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material with, and the other one without, the tiansformation phenomena

at room temperature while both exhibited it at -196°C.

Materials and Procedures
With respect to MD’ there were two alloy types of the three alloys ? 

| o N .
\investigated. A tabulation of compositions follows:

Heat _C  _Cr Ni Mo SiL . _Mn

A 0.26  10.1 8.8 5.5 '2.o> 1.7
U

A 0.27 9.0 8.0 b.0 2.0 2.0

B 0.20  13.5 8.8 2.9 2.0 2.0

' The standard heat treatment was to austenitize at 1200°C for twb |
hours, brine‘quench,.reheat-and~deform the austénite.?S - 80 peftent at.
either 250°C or 450°C.. As the on1y~v;riable was austenite deformation
tempefature, these two treatments will subsequently be referrédvtd\as
250 and 450. Tensile éamples were ndrmally taken from€05080 inch,thick

sheet, although some rduﬁds vere evaluated from %éinchithick'pléte; As -
| long as there was a'étrain—inﬁucéd transformatioh, a yield point was |
ofserved and is reported as the yield strength.  For those few cases
where the test did nét exhibit a yield point, the.0.2 percent offset
yield is‘reported. .

| Several types of fracture tésts were utilized. ~Bécéusé of material
aveilability, initial plané stress fracture‘cﬁaracteristics of thin
sheét wérevevaluated,with 3 inch by 12 inch single-edge notch (SEN)
specimens. {2) However, aSilarger.sheéf became availablé, iﬁ'was desir-
able tb meke & more copVentional ﬁéasure of toughness with center- iF
crécked 6 inch by 16 inch long séeciméné.‘ Thigk plates were evaluated
- with cfack-line loaged samples of the type sugéested by Mbstdvoy,'ét al.

.(3) In gené?al; the half-height (H) of the sﬁecimen waé 1.1 inches, the

width (W) 2.2 inches, the crack length (a) 0.5 inches and the thickness .



(t) 0.5 inches. All specimens were fatigue pre-cracked by extending.
the crack in about 10,000 cycles of tension-tension fatigue. Test pfo-

cedures were those recommended by the ASTM (4,5) with a calibrated =

crack-opening displacement gage used to measure crack extension in the o

thick plates. One deviation was made in the case of the thin sheet in'?

which a few initial tests were run with ink inserted in the notch tq.'.

follow slow crack.growth. It was found that when the crack chaﬁged its )
| ‘ o : .

mgcroséopic fractuﬂé mode from flat to shéar, that the ink stopped
féiloﬁinga' Thus, iF subgequent tests the?ink w;s not used and the
fractﬁre mode tranlitioh was used to-mar# the end of siow crack 
groyth, It is emphasized that this is an unusual circumstance that
should not be generaiized.

Stress intensit& calculationé_were_made from the.collocation ré-
sults of Srawley, Gross and Brown (5,6) for both SEN and crackFline
loaded configurations. In the case of the center-cracked sampies, a

secant correction for finite width was preferred to the more familiar

tangent correction since it has been shown (7) to give results more

‘closely in line with Isida's (8) analysis. The stress intensity is

given by

K = o [na; sec.%?-l% - (1)

where o i3 the applied stress, a is the half-crack iength and W is the

specimen width.

Tensile and Fracture Characteristics

}

Results of tensile tests are shown in Table I. All samples except
alloy B tested at room temperature exhibited a strain-inducedAtransfor-
mation. This resulted in elongations of 18 to 47 percent with ultimate
strengths ranging from 222 to 367 Ksi. It is interesting that the

. [ 1 . .
yield strength of alloy A did not increase with decreasing test



temperature while the yield strength of alloy B did. In all cases
there was a large'effec§ of test temperﬁture on ultimate stréngth which
is a refléCtion,of the large thermal component of yield stress in mar-
tensite. |
StrgSs'intensity valueg are enumerated in Tables 2 and 3. With |
fespect to the thin-sheet data, two pginté are of significance. Fﬁrst, '
u,there was an effecﬂ of»crosshead.rate on tests evaluated at:room témpgr-
tatur;. This is shown. in Figure 1 for alloy A whe£é.£he toughneSszg
incréased from 199 to 289 ksi-in% with a ﬁwo—orde? magnitude dééreése
in crosshead rate. It is significant that a; the lowest crosshead rate,r
an instability stress,intensity valﬁe céuld not be measured siﬁce.qlow
crack growth occurred all the wayvacross the 5pécimen width. ‘This vas’
verified by using ink to follow the growing crack. Significantly,
alloy B did not exhibit a similar trend when tested at ~196°C. This
wili be coﬂsidered_in a subsequent section. Secondly, the toughness
level was Jery high considering that no plastic zone size corrections
were made.i This is particularly‘true at -196°C’where;a‘K/oys ;alue of
1.1 is fery unusual in steel having an ultimate stfength of 327 Ksi at
that temperature.
As pertains to the thick plate tests, there was some difficulty in
obtaining vglid KIc resultg. In generél, the %—inchvthick specimens
v yielded before any slow crack growth took pléce} This made it impossi-
ble tq associate the K values obtained witﬁ a plane strain insﬁability.
. For comparison purposes, threeﬂk values Wére génerally méasure@ - one
at £he deviation in iinearity of the'load-displaéement curve; one using &J
the initial crack length and maximum load and one using the crack length
at maxiﬁum load with éhe'maximum load. The first two tend té bound KIc

vhile the latter gives an estimate of the critical stress intensity for

plate of a particular thickness. In géneral, the toughness results are:

\
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vneafiy‘eqﬁal to or greater than 106 Ksi-in%."One ver& intfiguing point
is that there was no thickness transition even up to one-inch thick |
plgté for_alioy A' - 450 tested aé room temperature. Observétions
‘ - during tﬁe test indicéted that; even for this‘thicknéss, ﬁhe crack '
would slowly tear and not propagateArapidly. g
An overall observation of the toughness is that‘it.is very good ét
room temperature and exceptionaliy good fdr thé ultiﬁate sfrehgthsi
:iqvolved at —196°C: Fof'example, even boéy-ceﬁfered cubic martensitea

. . : L ( [ .
such as that foundnin maraging steel (5) does not have plane strain

fracture toughnesé values greater than 100 Kéi—in15 for similar strengﬁh'
levéls, ' . .

Thus, it was. not originally anticipated that this matefial woﬁld
 have exceptional toughness when teéted at temperatures where a large
volume fréctionrof body-centered tetragonal martensite would be pro-..
.duced. In the course of these tests; tvo additionai points of signi- -
ficance were noted:

(1) There was a ffaéture mode transition wherein at a certain
point during the crack propagation process there was an -
abrupt transition from completely flat to completely shear 
fracture in the case of plane stress. Under plane strain

' conditions, the transition ﬁas from a flat, internally-
delaminated fracture to a flat, smooth fracture. These
transitions are macroscopicaliy shown in Figure 2. It
should be emphasized that these transitions are not those
~typically associated with s geometricél effect.

(2) The plastic zone was clearly outlined by the surface tilts
due to the strain-indﬁced martensite. For example, a cen-
trally-notched sheet loaded to a,sfress intenSity factor of

191 Ksi-in% produced the piastic zone shown in Figure 3. This



allowed estimates of the plastic zone size to be made and ied
to an interpretation of the various energj ebeorbing'mecha;:
nisms involved in the fracture of these sueels.
These two points prompted the following hypotheses concerning the role
of a strain-induced transformation in the»frecture processQ' :

Fracture Mode Tran51tion

It is first desirable to demonstrate what kind of . microscopic

fracture mode changes there ‘might be, e.g. cleavage or microvoid’ coa-

| |
1escence, FractOgraphically, it was found that crack growth was a1>

i
" microscopically ductile fracture process both before and after the

transition. For example, a fractograph taken from the flat, smooth .

region of a thick sample fractured at —196°C is shown in Figure L.

Both wavy‘slip (center) and dimpled rupture_(upper left) regions are e'
noted. Similar microscopic fracture modes were observed before the

transition although there was a greater predominance of wavy slip. The

wavy slip region is thought to be a type of serpentine'glide which is a.

restricted-flow fracture process. This wavy slip was also observed on

the fracture surfaces of alloy A' tested at room temperature.

Additional fractographic evidence of a ductiie fracture process
was (obtained from examining tue stretched regions in front[of the
fatigue pre-crack. For example, Figure 5 shows from bottom tovtop:
fatigue strlatlons, a relatively flat region and a wavy 'slip region.
This flat region has been associated with plastic stretchlng of the
crack opening just before the onset of slow crack growth. (9) 1In
Figure 5 it is seen to be about 2 - hu.in width. One further observa-
tion is %ﬁat stretched regions also resulted along the boundaries of
the wavy slip regions. A typical area is shown in Figure 6. The

stretched regions here are also about 2 - 4y in width and thus are com-

parable in size to those observed in front of the fatigue crack. It is

o



v point, the critical fracture eriterion in the austenite is exceeded

!7

. ) : | T
hypothesized that the wavy slip fracture is in the martensitic phase, =~

and proceeds prior to failure in the austenite. .Jusf as there is a

transition region in front of a fatigue crack, there is a traﬁsition:'

region along the austenite-martenEite boundaries. However, at some

end dimples form beyond the stretched regions as noted in Figure"6.
With respect to this; it is significant thet the dimples form in a
dlrectlon perpendicular to the wavy sllp.l Thie means that the ﬁarten-
51te fractures f1rst then fracture spredés out laterally in the aus-
tenite which is microscopically perpendicular to the macroscopic crack

growth direction.

Electron fractographs were also taken from the’plane'stress'

"samples. There was not nearly the amountAof.vavy slip that occurred in

the thick samples. However, upon etching the surface with a reagent

_ that attacked martensite, areas similar to that invFigure 7(a) were

found in the slor growth region. No such regions were found(on the
shear»lips of the plane stress samples and only large dimples were
noted as shown in Figure 7(b). 1In all probability, the transformation
is playing a predominant role dﬁring the slow crack growth process.

How can this explain the fracture mo&e—transition? There are at least
two ways in which the martensitic transformation might be connected to
the fracture mode, one being related to MD and the other to microfrac-
ture in the martensite.

With respect to Mb, if the temperature et the crack tip-is locally
raised above Mp, then the volume fraction of martensi#e produced in the
plastic zone would decrease. This could occur if the crack growth raﬁet
became suff1c1ently rapid so that the thermal diffusivity was insuffi-
cient to carry the heat away. As the crack growth rate is directly

proportional to the crosshead rate, (10) perhaps this could explaln the
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effects observed in Figure 1. One comment is in order about allova:
wﬁich.did.not seeﬁ to exhibit a rate effect. As these speciﬁens Wefe-
tested at -196°C, the liquid bath could change the heat-flow conditions.
at the crack tip as compared to room temperature tests in air. Addi- - Q
tional tests must be run to clarify this ﬁeint.
‘ With respect to microfracture of the martensite, it was observed
.‘fracfograbhiealiy fhat the martenEite ffactured first. It is broposed
| that these microfractures form fissures in the direction of crack- pro-
1onga%10n. At this point, 1t is much easier‘for the crack to movei
llaterally and connect up between fissures than to ferm a8 macroscopic
shear’fracture. Thus, the crack continues to propagate‘in a flat mode
as long as the volume fraction of strain-induced martensite remains
high;] It is suggested that in order to accoﬁplish this effect, that
the microfracfure of the martensite must be a cooperative venture be-
tween a number of plaﬁes; That is, the wavy slip region (martensite)
was found.to be about 15u in width. However; the largest strain-
inéuced martensite plates in these materials are on the order of 2u in
width and in general are much smaller than this. Thus, groups of
martensite platee may be fraeturing along a similar crystallographic
plane. | | |
This suggeets‘that the strain-induced martensite may be lined up

in one direction on a local scale. This may be possible and.perhaps,
1ikeiy. Some evidence was obteined duripg the evaluation of a polished
tensile semple with a width to thickness ratio of about eight. (11)
During tension, a Luders' band passed about half way up the gage‘sec4 ¥

tion. The specimen was then unloaéed and it was observed that about

thirty percent martensite had been produéed. A micrograéh taken from

ThlB would qualitamively be in agreement with the delaminations
observed in Figure 2.



the strained region is shown in.Figure_S. Six measurements 6ffthé
major martensitic regions indicated that they occurred at an angle of

53°18' to 56°32' with the tensile axis. The average was’Shéhof which

is nearly identical to the theoretical oblique shear anglejof shohhr,

It is also seen that there is a second set of smaller martensite
"hinges"vlined»up in the direction of the tensile axis. This type of

martensite had been identified previously by Maksimova and Nikonorové
, [ ,

. ¢ | | .
(12) as "bracket" martensite. Both of these, in effect, reduce the
! ,
; o 1 ‘
strain energy of the system and so there is an energy argument in favor

of the strain-induced martensite being lined up in one or perhaps two

"directions. Energetically, the conditions at a crack tip should result

in a similar situation.

. b _ . -
Effect of the Transformation on Plastic Energy Dissipation L

Assuming that the invariant shear of the martensite transfbrmatioh-
does take place to minimize the strain energy in the;system, then oﬁev
may look upon this as an energy absorbing mechanism. The following
analysis treats the separate contributions of the martensite, the
invariant shear and the austenite as‘energy absorbing media. First,
consider martensitévthat has already been formed in ffont of the crack,
The:plastic energy absorption in this martensite would be the voluﬁe

> :
fraction that ié present times the summation of strain energy density

for the martensite throughout the plastic zone. Thus,

27 Rp ' (
qu.‘ = t/ / Va.Wav r f(e)drde (2)
L o Yo ‘ '

where V . is the volume fraction of the martensite, W . is the strain
energy density of the martensite, t is the. plate thickness, Rp is the
plastic zone length, f(8) is a shape factor and r,8 are polar coordinates.

Both V 1 and W i are a function of plastic strain and hence a function
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of distance, r, away from the crack tip. It has been observed that the
| o .

greater the strain, e, the greater the.volume percent martensite that
is strain-induced. (13) Data have been obtained from magnetic'field.&
strength measurements which allows an approximaté relationship between : ‘ [

.V&v and €. As shown for two alloys in Figure 9, this is given by
Vaq = 102555 - : ' (3)

;For large strains, the strain energy density‘may be approximated as

O o€, Thus, equation§(2) becomes S : f

L ys
' ) 2w RP ' S
Ua' = t[ j‘ Va.ma'ver f(e)Qrdé (W)
' Yo o _ '

where oa; is the yield stréngth of the strain-induced'martensite. From
Hult and McClintock's strain distribution for longitudinal shear (1h)
the tensile analogy is taken which has been shown to adequately des-

' cribe plastic strain distributions. (15) This is given by
°. [mr o
e = 7% [—B - 1] : (5)

where %, is the yield point of tﬁe austenite-martensite mixture at the
onset of plastic flow. Combining equations (3), (4) and (5) leads to

l
L

.Uav =t v 1-20av 'ir[ - - .] ol e 1iir f(e)drde (6)
o - Yo . ‘ _ | o

The shape factor was determined with the experimentally observed shape . %
in mind. Plastic zones in these steels have been observed to be similar '

=

_to the Dugdale (16) zone but somewhat fatter. Considering the total
length of the zone to be Rp, the plastic strip height is usually about

one-half Rp. Thus, the shape factor may be eétimated approximately by
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assuming an ellipse with Rp for its major axis and ng for its minor

axis. Integrating ,(6) gives a shape factor of 7/8. This, inserted |

into equation (6) and integrating from o to R, gives

' o, 3/ o o :
Uy = 0.56 oav(—E—) Ryt ()

A'Similar development‘for the contribution of the'transformatibn

strain, €1g9 considers the strain energy density to be Ud'EIS‘ This

would probébly be an upper bound since st}eséeg of %' are ndt neces-

) : i, : . . ) J
sarily maintained at the austenite-martensite interface. Again, using

the shape factor of n/8,

N
Uis = gt | Voo rers rdr (8)

o

It is noted that the contribution of the invariant shear is dependent

upon the volume percent maftensite, which is dependent upon‘the plastic

strain distribution in front of the crack. Combining equations (3),

(5) and (8) and integrating gives

g

. o . 5 .
UIS = 0.185 O (ﬁf) eIst t ‘ | (9)

A treatment for the contribution of the austenite is identical to that

- of the martensite exgept for the volume fraction of austenite which is

1 -V, . This leads to

Oyo

UY = 0.196 = Rp T

,, 0 \3/2 |
c 2 c 2

t - 0.56 °_c< ) R, .t (.10)
Using equations (7), (9) and (10) as estimates of the plastic énergy

dissipation, it was of interest to apply them to the éxperimental

resﬁlté. For the 6-inch wide plate ofialloy B tested at -196°C, the
_ . _



V'The austenite yield strength is not actually known but since there was

following parameters are apprbpfiate:

'oY v o, =258Ksi, E =30 x 106psi
-~ : ...A - ‘ Q -
o ' = 386 Ksi, €rs = 19°; €1 = tan (19°) = 0.344

: . Vo : | : . v
little yielding prior to the yield point, this is approximated as Oye

The strength of the martensite at -196°C was taken from some data by

Chananz (17) for an almost identical composition. His material had

A
IS

ibeen cold-rolled to strain-induced martensite andfhas Subsequently:i

tésté@ at -196°C. Itiis r%glized that cold-ﬁorki&g of the martensi%e.
‘ - ‘ . _
might raise its strength slightly abo§e martensite strain induced
during_a\ténsile téstr Hoﬁgver, the strength of alloy B tested at
-196°C ﬁas observed to héve an ultimate strength of‘327 Ksi and so the

386 Ksi estimate for 100 percent martensite is probably not too

unrealistic. The invariant shear of 19° is typical for the several

types of marténsite that might be occurriné in these steels. These

values in conjunction with equations (7), (9) and (10) give

: U J 174 R 2t psi
a P
Alloy B - k50

! u.., = 2300 R.2t psi
Tested at ~196°C 18 "
| U

y o 31k Rp2t psi-

It

Total = 2788 Rpet psi for one enclave

Up = 5576 szt psi for entire plate (11)

All that is ﬂeeded is a value for Rp. It was oﬁserved that the plastic

zone was well outlined by the transformation as indicated in Figure 3. . o
After the fracture of the 6-inch vide plate (see last line of Table 2),
the plastic strip height was measﬁred as a function of crack position.
This is shown. in Figure 10 along with measured through the thickness
strains. As‘expectéd, the p;asﬁié strip heigh? and plastic strain

increased with increasing crack length, i.e. increasing stress intensity.

-
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The plastic strip height was observed to be about %Rp. Thus, Ry, was

. . : |
estimated from the data in Figure 10 which allowed estimates of Up from
équation (11). These data dre shown as plastic energy dissipation per
unit thickness versus slow crack growth in Figure 1l.. An estimate of
'the'plastic energy dissipation rate is obtained from

. .8U 1 ,
G, = _.Raa i IR (12) -
which in this case gives 1880 1b/in toward the end of slow crack |
gfpwth. This is represented by the upper triangle in Figure 11. In

terms of stress intensity,

K, = [EGP];&-‘ ' (13)

and 1880 1b/in represents a K value of 240 Ksi-in .  This compares well
with the observed value of 277 Ksi—in%.

If was of intérest to see if a theoretical estimate of the plastic
zone size would give comparsble results. The Dugdale (16) estimate was

utilized as given by

mo '
Rp = a[sec(zo ) -l] (_lh)
. ye
This was modified by a Westergaard (18) finite width correction since -

this was shown by Gerberich and Zackay (19) to reasonably represent

plastic zone estimates in wide plates. This revises equation (14) to

W ] o
R, = 7 tan (—wﬁ) [sec <20ys> - 1] | (15)

Combining this with equation (11) and invoking equation (12) gives

by () ] B ) ) s 0

o
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For the test under discussion, the applied stress was 78.4 Ksi, the

1

o yleld strength was 258 Ks1 and the critlcal crack length was h inches.»,

" For the 6—1nch wide plate this gives a value of 1840 1b/in for G

which may be translated into a

again the estimate of K is very close to the observed value of 277

.. %
Ksi=in

was necessary to assume that

l/
stress intensity of 236 Ksi-in?. Thus,

It should be mentioned that to determine equation (16) it
do

da

was zero at 1nstab111ty. This was

,essentlally the case in that the increase injapplled load waé élmosﬁ

. ! R | . . ' .
negligible toward the end of the slow crack growth process. _ !

‘One other test of this proposed model was made with a 6-inch widev

plate specimen of the A' heat tested at room temperature.

loaded in tension until the loading-pin hole yielded.

It was

1

At this.poinf

the crack had grown to 2.15 inches and the stress intensity from

‘ oy
equation (1) was 191 Ksi-in™.

sipation for the various contributions were calculated.

- - parameters for alloy A' tested

’ OY ~ oc = 201 Ksi, E =
oa' = 290 Ksi, EIS

These values in'équations (7),

Alloy A' - 450 @
U

Tested at 20°C 13
U

Y

Total
U

P

Using this result,a derivation

= 0,344

Just as before, the plastic energy dis-

The eppropriste
at room temperature are:

30 x 108 psi

(9) and (10) give

2 .
= OR "t
9 p © psi

1590 szt psi

200 szt psi

1880 Rpet psi for one enclave

(27)

i

3660 szt psi for entire plate

for Gb similar to equation (16) gives a

value of 1620 1b/in for Gp and a stress intensity of 221 Ksi-in which

compares reasonably well with the 191 Ksi-in

)

value observed.-

One comment is in order sbout the various contributions of the
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plastic energy dissipation. If the invariant shear contribution is

’

about 5 times as great as what is normally obtained,in'high strength

steels, why is the toughness not /; times as great? The pléstic zone

~ in these steels is long but narrower than in many materials having some

degree of work hardening. Thus, the shape factor of ﬁ/8 for the

materials of this investigation compares to values nearer w/2 for other
sfeéls.‘ Consequentiy, even though the plastic energy dissipation is -
greater‘per unit yolumeuof material involyed, the contributing volume

is smailer._ One might say that the straih-indﬁééd transformation alidws:
mgre efficient usé‘of a narrower_plastic‘zonef This may have some ad- -
vantége under plaﬁe strain conditions where the plastic zoneNSize'is
limited by geométrical considerations, such as plate thickness. Per-
haps tﬁis is why no toughness trénsition was detected in the room
temperatufe data‘of alloy A' - 450, even with one-inch thick samples.
Conclusions

1. Thevtoughnesé of steelvﬁpdergoing a strain-induced transfor- .
mation at the crack fip isvvery'good.

2. The transformation interacts with the crack tip to allow

| propagation in avmacroscopic flat mode rather than a macro-
'scopic shear mode .

3. Fractographic observations indicate that the micrpscopic
fracture process is a ductile one. Inifial fissures in the
direction of crack propagatiop formiby vavy glide'iﬁ stfain—
induced martenéite followed by lateral tearing of the aus-
tenite between fissures. |

k. Both fractographic and microscopic evidence indicate tha£ the
formation of strain-induced martensite acts to réduce the
strain energy of the: system.

5. An energy model isﬁproposed_to explain the effects of the



16
strain-induced ﬁartensitic transformation on ecrack propégation
in steel. This model indicates that the invariant shéar may -

be about 5 times as effective as those plastic dissipation

processes normally occurring at a crack tip.

1
‘(' . . ; ' o f ." o
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Table 1: Uniaxial Tensile Data

. .Material and Treatment

A-250

A-250

A"-450
A'-450

A'-450

B-450
B-450

B-450 = -~

Condition

0.001

(a) Average of Duplicate or More Tests

 (b) Almost no strain-induced martensite

Test
RT - 0.001 in/sec.
~196°C = 0.001 in/sec.
RT - 0.001 in/sec.
- =73°C - 0,001 in/sec.
~196°C - 0.001 in/sec.
RT - 0.001 in/sec.
-73°C - 0.001 in/sec.
=196°C - in/sec.

- Yield Strength,
" Ksi

234.5

256.2

201.0
185.0

195.2

181.7
- 211.7

258.0

(a)

Ultimate Strength,

Ksi_
235.5

 ~uL294.0'

239.5
284.0

366.5

7196.2
. .222.0

326.9-

(a)

Elbﬁgation

‘(Ka)

(1 in), % |

31,5

13.0

36.6

- 21.0

18.0
9.6
 46.6

38.9

61



Table 2: Plane

Stress Fracture Data

Material and

Treatment

~ a-250(®
a-250(®)
A-250(2)

a-250(2)

Ar-450(8)

450 (%)
B-450 (%)

=450

RT

RT

RT

RT

RT

Test Condition

0.0002 in/sec.
0.002 in/sec.

0.02 in/sec. -
0.2 in/sec.

0.0001 in/sec.

-196°C - 0.0005 in/sec.
~196°C - 0.005 in/sec.

~196°C - 0.05 in/sec.

(a) Single-edge notch specimen

Thickness Width  Applied

in. in.
0.679 2.72°  34.9
0.081 2.71  41.1
0.082 2.72 36.9
0.083" 2.75 33.5
0.0825 6.00  96.0
0.080 5.00 71.0
0.080 5.00 80.0
0.073. 6.00 78.4

(b) Crack slowly teared giving no instability

(c) Center-notch specimen

(d) Pin-loading hole failed; specimen unloaded.

Initial

‘Critical

Stress

Intensity, Ksi-ink

Stress, Ksi  Crack, in.

1.06
0.97

~1.01
1.047

2.05

1.83

1.75

1,757

Crack, in.
None
1.47

1.45

1,37

2.15@

3.47
3.83

4,00

(b)
289.

250
199

191(®

244
314

277

oe

0o
|

R



Table 3: Plane Strain Fracture Data

(a) At Linear Diviation
(b) At Maximum Load and
(c) At Maximum Load and

(d) Specimen unloaded..

0.0005 in/sec.
0.0005 in/sec.
0.0005 in/sec

0.0005 in/sec. -

Material and Test
Treatment Condition
A'-450 -196°C - 0.005
A-450 -196°C - 0.001
A'-450 RT -'04001
A'-450 RT - 0.001
A"-450 . RT - 0.001
A'-450 RT - 0.001
B-450 -196°C -
‘13-450 -196°C -
B-450 RT -
B-450 RT -

Initial Qrack

in/sec.

in/sec.

in/sec.

in/sec.
in/sec.

in/sec.

Crack Length at Maximum Load

‘ : Initial  Load at »

Thick- Width Crack, Linear Maximum Stress Intensity
ness, in. in. in. Deviation Load Ksi-in. % o

0.49 2,12 1.17 6,300 6,460 108 111 -
1.06 2.38  1.25 9,900 12,600  67.5  86.0 106
0.495  2.14  0.71 8,500. 14,750 81.3 141 206
0.493 1.38 0,57 | 6,750 10,500 83.5 130 -
0.968 2.37 1.35 8,700 15,150 74.6 130. 173
0.877  2.38 1.31 10,200 15,100 90.6 134 177
0.48 2.11  0.60 14,700 15,800  133.0 143.0 -
0.49 2.18 0.65 13,500 16,050  -121.0 143.5 -
0.49 2.10 0.64 16,500 23,000 153 213 -
0.48 2.19  0.56 18,000 19,800 153 168'd -

1e
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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.



