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The development of new alloys with improved mechanical properties
has been seriously hampered in the past by the inability of a metal-
lurgist to relate quantitatively the variables of microstructure and
fracture toughness. The emergence of & unified theory of fracture
toughness in the past decade has done much to alleviate this diffi-
culty. As a consequence of a recent interdisciplinary research effort
involving both the disciplines of physical metallurgy and experimental
fracture mechanics, we have been able to develop alloys with engineer-
ing properties superior to those of commercially available materials.
This research has required the creation of new and unusual microstruc-
tures, utilizing a variety of thermal and thermomechanical processes.
The quantitative relationships of mechanical properties (strength,
ductility, work hardening, and fracture toughness) with composition
and microstructure are discussed in detail for the newly developed TRIP
steels. In the report of another development, it is shown how the
fracture toughness of low alloy quenched and tempered steels with yield
strengths over 200,000 psi can be improved by as much as T0% by micro-
structural control. Lastly, the initial results of research on alloys
intended for cryogenic service are described. The composition, heat
treatment, microstructure and properties:of an alloy having more than
three times the toughness of the presently used alloys are discussed.
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INTRODUCTION

Thé successful application of continuum mechanics theory to the

. problem of fracture toughness in metals is now well known and appreciated
by engineers and metallurgists. Appliedrfractﬁre mechanics is now a
design barameter for many complex structures.. The intrinsic fracture
toughness of a complex alloy, expressed as either the energy relesase
rate, G,_orvthe stress intensity, K, is a macroscopic measure bf_the
integrated effects of micro and macro factors whiqh contribute to.the
fracture toughness. These include chemical composifion, crystal struc-
ture, defect structure, and microstructure. The internal structural
state of an alloy is of vital concern to the metallurgist.

| In principle it should be possible to relate the chemical and
microstructural features to strength and fracture tbughness. By apply-
ing the principles of materials science that have evolved during the
past two decades, it should be possible to design new alloys with.superm
rior pr0perﬁ§s, However, virtually no new alloys have been designed by
this approach. 'The inefficient and costly trial-and-error method has

been ﬁsed almost exclusively for the development of commercial alloys.



Typical studies that have been made consist largely of-correlaﬁions of
fracture toughness with impurity content [1-5], particle spacing [6], -
and methods of manufacture [2,3,7]. In rétrospect,‘the continued asdher-
ence to the older approach is perhaps not surprising for fracture mechan-
ics itself is not very old, and many of the high resolution instruments
needed to analyze composition on a microstructural scale (such as the
microprobe) and to characterize elements of structure whose dimensions
are of the order of a micron (such as the scanning electron microscopé)
are relatively newv.

The authors of this paper believe that a quantitative and inter-

: disciplinary form of alloy design will emerge in the next several years.
This will'rénder obsolete to a large extent the empirical methods of the
past. They also believe that much of the research now devoted ﬁo study-
ing vwhy the "good" alloys are good will be suppiénted by fesearch direc-
ted toward either the creation of entirely new and superior alldys, or,
alternatively, toward a large, rather than increméntal, improvement of
existing ones.

Iﬁ the present paper, a discussion of results obtained with three
alloys is used to illustrate the ‘effectiveness of the newer approach to
alloy design. In the first example the develoPmeﬁt of TRIP steels is
summarized. By controlling a single parameter, the thermodynamic sta-
bility, métastable austenitic steels having a wide variety of useful
combinations of mechanical properties can be pfoduced. Some of the
interrelationships between stability, properties, proceésing and testing

conditions are discussed.




The second example shows how the fracture teughnéss: of low alloy
quenched and tempered steels (e.g. AISI 4340) can be significantly
improved (without a sscrifice in yield strength) thfough control of
microstrﬁcture. This control is dictated by thé principles of both
nucleation theory and the micromechanics of fracture.

Thé‘third example is a carbon free iron base alloj designed for
use at cryogenic temperatures. This materigl has éxtraordinarily high
toughneés at liquid nitrogen temperatures. The‘pfinciples involved in

improving.properties through metallurgical control are discussed.
TRIP STEELS

Tensile Properties: The mechanical propertieé'of solids are known to

depend on cfystal structure, defect structure andjmicrostrucure. Phase
transformations play a major role in determining the nature of the
defect-structure.and microstructure in an alloy. Thé thérmodynamic
driving force for most phase transformations is controlled by varying
the temperature. In some alloy systems a phase transformation may be
initiated by elastic or plastic deformation. Soﬁe commercial stainless
sfeels (AiSI Type 300 series) undergo such transformations when deférmed.
HOWever,‘these commercially available steels have relatively low yield
strengths.' In a recent development, phase transformations have been
utilized‘to create»a new class of ultra high stréngth metastable austén—
iticvsteéis, known as TRIP steels [8]. v(The word TRIP is an acronym of
transformation induced plasticity.) 'The alloy content of TRIP steels

is adJﬁsted so that the face centered cubic phase 1s stable at room
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temperature{ When these alloys are deformed, they transform to the
body centered martensitic phase. The fraction of the wvolume that trans- :
forms for each unit of strain depends upon the composition, the prior
history, the temperature, and the strain rate [9-11]. The uniform -
elongation [8-14], rate of work hardening [9—13], yield strength [lO-ih],
ultimate tensile strength [10,12-1L4], and the fracture toughness [15-19] ‘
are all strongly influenced by the stability of the austenite, as will
be shown in detail in a later section. |

In a recent study, Bhandarkar, et al [11], determined the influences
of cbmposition, processing conditions and test temperature on the sta-
bility of austenite. Parts‘of the following discussion are based upon
the results of this study. The chemical composition of several of the
stééls invélved are given in Table I. All of the alloys listed were
deformed TO percent at a temperature of L50°C, unless othefwise desig-

nated. The primary purpose of this prior deformation of the sustenite

(hereafter abbreviated as "PDA") was to raise the yield strength to

200,000 psi or more.
It is possible to obtain experimentally an austenite stability

index for TRIP steels. With this index, predictions can be made of the

effect of composition and processing conditions on mechanical properties.
Gerberich, et al [9], have suggested that the volume fraction of marten-

site, Va produced during a tensile test varies as
1 i
V = m€? . |
o .



TABLE I. CHEMICAL COMPOSITIONS OF TRIP STEELS

Compositions, Wt Pct

Designations C Ni Cr Mn
. CN8Cr 0.325 - 8.0 9.0 2.0
CN12Cr 0.290 12.0 9.0 2.0
CN16CT 0.292 16.0 9.0 2.0

CN21Cr _ 0.287 21.h 9.0 2.0




where m is a constant for a given set of test conditions and € is the
conventional strain. The transformation coefficiént, m, was found to be
a useful iﬁdex of éuétenite stability,'with higher valﬁes of m indicat-
ing lowef degrees of stability. The value of m is readily obtained by
plotting Va Vs el/2 and fitting the best straight line tb_the plot.
Typical experimental data for steel CN8Cr are shown in Fig. 1 for a

test temperéture of -78°C. Gerberich showed that for a wide variety of
steels and4processing conditions, the coefficient, m, was a useful index
of austenite stability for TRIP steels. 1In these steels this coeffi~
cient can be varied from zero (completely stable) to about 3.5 (highly
unstable). The value of m is zero when the test temperature is at or
above the Md temperature--the temperature above which plastic strain
will not induce a transformation. Anofher phase transformation tempera-
. ture of importance in these steels is the Ms’ which is the temperature
at whiéh‘martensite starts to form in an unstressed steel during cool-

ing. The MS is always below the M TRIP steels are designed to be

dl
used at service temperatures between the Ms and the Md' In this tem-
perature range, the austenite is thermally stable with respect to the
service temperature, but it is unstable with respect to strain. At

temperatures well below the M but close to the Ms’ the steel becomes

d’
so unstable that even an elastic deformation can induce a transformation
[11,12,14,20-22].

The exceptionally high fracture toughness of TRIP steels is a con-

sequence of the unusual microstructures produced by a stress or strain

induced phase transformation. Deformation induced martensite in highly




dislocated austenite is strongerrthan the parent phase. Martensite
plates disfributed throughout the austenitic matrix profoundly alter
ductility, sffain hardening rate, tensile strength, and fracture tough-
ness. When martensite forms, necking in a tensile test is delayed until
higher strains are reached. The uniform elongation and the tensile
strength are increased because of the higher rate of strain hardening
that martehsite formation causes. The correlation between the sfability
coefficient; m, and the elongatién to frécture for a large group of
alloys of widely varying composition, processing histories and testing
temperatures is shown in Fig. 2(a) [9]. The dilatational and shear
componénts of the austenite-to-martensite transformation enhance elong-
ation and increase the Liiders strain (i.e., the strain in the flat part
of the stress-strain curve following initial yielding). The correlation
between the stability coefficient, m, and the exfent of the Liiders
strain for the same group of alloys is shown in Fig. 2(v) [9]. Similar
correlations exist for the rate of strain hardening and the tensile
strength [9-1Lk].

Thé shape of the engineering stress-strain curves of TRIP steels
can be Quantitatively predicted by the relations‘bétween the stability
index,vm, and the-tensile properties [9]. The rule of mixtures is
invoked tovdescribe the mechanical behavior of austenite-martensite
combingtions. The austenite stability index is génerally determined
experimentally or it can be calculated from the relationships between
stability; compoéition, and processing conditions [9]. The "predicted"

and the observed room temperature stress-strain curves for three steels



of varying carbon contents are shown in Fig. 3 [9]. In general, the
agreement between the two sets of curves is reasonably good. The only
serious discrepancy is between the predicted and measured elongation of
the 0.34%C steel. The low ductility obtained exﬁerimentally in this
case was associated with a premature failure, subsequently determined to
be due to a defect in the test specimen. No necking was observed, and
the teﬁsiie strength of this steel was less than:that of the lower car-
bon (0.25%C) steel.

Bhandarkar, et al [11] showed the relationships that exist between
stability Qnd mechanical froperties for steels with stabilities wvaried
by changes in test temperature (22° ﬁo —196°C),vcomposition (8, 12, 16
and 21 percents of Ni) and PDA temperature (255‘to 450°C). Examples of
their results are shown in Figs. 4 to 6. |

The engineering stress-strain curves atv22°C and -78°C are shown
in Fig. H‘for the CN8Cr steel (composition given in Table I) deformed
70 percent at 450°C. The m values are glso shown in the figure. Thel
stress-strain curve obtained at 22°C exhibited a well defined Liiders
strain of about 6 percent, a low strain hardening rate, and an elonga-
tion df'20 percent; the m value was 1.85. The relatively low rate of
strain.hardening was a consequence of the comparatively low rate of
formation of martensite with strain. At a testvtemperature of -T78°C,
the stress-strain curve was quite different. The yield strength was
lower than that at 22°C by about 60,000 psi, the Liiders strain was
smaller»and less well defined, the rate of strain hardening was much

higher, and the elongation was about one-half of the room temperature
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value.  These features are a consequence of the change in stabhility pro-~
duced byvthe temperature change (as reflected by the m value). Of
particular interést are the low yield strength andvthe high rate of
strain hardehing. These features are characteristic of an alloy under-
going a étréss induced phase transformation. At a strain of only 0.02,
about hélf the austenite had already transformed to martensite in the
-78°C test, as shown invFig. 1. In the specimen tested at 22°C, less
than 10 percent of the austenite had transformed at the same strain.

The stability can also be altered by changing the chemical composi~
tion or the PDA temperature. The stress—strain-cur?es for three steels
of different nickel contents, deformed TO percent at L4L50°C and tested
at -78?0,-are shown in Fig. 5 [11]. Most of the key features in these
curves havé.been previously discusSed. Howevef, the striking differenqe
between,thé curves is worthy of note.

As Bressanelli and Moskowitz [23], Gerberich et al [9], and Tamura,
et al [24] have observed, maximum elongation results when martensite is
produced at an optimum rate with strain. Too little martensite forming
per unit Qf strain results in early necking and.téo much causes prema-
ture féilufe. The relstively low m value for ste¢1.CNl2Cr (estimated to
be between 1.0 and 1.5) indicates that the critérion of Bn optimum m
value for a large elongation has been met.

Changes in austenite stability can be induced by variations in the
PDA temperature [9,11]. The room temperature engineering stress-strain
curves of'steel CN8Cr, deformed T0 percentvat PDA temperatures of 200°

and hSro are shown in Fig. 6. The difference in the stability (as
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reflected by the m values) produced by varying the PDA temperature
markedly influenced the shape of the stress-strain curves. The well
defined Liders strain and the high strain hardening rate of the specimen
deformed at 450°C (as compared with the one deformed at 200°C) reflected
the decreased staﬁility produced by the higher deformation temperature.

These features are consistent with the data shown in Fig. 2.

Fracture Toﬁghness: Several investigators have suggested that a stress

or strain induced phase transformation might enhance the absorption of
energy and thereby increase the fracture toughness [15-19,25]. The
fracture touggness of TRIP steels has been studied from both the theo-
retical andvexperimental viewpoints [15-19,25]. It is clear from these
studies that the toughness is dependent upon the stability, the chemical
compositidn of the strain induced martensite, and the strain rate.
Gerberich,.et al, have shown that, as a first approximation, the frac-
ture toughness Kc, is proportional to m%‘[19l Room temperature plane
stress fracture toughness values of almost 500,000 psi—in%~were"reported
ﬂof highly gnstable (m=2) steels having yield strengths of 200;000 psi or
higher; a summary of the data is shown in Fig. 7. The fracture tough-
ness isvdecreased with increasing amounts of carbon plus nitrogeh in an

alloy. The effect of carbon content on the apparent K value at -196°C

Ic

is shown in Fig. 8. Fractographic analysis showed that the martensite

in the higher carbon steels (over 0.27 percent) had a tendency to fail

by cleavage rather than by shear. The variastion with carbon content ‘of

apparent K. values at -196°C reflects this change of fracture mode.

Ic

L U
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Both.Gerberich, et al [16] and Antolovich and Singh [18] have
derived aﬁalytical expressions which include the contribution of the
phase transformation to the observed fracture toughness.of these steels.
Both groups of investigators have concluded from theoretical and exper-
imental evidence that the phase transformatién-is,a major source of the
fracture toughness of TRIP steels. Antolovich and Singh [18] experi-
mentally determined this contribution to be between two-thirds and
three—fourths of the measﬁred crack extension force, GIc' Hoﬁeyer, no
previous attempt has been made (to the authors' knowledge) to estimate
the change in stress state existing near the tip of a crack in a steel
undergoing a stress or strain induced transformation. This is a Qery
important factor. When austenite transforms to mértensite, there is an
increase in volume of about three percent. This correspond; to a linear
increase of one percént in each of three perpehdicular directions. This
volumetric expansion effectively cancels a large part of the triaxial
stresé thaf exists near the root of a sharp deep crack or notch. The
reduction in the triaxial component of stress has a marked effect on
the behavior of thick specimens, where triaxialitj is a major contribu-
tor to briﬁtle behavior. As a consequence, TRIP steels exhibit an
unusual variation in fracture toughness with specimen thickness. The
fracture toughness of virtually all high strength alloys decreases
sharply with increasing thickness. This does not appear to bé thé case
with TRIP steels. ' As shown in Fig. 9, thé critical étress intensity

factors (K), at room temperature, of both the low alloy quenched and
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tempered steel and the precipitation hardening stainless steel decrease
with thickness more severely than that of the TRIP steel {19].

It has been shown both analytically and experimentally that the
rate of production of strain induced martensite decreases with increas-
ing crack velocity because of adiabiastic heating [19,26]. The conse-

quence is a lowering of the fracture toughness.

Interrélationships of Stability, Properties, Processing and Testing:

The qualitative relationships between the stabilityvof TRIP steels and
the mechanicel properties are shown in Table II. Vertical arrows indi-
cate whefher the property is increased (arrow up) or decreased (arrow
down) by a corresponding change in a particular variable. In some cases
a propérty magy change in either direction, depeﬁding on particular cir-
cumstances. Where the effects of a variable are unknown, a question
mark is shown. A brief discussion of one examplé téken from the table
follows [11].

An inérease in the alloy content of a steel (with the possible
exception of Co) increases the stsbility. However, this is true only
when the elements remain in solution in the austenite. An increase in
stability can result in either an increase or a decrease in elongation.
The elongation is high for values of m between about 0.5 and 1.0,'as
was shownAin Fig. 2(a). Below 0.5 the martensite produced per unit
strain is smgll and therefore the rate of work hardening is too low to
prevent necking, aﬁd above gbout 1.0 the elongation decreaseé with de-
creasing stability because the lérge amount of martensite produced per

unit strain leads to a loss in ductility.




TABLE II

Probable Relationships Between Stability, as Affected by Several Processing and
Testing Variables, and Selected Mechanical Properties

Variable Stability Mechanical Property
Yield Liders Elongation | - Work . Fracture | Resistance to
Strength Strain Hardening| Toughness Hydrogen
" Rate Embrittlemeéent
COMPOSITION (increasing) . _ ‘
Substitutional solutes + [9,11,12] |4 [11,12] |+ [9,11,12]}4+[9,11,12]}+ [11,12]}+ [19] + [29-31]
(exception of Co) ‘ v
Interstitial solutes + [9,10, + [10,12, |+ [9,10 ++[9,10, + [10,12,}+ [19] +4[29-31]
(C and N) 12,14) 14] 12,14] 12,14] 14]
PROCESSING
(All variables increasing)
Amounit of deformation (PDA) | + [9] + [9,12,14]11+ [9,12,1k]] ++[9,12-14]}+ [12-1L4]1{+ [19] v [29-31]
Temperature of deformation | ++[11] +4[11] +4[11] r4[11] ++[11] +4[19] ++[29-31]
(PDA) :
Time at temperature of v [28] + [28] v [28] +4[28] + [28] ? v [29-31]
deformation (PDA)
TESTING , o
Test Temperature +y[9-11, +4[9-11, +4[9-11, +¥[9-11, t4[9-11, |++[15,16 t+[29-32]
(decreasing) 14] 14] 14] 14 ] 14] 19]
Strain Rate (increasing) + [23] +v[23] ++[23] +v[23] (23] +v[15,16 ++[29-32]
19]

Note:

[ ] refers to relevant paper in the bibliography.

..E'[._
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In general, decreasing the stability by changes in composition
results in higher levels of fracture toughness [19]. As mentioned
earlier, a steel with an m value of about two exhibitcd a Kc of h50,000
psi-in%. It is anticipated that further increase in stability would
result in a lower fracture toughness because of the large amount of

strain induced martensite produced at the crack fromt [27].

LOW ALLOY QUENCHED AND TEMPERED STEELS

The low alloy quenched and tempered steels currently in use were
developedvdecades ago by trial and error methods. They all have the

undesirable charécteristic of low fracture toughness at high levels of

strength. Yield strengths above 200,000 psi are obtained by quenching '

from the‘austenite temperature range and tempering at a low temperature
. (e.g. 200°C). It is generally assumed that the low fracture toughnéss

resulting from this treatment is associated with the intrinsic brittle-

ness of high strength martensite. To increase the toughness, it is com-

mon practice to temper the steels at higher temperatures. However, this

procedure causes a marked lowering of strength.

An important result of recent research in our laboratory haé been
the discovery that the observed brittleness of ﬁntempered steels or
those témpered at a low temperature, is not an intrinsic characteristic
of martensite; it is a consequence of the presence of smal; amounts of
isothermal austenite decomposition products, or of an unfavorable dis—

tribution of carbides that precipitate during tempering. We have been

able to increase the fracture ﬁoughness of steels having yield strengths
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in excess of 200,000 psi by as much as T0 percent by using thermal
treatments that preclude the formation of unfavorable microstructures
[33]. |

The standard heat treatment for quenched and tempered low alloy
steels involves heating to the lower end of the austenite‘temperature
range(to minimize grain size), quenching fast enough to prdduce marten-
site, and tempering at a temperature that optimiées mechanical proper-
ties. The-treatment that we used to improve propefties differed in s
significant ﬁay from commercial practice. The difference is discussed
in defail below.

The tensile properties and the fracture toughness of t&o commercial
steels (AISIJhlBO and 4340), éndfulexperimental secondary hardening
steel (5%Mo-0.60% Mn-0.30%C), were determined as a function of austeni-
tizing temperafure. The influence of austenitizing température'on the
room tempeféture plane strain fracture toughness, KIc’ is shéwn for the
secondary hafdening steel ianig. 10. Al]l specimens were quenched in
iced brine and tested in the as-quenched condition. Austenitizing above
about 1100°C increased the fracture toughness byva’factor of two.
Within_tﬁe temperature range corresponding to the‘increase in fracture
toughness,vthere was a concomitant increase in the austenite grain size.
A large austenite grain size.(long thought to be an undesiréble micro—
structural feature for optimum stfength and tbughness) is actually
beneficial to toughness. The reason for this ié'discussed'later in.

this section.

et

it
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The yield and the tensile strengths were relatively insensitive to
wide variations in austenitizing temperature, as is shown in Table 111,
but the eloﬁgation and reduction in area decreased with increasing
austenitizing temperatupe above about 1100°C. The loss in tensile
ductility caused by drastic quenching frdm high austenitizing tempera-
tures can Be recovered in this steel, however, by a low tempering treat-
ment (Below 225°C) without a significant decrease in either strepgth or
toughneés.

A similar variation of fracture toughness with austenitizing tem-
pefature has been obtained with two commercial medium carbon loﬁ alloy
steels. Thé influences of austenitizing temperature and quenching
medium .on AISI 4130 steel are shown in Table IV.F The more drastic
quench (iced brine vs oil) at the higher austenitizing temperatufe
(1200°C) further enhanced the fracture toughness. _(The range of austen-
itizing temperatures recommended in commercial practice is 835-915°C.)

The combined influence of austenitizing temperature and quenching
rate oﬁ the fracture toughness was also investigated for a second
widely used commercial steel (AISI L3L40). Specimens were given an
initial austenitizing treatment at a temperature of 1200°C and either
.directly quenched or, alternatively, cooled to 870°C and then quenched
into one of three different media-~iced brine, water, or oil. The
resulting values of the room temperature plane strain fracture toughness
are given‘in Table V, which also shows thé fracture toughness obtaiﬁed
when the conventional austenitizing temperature of 870°C was employed

(all tests conducted in the as-quenched condition).




TABLE III

AUSTENITIZING TEMPERATURE AND TENSILE PROPERTIES
OF A 5%Mo-~0.60%Mn-0.30%C STEELT

Austenitizing Yield Strength Tensiie Strength ' Elong., % Red. of

Temperature, °C 1000 psi 1000 psi in 1" Area, %
1255 205 25 7 20
1225 21k 261 8 26
1115 210 260 11 32
1060 212 251 12 48
1005 198 2Lk i3 L7
895 194 228 13 L7

TQuenched in ic
condition. '

ed brine and tested at room temperature in the as-quenched

....L'[...
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TABLE IV

AUSTENITIZING TEMPERATURE, QUENCHING MEDIA AND
FRACTURE TOUGHNESS OF A COMMERCIAL AISI L4130 STEEL+

Austenitizing Quenching Fracture Toughness, K

: Ie?
Temperature, °C Medium (Ksi-in%) ,

1200 iced brine 98.5
1200 oil 83.5
- 870 0il 58.0

TAll tests conducted at room temperature in the as-quenched
condition.
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TABLE V

AUSTENITIZING TREATMENTS, QUENCHING MEDIA AND FRACTURE
TOUGHNESS OF A COMMERCIAL ATIST L3L0O STEEL+

" Austenitizing Quenching Fracture Toughness, K. ,
(o) . ' 1 I (&4
Temperature, ~C Medium 1
: ] - (Ksi-in?)
(and quenching
procedure)
1200, .iced brine cracked on quenching
direct quench water cracked on quenching
oil _ 67.3
1200 to 870 iced brine " 62.3
and quench water 61.1
0il 63.8
870, iced brine cracked on quenching
direct quench vater cracked on quenching
o0il 40.0

tA1l tests conducted at room temperature in the as-quenched
condition.
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Several conclusions can be drawn from these experiments. It
appears that to achieve high fracture toughness it is neither necessary
nor desirable to quench directly from a high austenitizing temperature.
Reducing the temperature from 1200 to 8T70°C before quenching minimizes
the danger of cracking and results in about the same fracturé‘toughness
as does Queﬁching directly from the highest austenitizing temperature |
(Table V). The higher carbon content of the 4340 steel (compared to the
4130) led to cracking when the steel was quenched directly from 1200°C
into iced brine or water. Seoondly, it appears that for the more highly
alloyedjh3h0 steel the austenitizing temperature is more important than
quenchiné rate for optimizing toughness. This is indicated by fhe
results of the two step treatment reported in Table V. Thirdly, it is
appareht that with the low austenitizing temperéture employed in éommer—
cial pfa¢tice (870°C), the fracture toughness is substantially lower
than thaf aftainable‘with a high austenitizing teﬁperature»followed by a
Quench from 870°C; Finally, it is significant thatvquenching info media
that produce faster cooling than oil results in quénch cracking to a
much greater extent when the 870°C austenitizing temperature is used
than when the higher austenitizing treatment is employed. The quench
cracks followed the prior austenite grain boundaries.

MetailurgiSts generally assume that martensité in medium carbon
as-quenched steels is intrinsically brittle. Many theories have been
advanced to exPlain this brittleness. However, eXperiments of the type
described above show that untempered medium carbbn'martensite can be

extréordinarily tough as well as strong and hard. Indeed, the strength
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and toughness of drastically quenched and untempered low alloy steels
(less than 5 percent of alloying elements) are equaled only by those of
the high»alloy (about 30 percent total alloying elements) and_more
costly maraging steels.

The_initial effort in our laboratory was directed toward determin-
ing the cause of the low fracture toughness of conventionally quenched
and tempered low alloy steels. Although many factors could contribute
to the oBserved brittleness, our experiments suggested that reactions
occur during quenching and tempering that lead to transformation pro-
duets and microstructures that decrease toughness. Mixed microstruc-
tures are known to be deleterious to toughness, especially when a minor
phase is present as a network at the prior austenite grain boundaries.b
The effectifeness of a high austenitizing temperatﬁre in reéucing brit-
tleness is attributed to the fact that the average grain boundary energy
is lowerbafter grain growth, and this in turn delays the nucleation of
a decomposition product at the grain boﬁndariesf"In effect, this
increases the bainite hardenability.

Our centinuing resesgrch prbgram is.directedbtowara‘deVeloping a
new class of ultra high strength steels having markedly high fracture
toughnesses than existing steels. To accomplish‘this objective we plan
to apply the basic principles of materials science to the design of

multiphase high strength materials.
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A HIGH TOUGHNESS CRYOGENIC STEEL

The design requirements of‘strucfures intended fér éryogenié ser-
vice are demanding and complex. Among the most important of these is
safety. Consequently, high fracture toughness is mandatory. Another
requirement is that the yield strength should be as.high as possible to
minimize section thickness.

Steélé»generally used for cryogenic service are limited in number.
A commonly used austenitic steel has a high toughness, but a low strength
(about 40,000 psi yield strength). Another common steel contains low
carbon and 9 percent nickel (about 120,000 psi yield strength); this
steel hés a relatively low toughness [34,35]. Ideally, a cryogenic
structural steel should possesé both high strength and high:toughﬁéss.

We havé attempted to design a sﬁperior cryogenic alloy by using
the basic principles of materials science. In tefms of defect theory,

strength is enhanced by immobilizing or pinning dislocations. Toughness

is increased, at a given strength level, by providing a high density of

mobile or unpinned dislocations. The latter are necessary for the

degree 6f plasticity that is reQuired for high fraéfure toughness.
This desirable combination is generally absent in the cryogenic allpys
currently ih use,

In our work, we attempted to resolve fhis problem by utilizing a
thermally induced phase fransformation which‘would allow selective
decoration of some, but not all, dislocations. . An example of such a

transformation is found in iron-rich alloys of the Fe-Ni-Ti system.




-23-

(These allqys are not steels in the conventional sense, but are often
classed as such.)

Although the temperature vs composition of the a (BCC) and y (FCC)
phase boundaries in ﬁhis system are not precisely known, for small con-
centrations of titanium it was found by dilatométric experiments that
they.were_similar to, but slightly higher than, those of the Fe-Ni sys-
tem. From dilatometric and metallographic studies of the steel chosen
for study (12 percent Ni, 0.5 percent Ti), it is clear that the iron-
rich FefNi—Ti system consists of a two phase region at léw temperatures
(a+NixTiy), three phases at an intermediate temperature (a+Y+NiXTiy),
and a sihgle phase at the highest temperature (y). vThe nickel-titanium
phase isvbelieved to be hexagonal Ni3Ti. Based on preliminary studies,
a tentative phase diagram was constructed, as éhown in Fig. 1l1.

The’eiistence of the three phaée region at intermediate tempera-
tures sﬁggested thé possibiiity of selectively decorating some disloca-
tions,.with:the opportunity to allow those generated by an y»a trans-
formation during fast cooling to remain free. The precipitation of

3
temperatures. Hence, the ratio of the densities of pinned and unpinned

Ni_Ti occurs only on dislocations in the BCC phase, and only at elevated

dislogaﬁions can'be.controlled by regulating the ratio of the volume
fractions of BCC (a) and FCC (y) phases during heat treatmént in the
three phase field. The latter ratio is uniquely determined by the heat
treating temperature. Upon quenching to room ﬁemperatﬁre, the FCC phase_
transforms to BCC by a martensitic reaction, producing a large number of

unpinned dislocations. Thus, in principle, it should be possible to



ok

produce alloys with different combinations of strength and toughness.
Our expériments are in their early stages but they show a significant
and effeétive trend.

The influence of the heat treating temperature on the toughness
(as measured by the Charpy V-notch value at -196°C) and the hardness at
room temperature are shown in Fig. 12. The heavy bar shown on the
abscissa of the graph indicates the approximate tempersature range of
the experimentally determined three phase region. For heat treating
temperatures associated with the single phase (y) region, both the hard-
ness and the toughness were low. For temperatures corresponding roughly
to equal proportionsbof gemma and alpha, wiph a small volume fraction of

3

Ni_ Ti, the toughnessvwas approximately eight times greater than that
resuiting from quenching from the single phase (y) region. For decreés—
ing temperatures between about T720°C and 650°C, corresponding to in-
creasing volume fractions of a relative to y, the expected increase in
hardness was observed. The fracture appearances of two Charpy bars,
given solution treatments of 800° and 700°C, and bfoken at -196°C, are
shown in Fig. 13. The high degree of plasticity associated with the
fracture'of the bar treated at T00°C is evident.
.Lastl&,_the toughness and yield strength at -196°cC for the two

- commercial steels mentioned earlier are contrasted with those of the
vnew steelvih Fig. 1. The superior combination of strength and tough-
ness of the new steel is clearly evident.

The preliminary results reported herein have encouraged us to

believe that substantial progréss can be made toward developing new and

e g e
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useful alloys by applying the basic principles of materials science to

complex multiphase alloys.
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FIGURES

The relation between engineering strain and the volume fraction of
marténsite that is produced in steel CN8Cr, deformed 70 percent at
450°C, when tested a.t. a temperature of -78°C [11].

(a) The correlation between the stability coefficient, m, and the
elongation to fracture for a large groﬁp of alloys of widely vary-
ing cémposition, processing histories, and testing temperatures [9].
(b) The correlation between the stability coefficient, m, and the
Liiders strain for a large group of alloys of widely varying compo-
sition, processing histories, and testing temperatures [9].
Experimental and calculated room temperature stress-strain curves
for thrée TRIP steels of different stabilities [9]. ..

The engineering stress-strain curves of steel CN8Cr, deformed 70
percent at L450°C, at 22°C and -78°C. The values of the stability
coefficients, m, are shown [11].

The engineering stress-strain curves for steels containing 8, 12,
and 16 percent nickel, deformed TO percent at 450°C and tested at
~-78°C. " The values of the stability coefficients, m, are shown [11].
The room temperature engineering stress-strain curves of steel
CN8Cr, deformed 70 percent at PDA temperatures 200°C and Ls0°cC.
The values of the stability coefficients, m, are shown [ll].
Influence of austenite stability (m value) on the planevstress
fracture toughness of high strength metastable austenites [19].
Effect of carbon content on cleavage of martensite and, hence, on

apparent K . at -196°C [19].
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Effect of thickness on the critical stress intensity factors at
room temperature for TRIP steel and two commercial steels [19].
Influence of austenitizing temperature on the room temperature

plane strain fracture toughness, K. , of an as-quenched experimen-

Ic
tal secondary hardening steel (5% Mo-0.60% Mn-0.30%C) [33].

.Portion of a tentative phase diagram of the Fe-Ni-Ti system showing

the transformation temperatures for the steel 12Ni-0.5Ti.

The influence of the heat treating temperature; for the 12Ni-0.5Ti
ste'el,v on (a) the room temperature hardness and (b) the Charpy-V
notch value at -196°C. The heavy bar showﬁ on the abscissa indi-

cates the approximate extent of the three phase region (a+y+Ni_ Ti).

3
Fracture surfaces of the Charpy bars of the 12Ni-0.5Ti steel
heat treated at (a) 800°C (b) 700°C, and broken at -196°C. The
3T1)

exhibits a higher degree of plastic deformation'and a much greater’

‘toughness (140 ft. 1bs.) as opposed to the one heat treated in the

single phase (Y) region (30 ft. 1bs.).
A comparative plot of the yield‘strength and the toughness, both
measured at -196°C, for two commercial cryogenic steels (data from

literature [34]) and the experimental 12Ni-0.5Ti steel."
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