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ABSTRACT 
- -.f • ~ .• 

' i ~ 
. The load-bearing capacity of a structural material is, perhaps, its 

mo~t important property. The reliable prediction of this property with, 

extreme environments and under complex conditions of stress and load. 

, 1.: applications is one of the materials engineer's most formidable problems . 

lt 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 fundamental quantities. · 

This paper briefly surveys the progress that has been made in 

1 .• ~nderstanding the fundamental nature of the strength of crystalline solids. 

·. · .:,, , The essential differences between brittle and ductile crystalline solids are 

' first discussed. Several of *e effective strengthening mechanisms of 

· ductile solids are then reviewed. The disc~epancy between the theoretical 

and th:e actual ~trength•weight ratios of each of the common structural 

.·.1 .. metals is next examined over ·a wide rang~ of te~peratures. Finally, two 

. ' ' ' -.: 

•. r' 

: ~' 

./ 

. , I 

recent high-strength iron-base alloys, designed for use in the temperature . 
... · . . ' ' 

range of 0 to 1000• .F; are described very briefly. 

•··.·. . .. ·'. ' . ~ 
• ' I ' 

,·_ ·•·. . .......... .;. '.··' 
: ;.; 
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.••. :.=:: :· 

-,Victor F. Zackay t 

· Inorganic; Materials Research Division of Lawrence Radiation Labbratory 
· ,, and Department of Mineral Technology 

1 .· University of California, Berkeley~ Califorma 

June 18, 1963 

BRITTLE AND DUCTILE CRYSTALLINE SOLIDS 

Frenkel, in 1926, calculated that an ideal crystalline solid, free of 

· .... macroscopic and microscopic defects, would have a fracture strength 

approximately equal to E110 and a flow stress equal to G/S, where. E and 

G are. the elastic (Young'~) and shear moduli, respectively. 1 His atomic 

' 

model was one of close-packed spheres having attractive forces that varied 

sinusoidally .with position. Although Frenkel's results could be viewed only . 

as a crude estimate at best, it was apparent that the strengths of real and 

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

.. ·much has been learned about the reasons for this startling discrepancy • 

··· .. 
J•;'. 

. . In theory, the sh·ongest 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

cally ~-trained So/o, as shown in Fig. 1. 2 Giiman concludes that it should be 

possible to utilize. these materials at stresses in the range of several 

mlllion pounds per square inch (psi), provided certain severe design 

., . restrictions are adhered to by the intended user •.. :Among these are avoid-.· 

- ance of surface scratches and undamped impact loads. The discrepancy 
...,•f. 

·· between the strength of real and ideal brittle solids is now rationalized on 
, . ' : 

)' 

· th~ .. basis of the existence. of surface or internBl flaws of macroscopic or 

'1 
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·microscopic (i.e., greater than atomic) dimensions. ~hus; covalent and 

·' · some ionic solids are inherently strong but inevitable surface and 

., . 

. i internal flaws initiate running cracks af applied stresses far below the 
. ' 

. theoretical strength •. 

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

reliability is essential or where extremely complex shapes are required . 

. Therefore 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 structures will continue to demand 

the use of_ less stro_ng but more ductile solids. 

The discrepancy between the observed and theoretical strength of 

·' -a ductile solid, i.e., a metal, is known to be related to the mobility of 

atomic -~ize defects called "dislocations. 11 Dislocations are present in all 

metals, almost irrespective of their purity or mode of preparation. Thus, 

·ductile metals, unlike brittle solids, are inherently weak and can be 

strengthened only by immobilization of dislocations that normally move 
• i • 

under vanishingly small applied shear stresses. 

_,, STRENGTHENING MECHANISMS IN REAL METALS 

i 

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

·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 

crystalline solids explains satisfactorily why real metals are far wealter 

· than predicted from calculations based up.on ideal or ildefect-free 11 crystal 

··.'lattices. The theory a~so explains why thin metal fibers or "whisker-s"· of· 

'many metals have'·strengths equal to the theoretically ccil.culated values. 
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In these; the dislocations are very few. ·or those present·are:almost 

completely immobUiz~d. 

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

· .. a. high-purity single crystal; should be o'ne in which the dislocations are 

.. ,relatively ~impeded by barriers,. such as grain boundaries,- impurity atoms, 
' ' . 

·.etc.; T~us. high-purity single.crystals and a whisker .of near-theoretical. 

:· strength represent th~. '.'floor and the ceiling" of the strength of a given 

. metal, as shown in Fig~ 3 for iron. 'J'he objective 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 o£ the whisker. The highest proportions of theoretical 

strength -reache~ to date in metal: systems are those of iron and titanium • 

. Some of the effective strengthening mechanisms in iron are represented in 

Fig. 3 •. 

. The stress required to move dislocations over appreciable distances . :. 
--i.e~, to cause plastic flow-- in a high-purity single c~ystal is strongly 

dependent on the impurity content. Conservative estimates place this "£low 11 

stress in iron single crystals of high purity at about 1,000 pounds per square 

inch~ Conversely, the flow stress of iron ~hiskers has been experimentally· 

determined to be about 1,250,000 psi. Thus, about three orders of magnitude 

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 exampie, 

· when small amounts of carbon (several thousandths of one percent) are 

diss'i::>lved in the body ... centered cubic (bee} form of iron, . the flow stress is ·-- ··~ ' 
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quadrupled.. This potent strengthening is thought. to be related to the position,, 

of the carbon atoms in the iron lattice. The carbon is either. "squeezed" 

into the· holes or interstices of the lattice, or may be clustered about the 

dislocations, thereby creating a "drag. 11 

Metals are crystalline solids· but, unlike many naturally occurring 

.mineral's, are polycrystalline rather than monocrystalline.. The transition 

regions (regions of crystalline "misfit") between adjacent crystals of 
";' . . ... · 

differ,ing orientations are called· "grain boundaries. '' There is evidence 

suggesting that grain boundaries are barriers to the movement of dislocations 
. ' . 

in metals. For e:;cample, by decreasing the grain size tenfold, i.e., 
. ' . . ~ ; ; : 

·presenting many more barriers to moving dislocations, the strength of iron 

can be tripled. An electron micrograph of a "pile •up" of dislocations at 

. a grai~ ~oundar~ in stainless steel is shown in Fig. 4. 

(, Complex tangles 'of dislocations introduced by deforming a metal or 

·:-t: 

. -. an alloy can strongly impede the motion of other dislocations. Severe 

deformation of iron at room temperature doubles its strength. A transmission 

electron micrograph of dislocations in cold-worked metals is shown in Fig. 5. 

The presence of dispersed hard particles or precipitates in alloys 

also serves to block dislocations. The microstructure of steel, though 

complex in detail, can generally be describ~d as an aggregate of hard, brittle 

carbides in a relatively soft matrix of body-c'entered cubic iron (ferrite). 

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

the smaller the carbide size, the stronger will be the steel. Two well-known 
I' : 

microstructures .of steel are pearlite and bainite. The specific differences 

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

· / ·. · and distribution of the hard carbides in the ferrite, and in the manner in which 

the microstructure' are formed. The strength of pearlite and bainite may be 
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. r 
·increased one-thi~d by decreasing the distance between the particles through\ . . ' 

:~..:. 
various heat treatments. A variation of ultimate tensile strength of 120,000 :~· 

. -~ 

· .. ' . 

to 190,000 psi £or a pearlitic steel and of 186,000 to 220,000 ps~ for pearlitic ., 

. ·steel of the. same composition but with a bainitic microstructur is thus 
c ., . · I ' 

_.,,p98sible. 1 

The·strongest ductile solids known to metallurgists are the so­

:. called "martensitic 11 steels. Ultimate strengths to 35 0, 000 psi can be 

obtained in these quenched and tempered steels by appropriate control of 

· · composition and heat treatmento The strengthening mechanisms operative 

·i 

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

tion theory. However, it appears that a combination of mechanisms is 

responsible, including several of those mentioned above, viz. , solid solution 

and precipitation hardening. 3 
' ! 

The attainable strength lever for martensitic steels h~s recently 

been extended to nearly 5 00,000 psi by 11Ausforming 11 --a process, 

developed by the Ford Motor Company, consisting of cold-working a steel 

prior to its transformation to martensite. Another development of both 

. scientific and technologic-al significance is that of the 11Maraging steels" -- · 

- introduced by the International Nickel Company. Their strength is not 
\ 

· · · dependent upon carbon content as in conventional steels. Maraging steels 

-·have twice the ductility and many times the notch toughness of conventional 

steels at the same strength level •. The importance of these two_ new 

materials warrants a somewhat more detailed examination of their engineer­

"> ing properties. This is discussed later in this paper. 

' .......... . 
· Although strength levels greater than about 500,000 psi cannot·be 

· >( · -. reached in bulk ductile solids, tensile strengths exceeding 650,000 psi have ' · 
•' 
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:;been attained in fine cold-drawn steel wires (several mils in diameter). 

Thu~, in suc.h wires, dislocations can be so immobilized through cold-
'· ' ' 

working, . solution _and precipitation hardening, size effects, etc. , . that 
1, • .. \ ' 

., tensile yield &?trengths about one_ •third of the theoretical whisker strength can .. . . 

be. achieved. 

The discussion has dwelt upon a comparison betw~e.~ the theoretical 

··.and currently attainable strength of iron at room temperature. · A. similar 
'. . . ' ' ' 

.·comparison, including the effect of temperatu~e, would be of interest for all 

:; . · the· commo~ structural metals. Further.- in. such an analysis the param~ter 

··. ;; : ;.~~ str~ngth-to-weight .ratio rather than that of strength alone might prov~. to· 

be .of greater value to the designer • 
. ·'.. . ' ' . ' 

'. ;· ... ' 

, REAL AND IDEAL DUCTILE CRYSTALLINE SOLIDS 

. . . . ' . * •.· ' . 
A civilian ad~isory committee to the Department of Defense has 

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

• ,A • .:' 

Metals, Inc.; Mr. George J. Wile, General Ele.ctric Company: Dr. V. F. Zackay, ' ' . ~ ';···.:. 
'. ~-~ . ·. ' .,: ... ,. ·-

'_Ford Motor Company(on educational leave at University of California, Lawrence 
.1.·. 

' . Radiation Laboratory, Berkeley 4, California). Special Consultants: Dr. Raymond·. 

F. Decker, International Nickel Company; Dr. Adolph J. Lena, Allegheny Ludlum 
,, .. 

Steel Company; Dr. Joseph Lane, National Academy of Sciences, Secretary •. 

_:,;..,.. .. ·, 
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'.' ' ' ' . ' 4' 
strengths of the common structural metals. The contracting agency, the 

Nationci.l Acade~y of Sciences,. has· generously granted perinission to the 

.... ~· 
:;~;-'writer to publish the: results. The writer ·gratefully acknowledges the 

. ·. 

·. '.• 

.. ~ :\i. '·-. '. )· . ·.. '. . . . '· ' . . . . ~ : ' ' . . ~ 

· · efforts _of Dr~· Walter Finlay, Chairman, and his colleagues, who labored 
'' 

' ; s~verai 'ye~'i's 'to: collect and interpret the\ data to be shown here. 

' .. -:r;1le theoretical ~hear stress in an ideci.l solid, viz. , . one' free of . 
' 

. \·_. .. ,defects, _has been v~riously esti~ated as being between ,G/5 and G/15. The 
• ••. • <. < ·: .; •.·· ~ I . ; . . . • 

. t t I \.~ ~ ' · , ' i · · , • 1 . , 

. . lower limit,· i~ e., 'G/15 is the one used herein. Following a suggestion of 
.f '· ' " •• • 

Dr. Hirth, a member of the above -mentioned' committee, the temperature 
,. 

I i' , , ·; 1 ; 

dependence of the shear modulus is assumed to be linear to about 70o/o of the 
.... · .• ' :\ ' . ' 

mel t~ng point •. 

;'.', .·. Since evaluatio;q: of the actual strength of the various metals is 

' ', l' 
based upon tensile yield data, the value of the estimated theoretical shear 

" 

. strength must be doubled. Thus, the two criteria, the theoretical and actual 
' 

I. 
strength-weight ratios, are 2( G/lSp ) and YS/p , respectively, where p is 

the density and YS is the measured yield strength. 

The melting points, the densities, and the shear moduli of the common 

structural metals are shown in Fig. 6. The metals can be grouped most 
. ·~· . '. • ' 'l ' 

·-·~. ·. : . 

conveniently in terms of their melting points •. These groups are Mg and Al 

(1202° and 1220° F, respectively); Be, Fe, ·Ni, and Ti (between 2332° and· 
/. 

·. ~ . '\! J,:· · ... '! ·, 

The low densities of the elements of Mg, Al, Be, and Ti are 
'·;~~ '::·.'_./·: 

,, .. immediately obvious, as are the high densities of the elements Ta and W. 
·. ~<.·_,:, . 

.- ~ Perhaps most striking of all are the high moduli of the light metal Be and 

,. the heavy metals Mo and W. 
. . : . . ' 

The temperature at which the strength drops sharply is indicated in 

: the first panel for ·each metal by a short horizontal line. It is apparent 
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) .. ·, 
.·, ;{' 

,. .l. ' .· that the primary factor in determi:W.ng the elevated temperature f:Jtrength is 

-. ' 

~ -..i .. :· 
... 

. . ~ 

the melting point. . .. 
. . 

The actual and the the~re.tical strength-weight·ratios of Al- and 

Mg~base alloys are shown ~n Fig. 7. The differences between these two 

ratios for Al and Mg at r,9om temperature are by factors of about 4.5 and 

., .. · 8, respectively. Theoretically, then, ductile aluminum and mag~esium 

alloys haVi~g yield strengths in excess of 300,000 psi are possible. This is 

in marked cont~ast to the highest strengths presently attainable, viz., about 

100,000 psi for Al and about 40,000 psi for Mg. There do not appear to be 

any new developments in these alloy systems that will markedly improve 

their properties at room or elevated temperatures. 

The principal problems of aluminum alloy design are those of 

. improving stress-corrosion resistance, and of raising stre~gth without· 
·:-1··-t . ' . . 

concomitant loss .in ductility. The most serious deficiency of magnesium­

base alloys is in corrosion resista,nce. A better understanding of 

strengthening and corrosion mechanisms is needed before appreciable 

improvements in proper.ties can be expected. Further, the low melting points 

of Mg ·and Al will continue to restrict their use to temperatures less than 

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

The crystal structure of iron.:.base., alloys is either body-centered 

cubic (bee), face -centered cubic (fcc), or, in some instances, mixtures of 

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

having the fcc structure, whereas the strongest alloys of the bee structure 

·· .. are the martensitic ultrahigh-strength steels. The actual and the theoretical 

..... ·· . .:;.. 
strength-weight ratios of these alloys are shown in Fig. 8 • 

. /· The highest atrength .. weight ratios attained at room temperature for. 

metals are those for the Ausform martensitic steels. 6 The tensile yield 
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·.
7
'·:·,·. ~trength of these alloys can be over 400~000 psi. This strength level is· 

within a factor of about 3.S of the theoretical yield strength. The strength­

,. · weight ratios of the austenitic stainless steels are cons·iderably below those 

·.of the martensitic steels, . The yield. strengt}l~ o:£ both austenitic and 
_,. \ 

: martensitic iron alloys drop sharply·:;.a.t:~~.mperatures above. 1000• F. 
' • • - '_ ;_,(,, • ••• ~ :. l • :·':.-'~.i-~~/'·1\', .. . :', :·'(' . ! 

· The elements ·Ti' and Be are o'£' especial interest to the design 

enginee.r •. :Ti alloys, in addition to their·excellent corrosion resistance, 

have a· strength-weight ratio equivalent to those of the best ultrahigh-strength 

~teels. Be, in addition to its light' weight, has an exceptionally high shear 

': -·modulus.; The strength-weight ratios of Ti ·and Be alloys are shown in . 
. · . .• ' .· 

· .Fig.· 9. · Similar data for the martensitic steels are included for comparison. 

Titanium· illoy research and development covers a time ·Span of 

·less than twenty. years •. Ho,wever, there now exist high-strength titanium 
'•!• 

·~!l'_·,/, ,I• ' 

cilloys which are suitable for use at cryogenic, room, and elevated. tempera-

.· tures .• ·,Unpublished data of the Armour Research Foundation indicate, for 

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

that of the Ni- and Co-base superalloys in the temperature·range of 1200° to· 

1800~ .F. 

._.'l The metal beryllium may well be the ultimate challenge to the 

metallurgist~ It is relatively scarce; difficult to win from its ores, brittle, 

toxic in some forms,· and, of course, quite expensive. •· On the positive side, 

Be has both low density and a high modulus •.. As a consequence of these : ··. 

advantages, Be has. the highest theoretical strength-weight ratio of any 

·.·metal. The difference between the theoretical and the actual ratios for this 

metal.is about a fac.tor of 40 at room temperature, a·s shown in Fig. 9. The 

·· · g;-.~at potential of Be·· as a structural material can be illustrated by the· . ~ .. . , .,· 
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... •• ·.~. --~; .. •1 ~' 
. ~ .· .. 

'.·: 

. . . , - .~r- :following ~xample: · I£ Be alloys could 'lie· made· with the· strength of conven-
...... 

. ·· · · Uonal. ultrahigh-strength steels ~-viz., .about ·300, 000 psi --then the 

., :.,. ·~ ,• :. < · strength-weight ratio of such alloys would exceed that of the theoretical ratio 

of either iro~.or Utanium (SOX 105 in.). · ..... ·· 

; . 

· · · Fe>llowing the introduction of the jet turbine engine into military and 

'commerciat aircraft;. the most important elevated temperature; regime was 
/ ;'. 

between 1200~ .and 1800° F. ·.·The Ni- ·ahd Co-base alloys,. the so-called 
.i . '. 

.: . 

. . "s.uperalioy's, '·'.were employed in this range and a great amount of research·;; 

;._, ... ~ was directed toward improvin:g their strength. The theoretical and actual 

strength-weight ·ratios for these alloys are shown in Fig. 1 0.· For compari .... 

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

The elevated.;.temperature strength of the superalloys begins to fall 

rather steeply .at .temperatu.res above 1400° F. The prodigious research · 

'• . /.efforts in recent years aimed toward 'improving these alloys have resulted 

. in oni.y small incr~mental strength gains •. At service temperatures above 
I 

" ·,. · · · .: ··about 1700° F, the highex--melting refractory metals must be utilized. 
: ' . . •'• 

''I· .. : AU the refractory metals considered here have high melting points 

:.· (over 4000° F), are bee. in structure, have moderate to high densities, and 

,~ :::possess catastrophical~y poor oxidation resistance at their service tempera-
,: . 

·-. ' . ~, tUres •. Reliable oxidation coatings are not yet available for most of the 
..... ~ . 

. '.·~ ., . 
.••• .metals at their highe.st operating temperatUres. · This problem, and that of 

improving the elevated-temperature strength by alloying, without further 

.·' ·. '.: :,. :sacrificing room-temperature ductility, are the foci of current .research 
-.. ' , ~ ' ' 

'. , 
.1'" 

.·. . .-;.:·~ programs. ·'. 

':>·.' . \ 
~p '~. • ?: . 

. . . . . . \• . 

The the9retical and actual strength-weight ratios of Mo and Nb are . . ... · .\~ . ._. '' '. ' . . '· · . 

. ·, 

.. s.h.c:>wn. in Fig. 10, and· those of Mo, Ta, · and W in Fig. ll. · The elevated..; · 

. temperature strengths o£ Mo and Nb exc.eed'those,ofthe s~~eralloys above about · 

..... . '. 
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' >·' 

1800° F, as shown in Fig. 10. The· "brecik 11 in elevated-temperature strength, 
' ' 

··a characteristic of virtually all metals, occurs at about 2400• F for Mo, at 
~-· !' . • 

abo~t 2500° F for Ta, a.nd at about 3000° F for W. Both Ta and W have 

a.ppreci_a.~le strength remaining at 3400° F. 

A composite graph of the theoretical and actual strength-weight 
·;·. 

· ,,·.:·~ratios, as:a. function of temperature for all metals so far discussed, is shown 
·_.,~· . ' • ~ •.. \ . : • 1 J • ''.· ~ ·. ~- ' c "i • • ' ·• .. \ ' • •. ' : • • ' • • • ' 

>.;·. ·in F.ig. 12 •. Significant improvements in the elevated-temperature propertie$ 
·, ·.: ~ .,. . • ' . j •• 

· .. may 'reasonably be expected for titanium, the refractory metals, and, perhaP,.s~ 
~ . ; : 

· . Be.' The somewhat ~isappoiriting properties of the Ni- and Co-base alloys 
.. ~ . \ . \ . ' . . ' 

.. 'are likely to remain so untU new and more effective strengthening mechanisms 
·., ;.· ; ,. ~· ~ I 

0 
, • • 1 • , • •• 1 , ' , : • • : • • 

-...... are discov~red. ,, 

, TWO NEW MATERIALS IN. THE TEMPE'RATURE RANGE 0 to 1000° F 

'' 
. ~ Two' r'ecently \ntroduced materials designed for use in the tempera­

:tU.re range ·o to 1000° F merit speCial attention. ·These are the high-strength 
•,' 

.... iron-base Ausform and Maraging s'teels. ·The Ausform steels are of interest 

because they have the highest known room-temperature tensile and fatigue 

strength's 'of any: ductile solid, and they combine both fabrication and heat 

'·:···.treatment in one process. 

" The metallurgists, ·Lips and Van Zuilen,· .suggeste"d about a decade 

·· .... :~);.,"~.ago that austen~te be. ''cold·w~t~~~~·, prior to its transformation to ~.arte:r.­

site~ 5 ·The term' "cold-working" is. defined here ·as worki~g. or plastically . 

deforming the austenite by a variety o£ fabricating techniques, such as 

· .. -:·' ·rolling, wire.;.drawing, forging, etc·~·, below its recrystallization temperature; 

.,, · · ;.· · .. under this tr.eatment an entirely ~ew set of soft strain-free grains is formed. 

Thus, cold-working below this temperature results in a strain-hardened or 

stronger austenite from which the martensite must form. 
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The difference between the Conventional heat treatment of steel and ' 

the Dutch Process is illustrated schematically in the two panels of Fig. 13 • .... . · , ... \• '"" 

;· •. Both hardening processes require heating to above the critical temperature 

\. 

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

· Dutch process, the austenite is either continuously deformed as it is cooled 

'from the critical temperature, or, :alternatively~ it is deformed at a constant' 

.\·temperat~re just above the ·martensite 11start" temperature (M ). · The 
~ ' s 
·deformed austenite is then quenched and tempered as in the conventional 

heat treat~ent o£ martensitiC .steels. 

····The early pronuse o£ the Dutch 'process was not realized for several 

years in spite of numerous unsuccessful attempts to duplicate their results. 

. The difficulty':~a~ :that the cold working of the austenite below the critical 
_( 

temperature caused rapid isothermal decomposition, with the result that the 

··· · · final microstructure vJas usually a mixture o£ coarse decomposition products. 

. '' 

.· 

· · ·· ·The initial encouraging results reported by Lips and Van Zuilen were on 

wires andthin sheets wherein the decomposition reactions were ''beaten" by 

,·.quick deformation and drastic cooling. · It was clear that a new process was 

required if the advantages of this technique were to be employed in bulk steel 

· parts having cross sections larger than wire, foil, and thin sheet. In an 

. intensive effort, lasting about six years, re'searchers at the Scientific 
/ ' ' ' 

· · · Laboratory of the Ford Motor Company succeeded in developing a process 

which was 'applicable to a wide variety of steels and fabrication.techniques. · . 

· This is now known as the 11Ausform11 process. 6 

The essential features ·of the Ausform process are: (a) the steel is 

alloyed in such a way that the undesirable isothermal decomposition reactions. 
I, . . . . . ·. . 

· : ~:···a~~ suppressed over a wide temperature interval; and (b) the cleformation, or 

cold working, is~~onfined to this temperature intervai. A comparison of ,this 



· ...... 
. ' .. 

' .. · 

I 

. •. -13- UCRL-10811 

. '~· 

··.·'· ' ' .. . . 
, ~ process with the -two previously mentioned is shown in Fig. 13. The steel is 

·. .; -~:-,};~hea~ed to above the. critical·t~~~erature and ~~bs~q\l~~tly cooled to a tempera·-. 
-. ··--::"'=: ., 

. ~: .. \ "\,.ture in the relatively stable austenitic region, The ensuing deformation is 

·-. '. 

:·.'. 

'·. performed so that the temperature of the steel does not appreciably rise or 
. . 

. fall,_ thereby preventing decomposition of the austenite to either pearlite or 

ba1riite, re'sp~ctively. The resulting cold-worked and strain-hardened· 

austenite is then quenched to martensite and tempered. Many commercially 

.. available high-strength steels are of compositions that lend themselves 

. ~ favorably to the Ausform process. One such steel, known as Type H-11 

-(5.0o/o Cr .. 1.3% Mo- 0.5o/o V- 0.4% C) responds· especially well. 
··> . \ 

The principal factors controlling the strength of Ausform steels are 

;·. ·· the amount of deformation, the temperature at which the deformation is. 

performed, and the carbon content. Lesser variables are· the tempering 
·'. 

··.: temperature and the alloy content. 

The optimum hardness of Ausform steels is found in a highly alloyed 

, .. .. ·'> ·high-carbon steel that has been severely deformed in the austenite condition 

,.,,.;··at a relatively low temperature. The mechanical properties of such a steel, 

·• ··, called "Vascojet MA" by the producer and having 0.55% carbon and a total 

... ,· 

.. '.,, 

" of 12o/o alloying element, are shown as a function of tempering temperature in 

··',·Fig. 14. The strength and hardness (equivalent to that of a metal cutting tool) 
'/ 

· ,_. are remarkably insensitive to tempering temperat-ure. The complex solid· 

. ', ·":. ~tate reactions responsible for the "secondary hardness peak" of the 

. . ·.·.~ · · · · ·. conventionally heat-treated steel are unexpectedly ab~ent in the Ausform steel. 

' . . 

· ·-·~ :-H::''lempering tempe.ratures, ·and the ductility -is equivalent to its conventionally. 
'· 

.... · h~~t-treated counte_rpart. · .. 

r ; . 
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,·.: ."'·.···· 
.. •, 

t~ ~ ' 
; .. ··~ .. ·, .. ~ . 

'· 
I' 

··~.:~·~-.:~,· ~·~· 

· \· :' ::·:''< .. 't-' :.c •.. : ·; · .. ~, :. The increased resistance of Ausfo~m steels· to ·overtempering 
I 

!['···· .. , ... 
.. "',,, 

/ ~ · · f ••• , • suggests that their 'elevated-temperature mechanical properties might also · 
.• . . ~' ·.. ..: ' :. · .. ~- . ' 
.. '• 

! .... ~-:~~-~~-· '-~ :> 

l. 
F ,. 
,,_~ , .. 

·1: ~ 
{ L; 

!:·. 
'! 

I 

!: 
f 

:_;· 
., . I, .. · 

.. 

,: be improved •. The results of several elevated-temperature tensile tests ~n 
~ .. · ~ 

· Ausform Vasco MA and Type H .. 11 steels are shown in Figs. 15 and 16, , . 

· respe·ctively." The strength o£ Aus£orm Vasco MA falls somewhat more 

~···: rapidly._ With test temperature than does that of the conventionally treated 

· ·steel, as shown in Fig.- .15.: However, over the range of temperatures . 

· investigated, the strength of th~ ,Ausform steel is superior to that ofthe 

' ·· c'onventional. . For example, ·the strength of the Ausform steel at a tempera­

ture of 110.0• F is greater than that of the conventional steel at 900° F. 

.. 'Further, the strength of the Ausform steel at 1000° F is ·equivalent .to that 

· .. · of the conventional steel at room temperature • 

I 

I 

• ~. ~ . 3 ' . -The same superiority of elevated-temperature properties of the ·. 
. !· 

., Ausform Type H-11 steel over the non-Ausform steel is ~oted as is 

observed for the Vasco MA •. Of additional interest is the increase in 

· .. strength and retention of ductility at cryogenic temperatures. 

I . The endurance limits for 10 7 cycles c;>f stress reversal were 
l' ,. I · ·· ·· ,,: ', ·.established for Ausform and conventional Type H-11. and conventional 

! · SAE 5160, as shown in ,Fig. 17. The endurance limits for the Ausform steel 

I . . . . . 

1·.····.···· -

I 
. . ~ .. "· 

. •' 

' · .. · .. · 
·; ,.·· . 

. represent the highest ever recorded for ani known material. There is an 

· ·.improvement of about 20"/o in endurance limit for fu.e .Ausform steel o.ver its · 

•. '; conventionaJ. counterpart~ .. , · .. ··:. 

:' L ·_. ', Experimentally, it is known that the ratio o~ the fatigue endurance 

· • limit to the tensile strength of steels is about 0.5 for tensile strengths up 

. .:- : · ... ,to 250,000 psi.: Above' this strength level, the ratio decr,eases· for ~o~~ l<;>Y.,~' 
. ·. 

·.·:1 . ,.··,J. 

alloy steels,> as. shown in Figs. 18. The ratio remains high, however, for ·' . 
} . ,· .... , 
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conventionally heat treated Type ~-11 steel, reflecting its excellent fatigue 

_·strength at 300,000 psi,, while the_ Ausform steel maintains a similar ratio 

at a strength level o£ 360,000 psi. 

The Ausform process combines fabrication and heat treatment in 

one OJ>e.r_a~ioe• This is at once its source of stre_ngth and of weakness. The 

. requirement that the steel be plastically deformed at a dull red heat (below 
' I ,' 

' 
about UOOG F), and that this be done over a relatively limited temperature 

range, currently imposes some manufact\lring limitations on the process • 

. However, utilization of more rigid _fabricating equipment promises to over· 

come these limitations. The striking combinations of stre~gth .and 

ductility at cryogenic, room, and elevated temperatures, the outstanding . . 

resistance to fracture under cyclic loading, and the unusual toughness 

exhibited by severallow ... carbon Ausform steels suggest many applications 

for these steels-- a few of the more likely ones are shown in Table I. 

The high strength, hardness, and ductility at room and elevated 

temperatures 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 automotive suspension systems and in high-

stx;ength bolting. Several of the highest ... strength bolts ever tested were 

made of Ausform steel. The demonstrated :high burst strength of Ausform 

steel tubes holds promise for application in small missile cases, mortar 

tubes, and rifle barrels. Preliminary ballistic tests of the low-carbon 

Aus!orm steels show them to have considerable potential as armor materials. 

The discussion has been confined to steels, i.e., iron-base alloys 

containing carbon as the principal strengthening element. Newly introduced 

Xl!.a:rtensitic alloys, 'Called 11Maraging steels" by their developer --·Th:~ 
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Internatlonal Nickel Company ;_-do not contain significant amounts of carbon 

yet can·~e heat treated to: ultimate. strengths of more than 300,000, psi. 7 . 
. ·.,..... . 

· · A typical Maraging alloy contains 15o/o Ni, 9% Co, 5% Mo; l/2o/o Ti, 

and negligible carbon. . The heat treatment for this alloy is illustrated in the 

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

(about.l500° F) and allowed to air cool to room temperature. Drastic 

quenching is not necessary. The martensite that forms is soft and malleable; 

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

useful shapes prior to further heat treatment. The martensite is then "aged" 

. at about 900° :F for several hours. · The aging process causes the soft 

martensite to harden~· Strengths of 250,000 to 300,000 psi are readily 

achieved. At this strength level, the Maraging steels have about twice the 

ductility of conventional steel. Furthermore, their toughness is in a class 

by itself, as is evidenced by their ability to resist brittle fracture in the 

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

The simple heat treatment, the excellent welding characteristics, the high 

toughness, and the combination of good strength and ductility at cryogenic and 

room temperatUres have prompted a flood of development efforts directed 

toward early application of these steels.· The suggested applications include 

such diverse items as highly stres.sed rotating parts of machinery, aircraft 
/ 

landing gears, hulls for deep-diving submarines, etc •. 

SUMMARY 

'.·:· · Brittle crystalline solids are inherently strong but actually weak. 

·/ The weakness is ascribed to macroscopic internal and surface flaws.· 



I 
l:. 
t 
' 

I I . 
t' 

l 

I 
! 
! 

! 
!' 
I 
j' 

l 
I 
i 
I . 
j 

l 
j 

I 
l 
l 
J 

l 
I 

" 

•17~, UCRL-10811 

· .'Ductile crystalline solids, or.}netals, are inherently weak but . 

.. · p~tenticilly· st.rong. The weakness ·of znetais is due to the high mobility of 
. . . . . . . . . . 

" ' 

. ' .· atom:'!!size defects called dislocations •. Metals can be strengthened by . . -:\ . . , . ' .• . .. . .. . ' 
. . . ' 

: 'imrri.obilizing these dislocations. ·'som~ of th~ most effective methods ~£ 
,:\.. .•., . 
"'\,. .· ··r'-

... doing this are interstitial and solid-solution strengthening, cold-working, 

grain. refining, and P.recipitatio~ har.dening~ 

'·. :".: . , ''·'A compa~ison of the theoretical andthe actual strength~weight. 
. ;·. ~ ~ ·!·,. ., ·, ' . ' •' . \ . . . . ' ' . ! ' . . : ' • ' ' . ; 

... ratios of the common structural· metals over a; wide range o£ temperature 
.~ .• t . . . . . · •... ··. . • • ' ' . . . . ; : . . • • 

. demonstrates the progress .made in strengthening ductile solids. ·The · 

,.· . discrepancy between: the theo1;etical and the actual strength-weight ratios· 
: I,~. I , •, , , , . ) l • •, · ' 

·. at room.temperature varies by factors ranging from approximately 3 for 
' J • • . . • • • . 

Fe and Ti, to about 40 for Be. Substantial gains in sh·ength can reasonably 
. . . ' ~ . ~ : 

tie expected for alloys of. T.i. the· refractory metals, and, possibly, Be. 

'' .,,· ... 

. . ' . ~ ' . 

,···/· 

,~ .. 

'!I 

...... -: ··The recently developed high-strength iron-base alloys, the Ausform 
. "'·:· 

·and lv1a,raging steels, have unusual tensile, fatigue, and notch-toughness 

··characteristics of interest to the designer. 
~ ' ' . 

It is abundantly clear that from the increasing knowledge of the 

,fundamental factors underlying the strength of solids will come a wide selection 

of alloys fo'l: the challenging materials problems of the future.: . 
,· 

.· i 

., ·,;::-- .. 
' ,._ ... 

'\:: 
·.• '·- _._:.-

,. 
' 

. . -:.. ' .. ~ 
' .. -.· :- ·. 
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' ( 



-. 

I l -
j 

I 
I 
I 
I 
i 
j 
f 

l 

I 
i 
I 

I -

I 
I 
I 
I 

I 
; 
' ~ 

.-

/ 

.... · ..... ·<. ....... ~~~\' 
•:\. '. 

·18- UCRL-10811 

(. 

FOOTNOTES AND REFERENCES 

* . Work done under the auspices o£ the U. S. Atomic Energy Commission• 
: , ' . 

. · t On educational leave at .University of California, Lawrence Radiation 
.··,•'• 

· Laboratory.. Berkeley 4, California. 
'· ,,, 

·, 

J. Frenkel: z. Phys., r!_, 572, 1926. 

2 .. ~- · ·. · J. Oilman: 
I{ 

'I. 

Mech. Engr., 83, 55, 1961. 

'\ ' . 

3. P. Winchell and M. Cohen: Trans. ASM, ~ 347, 1.962. 

'4. Materials Advisory Board, National Academy of Sciences, National 

'Research,Council, Washington,· D. C., Report MAB-187-M. 
. . . ·. . . . " 

S.. E. Lips and H. Van Zuilen: ·Met~ Pro g., §2_, 103, 1954. 

6. Ve. Zacka}r and W. Justusson: Special Report 76, The !ron and Steel 

Institute,· London, England, 1962. 

7. R. Decker, J. Eash; and A. Goldman: Trans. ASM, -~ 58, 1962. 
'r 

. ' . 

/' 

'• .·. l,: 

: ; 



·'1' .,,< •••• •,.; 
·i: 

~19.- UCRL-l 0811 · 

· - · · Table. t. Suggested Applications o£ Ausform· Steels . 

'. 

· Nondefense . 

_ :· ., ., .. ~dvanced suspension .systems · .. ' 

J. .to:~:sio~ bars, coU $pring~, singl,e-leaf variable-cross-· . . .. .. 
' ' . 

section springs . 

,. Tooling 

· .... 
• ' . 't . 

. punches, dies, cutting tools, .shears 
,. 

. · ' ' ·• i "1.'\ 1 r! • 
.· .. ::· .. ..: · High.:.strength bolts ; 

-. ' . Aircraft parts . : 
' •. 

" : .·. · landing gear, structural panels, high-strength forgings 

~ ... Ea;-th-moving and agricultural equipment parts· 

·· ... 

Defense 

. ·.' Missile cases (especially small diameter) 

· Mortar and rifle barrels 

Body and vehicle armor."'·. 

Very-high .. strength forgings, extrusion,s; and sheet in aerospace 

hardware 

,·' 

. ·:·.~ 
!•'. 

. ,,: 
.· · .... , 

·- . 
. '·· .: .. 

'' .·•· .· . ' ~, •· ,·-
. • . . . ~: . 

':i :. . I 

\,• 
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FIGURE LEGENDS 

Fig. · 1. The theoretical and currently attainable strength of some brittle 

solids (after Ciilman). 

· ' Fig. z. -- The motion of an edge dislocation and the production of a unit step 

·. ·~· 

Fig. 3. 

Fig. 4. 

of slip at the surface of the crystal. (a) An edge dislocation in a 

' crystal structure~ (b) The dislocation has moved one lattice 

· spacing under the action of a shearing force. (c) The dislocation 

bas reached the edge of the crystal and produced unit slip. (After 

Ouy, Elements of Physical Metallurgy:.) 

The influence of several compositional and microstructural 

variables on the strength of iron. 

Dislocation pile -up against a boundary. 

Fig •.. 5. , Dislocations in a cold-worked material. 

Fig.· 6. The melting points, densities, and shear moduli of several of the 

common structUral metals. The short horizontal line shown in the 

first panel fQr each metal indicates the temperature at which the 

strength curve breaks. 

· Fig. 7. The theoretical and actual strength-to-weight ratios of aluminum 

Fig. 8. 
/ 

~ 

'Fig.· ·9. 

and magnesium metals and alloys. 

·· The theoretical and the actual strength-to-weight ratios of iron and 

its alloys. 

·The theoretical and the actual strength-to-weight ratios of the 

elements Be,· Fe, and Ti and their alloys. 

;· ·· Fig. 10. The theoretical and the actual strength-to-weight ratios of the 

elements Ni, Co, Mo, and Nb and their a1loys. 
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The theoretical and the actual strength-to-weight ratios of ~e 

elements Mo. Ta, and W and their alloys •. 

·Fig. 12. A summary o£ the theoretical and the actual strength-to-weight . 
. ' 

'.t'' . ratios o£ several o£ the common structural elements and their 
·"., ;-

alloys. 

·.Fig.· .. 13. A schematic representation of th~ conventiQnal, Dutch. Ausform, 
... ·. 

) : .. _'~ ,. ' . , and Maraging processes. 

Fig •. ·14. The response to tempering of the mechanical properties of Vasco 
''· -·~' ... • .. ·. 

.· ~ 

: .. . :~· 

/.··· 

MA steel in the Ausform and the conventionally heat-treated 

conditions. 
. ' 

Fig. 15. The elevated-temperature strength and ductility of Ausform and 

·.conventional Vasco MA steel. 

Fig •. 16. The cryogenic and elevated-temperature strength and ductility o£ . 

• Ausform and conventional Type H-11 steel. 
' 1 • • 

Fig.· 17. . The endurance limits of Ausform Type H-11 steel and conventional 

Type H-11 and SAE 5160 steels .. at various survival levels. · 

.. Fig. 18. . The ratio of endurance limit to tensile strength for several Ausform 

and conventionally treated steels • 

• ·1'; f; 
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THE THEORETICAL AND CURRENTLY ATTAINABLE STRENGTH 
OF SOME BRITTLE SOLIDS 

(after Gilman} 

Theoretical 

TiB2 we 
TIC A1203 

BeO ZrB SIC 
B Mo Si2 2 

B C 
Sl 2 ZrC 

TiC 
Sl(30l 1221 Currently Attainable 

(subscript indicates % of theoretical } 

I I I I I 

2 3 4 5 
I 

6 

MAXIMUM STRENGTH AT 5% STRAIN (psi in millions} 

Fig. 1. 

UCRL-10811 

I 

7 8 

MU-31062 
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(a) (b) 

, __ .,..._I 

~Unit step 
of slip 

(c) 

MUB-1965 

Fig. 2. 
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YIELD OR ULTIMATE TENSILE STRENGTH 
psi x 10-3 
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~ ~ 0 0 0 0 0 ~ ~ ~ ~ ~ ~ cP 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

lll I ! -+ : ll 1

1 RON WHISKERS -Y.S. I 

~COLD DRAWN STEEL WIRES-Y.S. 

I ~ + LJJW ALLOY MARTENSITIC STEELS -Y.S. 
~ I (deformed prior to transformation) 

1---..._..,--l--+-~-+-./; LJJW ALLOY MARTENSITIC STEELS-Y.S. 
~ I MARAGING ALLOYS -Y.S . 

..._..,--+-+ lj EUTECTOIDAL BAINITIC STEEL (0.80 %C)-U.T.S. 

,ll EUTECTOIDAL PEARLITIC STEEL (0.80 %C)-U.T.S. 

-f-. + }j EFFECT OF COLD WORK ON STRENGTH OF IRON -U.T.S. 

7 LGRAIN SIZE DEPENDENCE OF STRENGTH OF IRON (0.02 %C)-Y.S. 

v SOLUTION STRENGTHENING OF IRON BY CARBON(O.OOOI-0.005 %Cl-Y.S. 

+ 
I SINGLE CRYSTAL HIGH PURITY IRON- Est. Y. S. 4000 p s i 

I I I I I I 

200 400 600 800 1000 1200 

YIELD OR ULTIMATE TENSILE STRENGTH, psi x 10-3 

1400 

MU-31063 

Fig. 3. 
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ZN -3836 

Fig. 4. 
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ZN-3837 

Fig. 5. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Co~~ 
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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