especially small diameter)

" Mortar and riﬂé barrels‘

e v_Body and vehicle a.rmor

Very-}ngh-strength forgmgs, extrusxons, and sheet in aerospace

hardwa.re S SO
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"FIGURE LEGENDS

- Fig, 1., -~ The theoretical and currently attainable stréhgth of some brittle

solids (after Chlman)

' Fig. 2. The motion of an edge dislocation and the production of a unit step
’ of slip at the surface of the cry,sta.l. {a) An edge dislocation in a
E c'ry'sta.l‘ str'uct\‘\;.re.', (b) The dislocation has'moved one lattice

" spacmg under the action of a shearing force. {(c) The dislocation'

ha.s reached the edge of the crystal and produced umt shp. (After

Guy, Elements of Physical Metallurgy.)

oL ; Fig 3, : ';‘he influence of several compositional and microstruétural :
| | va_rié,bles on the strength of iron, |
s Flg 4, ~Dislocation pile-up ‘against a boundary,
o Fig. 5. -Dislocations in a cold-worked material, :
: _"’__:E‘}i‘g. -\ 6.l The melting points, denszties, and shear moduli of severa.l of thev
Y ; _ | common structural meta.ls The short horizontal line shown in the
. first panel for each metal indicates ‘the temperature at vwhiéh the
iﬂstrength curve breaks‘. | v
} B '- F.ig.v 7. The theoretical and actual strength—to-weight ratios of aluminum
| :'i, and magneaxum metals and alloys, | o ,
F_'ig.. '8,  The theoretu::a.l a.nd the actual strength-to-we1ght ratios of iron and ‘

S+ its alloys.

‘ "Fig.’ '9. - The theoretical and the actual strength-to-weight ratxoa of the
| B elements Be, Fe,' and Ti and their alloys.
Nl ‘Fig.:10. - The theoretxcal and the actual etrength—to-weight ratios o£ the -

* elements Nx,._Co. Mo. and Nb and theu' a.lloys.; o
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Fig 11, _The theoretical and the actua.l strength-to-weight ratios of the

- ~elements Mo, Ta, and W and their a.lloys. :

S Fig _ 12, A s_ummary of the theoretxcal and the actual strength-to-weight -

B n = .,‘-_'ratiols of several of the common structural elements and their
g _"-.,'-fFig; 13, 'A schematic representatxon of the conventional Dutch, Ausform,. :

_and Maragmg processes.

Fzg 14. :;“The response to tempenng of the mechamca.l lpro.pertles of Va.sco |
MA steel in the Ausform and the conventionally heat-treated |
B I 'conditxons. o B |
: F;g 15~, “The e],evated-tempera’ture strength and ductxhty of Aueform and
. _*‘:-,conventxonal Vasco MA steel, | v
Flg 16. . The cryogenic and eleva.ted-temperature strength and duCtlhtY of . a
L ; Ausform and conventmnal Type H-11 steel.
| F1g17- . The endura.nce limits of Ausform Type H-11 steel an& convenfional
e ,:,.:Type Ho11 a.nd SAE 5160 steels.at various survival levels,
Fzg. 18. The ratio of endura.nce limit to tensxle strength for several AquOl‘m

‘ a.nd conventionally treated steels. o
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THE THEORETICAL AND CURRENTLY ATTAINABLE STRENGTH
OF SOME BRITTLE SOLIDS

(after Gilman)
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e
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pro®®"
Tig, W€
Tic Al 04
BeO SiC
ZrB
g Mo si, 2
8,C
si 27 z¢C
TiC
SI(30) (22) Currently Attainable
(subscript indicates % of theoretical )
1 1 1 1 1 I 1
I 2 3 4 5 6 7 8
MAXIMUM STRENGTH AT 5% STRAIN (psi in millions)
MU-31062

Fig. 1.
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YIELD OR ULTIMATE TENSILE STRENGTH
psi x 1073 ’
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/ GRAIN SIZE DEPENDENCE OF STRENGTH OF IRON (0.02 %C)-Y.S.

/ SOLUTION STRENGTHENING OF IRON BY CARBON (0.0001-0.005 %C)-Y.S.
+
SINGLE CRYSTAL HIGH PURITY IRON -Est.Y.S.4000 psii
] 1 1 ] 1 l
200 400 600 800 1000 1200 1400

YIELD OR ULTIMATE TENSILE STRENGTH, psi x 1073

MU-31063

Fig, 3,
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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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