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study has been made of the condit ions which lead to inter granu lar
brittle fracture in 4340-type steels at an ultra h i g h  yield strength
level (200 ksi , 1380 MPa) in both an ambient environment and gaseous
hydrogen. By means of Charpy impact tests on commercial and hi gh purit y
steels , and by Au ger elec tron spect rosc opy of fract ur ~irfaces , i t is
shown that one-step temper embrittle nie nt (OSTE or emb r itt lem cn t~~),and low-K intergranular cracking in gaseous hydrogen are the result of
segregation of P to prior austenite grain boundaries. Segregation of N
al so con t r i bu tes to OSTE. Most , i f  not  all , segregation apparentl y
occur s during austeni t iza t ion , rather than during tempering. h li m ina-
ti on of im puri ty effec ts by use of a h i g h  p u r i t y  N i C r M o C~ s~~ el r e su l t s
in an increase in Kth for hydrog en- th+c-ed cr~cking by about a factor of
live (to the range 130-140 MNm~~ ) These observations are discussed in
t e rms  of our u n d e r s t a n d i n g  of t h e  m e c h a n i s m s  of OSTE and h y d r o g e n -
a s s i s t e d  c r a c k i n g .
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lntergranu lar Fracture in 4340-Type Steels:

Effects of Imjmrit ies and hydrogen

* *1.
S. K. Banerj i , C. .1 . McMahon , .Jr ., and H. C. Feng

ABSTRACT

A study has been made of the conditions which lead to

intergranular brittle fracture in 4340-type steels at an ultra

high yield strength level (200 ksi , 1380 MPa) in both an ambient

environment and gaseous hy drogen . By means of Charpy imnact

tests on commercial and high purit y steels , and by Au ger elec-

tron spectros~ opy of fracture surfaces , i t is  shown tha t on e-

step temper embrittlernent (OSTE or “500°F embrittlement”), and low

K intergranular cracking in gaseous hydro gen ar e th e resul t o f

segregation of P to prior austen ite grain boundaries. Segrega-

tion of N also contributes to (iSlE. Most , i f no t a l l , segre ga t i on

appar en t ly occurs  d u r i n g aus t eni ti z at ion , rat her than durin g tern-

pering. Elimination of impurit y eFfects by use of a h igh pur ity

NiCrMoC steel resul ts in an incre ase i n Kth for hydro ge n - i n d u c e d

cracking by about a factor of five (to the range 130-140 Mnrn

These observa t ions are di scussed in te rm s of our unders tanding of

the mechanisms of OSTE and hydrogen-assisted cracking.

* LI,

Department of Metallurgy and Materials Science. and LRSM ,
(Jniv ~ rsi ty of Pennsylvan ia , Phi l ade lphia , PA 19104

0Now at Foote Mineral Company, Exton , PA 19341

Deceas ed J a n u a r y  6, 1977
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In troduc tion:

Ultra-high strength steels (yield strength .�. 200 ksi , 1380

MPa) based on a tempered m artensitic microstructure are known to

he suscep t ible to in tergranular embri tt lemen t when tempered in

the range 200 - 400°C. This has been tradi t ionally called 350°C

or 500°F embri tt lemen t or , more recen tly, one-s tep temper embrit-
*tlement (OSTE) . It is usually characterized by a trough in the

p l ot of Charpy V-n otch frac ture energy as a func tion of temper-

ing temperature; this is anomolotis because the hardness decreases

monotonically in this temperature range. The ductile-brittle

t r a n s i t ion tempera ture  goes throu gh a maximum corre spondin g to

the minimum in the Charpy toug hness~~
1
~~. The embr itt lemen t is

accompanied by a chang e in fracture mode from mainly transgran-

ul a r cleava ge or microv oid coa l escenc e to predominan t ly inter-

granular separat ion along prior auste ni te grain hound arie s~
2
~~.

The onset of the embritt lement coincides with the formation of

cemen t ite at the expense of c -carhide~
3’4~~, and i t was ini tial ly

believed that the precipitation of thi it platelets of cementite

a l o n g  the g ra i a bound a r I es w a s  r e spons  i h J e for the em —

bri ttlement~
2 ’3’4~~. However , Capus and Mayer~

5
~ showed that

residual impuri ties in the steel were also an essential factor:

the embrittlement was absent in a laboratory - made hi gh

Puri ty steel of the same n o i n i r . a l  composition as a

suscep t ib le  c o m m e r c i a l  steel . The precipi tation sequence of

carhid es in the matrix and grain boundaries of the high-purity

alloy rema ined unchanged~
5
~~; hence , the carb i des could not he

*
The one step is the tempering treatment , rather than tempering plu s ageinq
at a lower temperature as in classical (two-step) temper embrittlement .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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sole ly responsible for the los s in toughness .

The details of the interaction between impurities and

carhides are no t yet under stood . I t appears that carbides are

nece ssary , hu t no t suff i cien t , for the embr itt l emen t . Some

impurities (e.g., pho sphorus ) seg regate to the grain boundaries

in the austenite phase~
6
~~; som e ra p i d l y  d i ffusin g species such

as N could segregate to the bound aries durin g the subsequen t

temperin g~
7
~~. A carbide-r eject i on process cou ld also cause an

increase in impurity concentration at carbide-matrix interfaces~
8’9~~.

In any case, loc alized concen tra ti ons of impuri tie s at carbide-

matrix interfaces have been shown to produce interface cracking

(9)during low temperature deformation of model alloys

Ultra-hig h strength tempered martensitic steels have been

found to he highly suscep t ible to in ter granular crack grow th in

various media (e.g., I~12O , 112 , H2 S1 , with threshold stress inten-

sities as low as (10-20 ksi/i~
’)(l1 - 22 MNm /2

)~ However , this

problem has never been approached from the viewpoint of impurity

segrega tion to gra in bound ari es , which is known to cause severe

intergranular cracking of hig h strength steels at low stress

• (10 ii)intensities in acidic aqueous solutions

This study was undertaken to elucidate the mechanism of

in tergranular embrittlement in 4 3 4 0 - t y p e  ultra-hig h strength

steels. Fracturl )ehavior in air and crack growth in a hydro-

gen environmen t were examined in a numb er of commercial and

laboratory heats. The operative impurities in three commercially-

produced 4340 steels have been id ent ified , and the effec ts of

these impuri t ies on the crackin g beh avior of such st eel s in a 
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gaseous hydrogen environm ent has been de term i ned .

Ex
,, ~çrimen ta1 Procedure:

Ma terial s . The compos i tion s of the steels used in th i s

stud s ’  are g iv en in Table 1 . Four of the heat s are commercial

AISI 4340 steel , two of which (BI and 84) were vacuum-arc -re-

mel ted (VAR ); the ot her two (B2 and 83) were air-me l ted , but

one (82) was vacuum-degassed . Heat 85 is a VAR silicon-modified

4340-type steel (SOOM) . heats 86 and B7 were prepared by vacuum-

*induc tion-melting from hi gh purity mater ials , hea t B6 bein g es-

sentially a high-purity 4340 steel , and heat 87 a hig h-puri ty

NiCrMo base for 4340 steel wi th 0.4 C . The Mn and Si were

omi tt ed from heat B7 .

h eat Treatment. Austeniti:at ion was carried out in vacuum

for I h and was followed by an oil quench . Three aus teni t izing

temper atures were used to nrovide the range of grain sizes shown

in Table II. Tempering trea tmen ts , usua lly for 1 h , were carried

out in vacuum in the range 50 to 625°C.

Mechanical Testing . The toug hn ess of each hea t wi th var i ous

grain sizes was characterized by the fracture energy in a room

temperature Charpy V-notched (CVN) test on specimens tempered

at various tempera ture s. The deg ree of OSTE was indic ated by

the magnitude of the trough in the curve of fracture energy vs.

tempering tempera ture .

*The base was Glidden Al04 electrolytic iron.
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Studie s of crack grow th in hydrogen gas were carried out

on pre c rack ed , bolt-loaded m o d i f i e d  WOL specimens similar to

those used by Nov ak and Ro1 fe~~
2
~~. The specimen thickness was

one-half inch . Shallow semicircular side-grooves with a depth

equal to fiv e perc ent of the specimen thi ckness were employed

to restrict crack growth to the desired plane . The load was

mea sured by a holt-and-tu p arrangement , with strain gauges

moun ted on the sid e faces of the t up . Pre- crackin g i nvolved

elec tric discharge u~ichiairig oF a tee-slot ;ind then generation of

a fat igue crack by cyc l ic l oadin g.

The compliance of specim ens from each hea t was de term ined

as a function of crack length in calibration experiments. During

an ac tu a l  ex pe r i m e n t , the grow th o f a crack at fixed di spla cemen t

resul ted in a decrea se i n the  st re ss i ntensi t~’ K . Both the K

value and the crack len gt h (a) could be dete rmined by measur e-

men t of the load , in conjunc tion with the compliance calibration

(12)curve, through the equation

— 
P C3 (a/W )K -  (1)
B(a) 2

where : P is app l ied load

a i s crack leng th

W is specim en wid th

B is spec imen thickne ss

For the present side-grooved specimens , B is replaced by (8 x

where is the net specimen thickness. The constant C3 (a/W ’) is

g i ven by~~
2
~ (30.96 (a/W)-195 .8 (a/W) 2 + 730.6 (a/W) 3 

- 1186 .3

(a/W)’ + 754.6 (a/WY). 
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Testing was carried out in a stainless steel chamber

evacuated to a pressure of 10~~ to rr a nd then filled wi th

gaseous 112 (dried by passing throug h a l i qu i d  n i t rogen co ld
*trap) to the desired pressure . A mechanical feed-through

all owed loadin g of the specimen a fte r the hydro gen env iron-

ment had been admitted to the test chambe .

Fra cture Surface Ana±Xsis. Fracture surfaces of Charpy

specimens were analysed by scanning elec t ron microscopy (SEM)

to determine the mode of fracture , with nartic u lar emphasis

on the amount of intergranular fracture. Snecimens given iden-

tical heat treatments to the Charny specimens were fractured in

<l0~~
0 torr vacuum at ~-l00°C , and th e f r a c tur e s u r f a c e s  were

analysed by Au ger elec tron snec troscopy (AES) . The percen t

intergranu lar fracture on the Auger specimens was later deter-

mined by SEN .

Results: I

Fr ac tur e Beh av i o r  n

Commercial 4340 Steels. All four heats had essentiall y the

same hardness , both after quenching from 850°C and after temper-

ing , as indica ted by Fi g. 1 . The prior aus teni te grain si ze

(or austeni t izin g temper at ure) had no observable effec t on the se

* 6Preliminary experiments employin g a starting vacuum of 10 torr
indicated no difference in crack growth behavior for the H2 pres-
sures used () 1 atm ) .
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hardness values; an example is g iven in Fig. 2. As shown in

Fig. 3 , all four 4340 heats exhibited the OSTE fracture energy

t roug h , w i t h  t h e  m i n i m u m  o c c u r i n g  a round  325 to 350 °C. The

dep th of the energy t rough wa s nearly the same in Bl , B2 , and

B4 , hu t the a ir-mel ted heat 83 c l ea rly had a deeper trough

than the others. The “aircraft quality ” 81 steel had the hi gh-

est toughness at all tempering temperatures.

The effec t of pr ior austen ite grain size on OSTE in steel

B2 is shown in Fi g. 4. The following aspects should be noted :

F i r s t , toughness is reduced at all tempering temperatures as

the grain size increases. Secondl y, in the medium gra in size

specimens the onse t of emhri tt lem ent appears to occur at a

s l i ghtly lower temper ature , and the minimum in the energy curve

is shifted to a somewhat hig her tempera ture than i n either the

fine or coarse-grained specimens. Thirdly, the dep th of the

energy trough i s greatest for the med ium gra in size ma teri al .

These observations may reflect the combined effects of the

austenitization temperature per ’ se and the austenitic grain

s i ze , as will he discussed later.

Figure 5 shows frac ture surfaces of coarse grained Charpy

specimens of steel RI tempered at temperatures below , in , and

above the fracture energy troug h . Note that the specimen hay-

ing the minimum frac ture energy exh ibi ted mos t ly in tergranular

frac ture. (When the pr ior austen it e gra in size was fine (850°C

austeni ti zation) , only isola ted in :granular facets could he

detected in Charpy specimens having a minimum fracture energy.)

Figure 6 shows that the fracture mode actuall y beg ins to chan ge



. , - . - -
~~~

7

to in tergranular at tempering tempera tures below 200°C , but

the maximum amoun t of in te rgranu la r frac ture corresp onds to

the minimum in the energy t rou gh .

Specimens from heats Bl and B2 were broken at ‘- -100°C in

UHV and analysed by AES. The amounts of elements found to be

in excess on the (mostly) in tergranular fractures were not

lar ge. Figure 7 shows the Auger spec tra for steels Bl in the

as-rece ived , as- quenched , and as- tempered condi tions . Figure

8 gives sim i lar spec tra from steel B2 and inc ludes a spec trum

obtained after ion sputter ing . The frac ture of the as-received

specimens was compl etely transg ranular cleava ge; hence , these

Auger da ta should represen t the hulk composi t ion . The as-

quenched and as-tempered samples exhibited predominan tly inter-

granular frac ture . From a de tai l ed stud y of these spectra the

followin g observa ti ons could he made for st eel Bl and B2:

i) A small amount of P segr egati on was defini tely de-

tected for both Bl and 82 in both the as-quenched

and tempered cond i tion s. Becaus e of the very small

peak heig hts and the overlap p in g Mo peaks , it is not

possible to be quan t i tat iv e abou t the concen trations.

However , the intergranular P concen tration does not

appear to be any lar ger a fter tempering than it was

after austeni t izing .

ii) In steel R2 (Fig. 8), there wa s c lear ev idence of N

segregation to the grain boundaries in both the as-

quenched and tempered cond it ion s. Again , the concen-

tration was small , and it does not appear to have in-
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cre ased during tempering. The N peak disappeared

during ion sputtering (lowest spectrum , Fig. 8),

thus confirmin g that segrega t ion had occurred at

the grain boundaries. (Note from Table I that the

air-mel ted steel 82 has about 3 times more free N

than the VAR stee l Bl.

iii) rn both RI and 82 there was a significant excess

carbon  conc en t ra t ion at the g ra i n b o u n d a r i e s in

the as - quenched cond itio n which remained unchanged

by subsequent tempering. During ion-sputtering the

carbon peak hei ght dropped to its bulk value (as

measur ed in the as-received condition) . It is not

possible to tell whether th i s carbon was segrega ted

in solid solution or was asseciated with very f i n e

carhides formed by autot emperin g dur ing quenchin g~~
3
~

or by inadver tent temperin g durin g the hake-ou t pro-

cess of the Auger vacuum system : however , the peak

shape looks more l ike elemen tal C than carbide .

A similar analysis on a coarse gra in specimen of steel 83

(air-mel ted) tempered at 350°C showed clear evidence of P, N ,

and C in excess on an intergranu la r frac ture surface .

High-Puri ty 4340-Type Steels. In order to determine the

magni tude of the impuri ty effec ts in OSTE , experimen ts were

carried out on high-purity laboratory heats B6 and 87 . Table 11 1

shows that the 0.2% offset yield stress and the ultimate tensile

streng th of these steels were essentially the same as the corn- 

— .~~ 
-.. Li
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m e i ’ c i a l  4 3 4 ( )  s t e e l s  ( f o l l o w i n g  a 850 0C q u en ch a n d 350 °C t e m p e r ) .

The h a r d n e s s  v a l u e s  were a l s o  n e a r l y  i d e n t i c a l  to  t h o s e  of t h e

commercial steels , as shown in F i g .  9. However , the ener gy

t r o u g h i n d i c a t i v e  of OSTF was absent in the NiCrMo pure base

steel (heat 8 7 ) ,  as shown in Fi g. 10. Here the fracture energy

increased graduall y up to about 350°C , then very rapidly at

higher temperatures as softening of the steel continued. Note

the difference in en~’rgv scales in Figs. 3 and 10 and the com-

parison between the pure heat BT and the best of the 4340 steels ,

RI

Figure II shows the effect of austenitizing temperature in

steel 87. Although the genera l level of the fracture energy

curve was reduced as the prior austenite grain size was increased ,

the OSTF energy troug h was absent in even the coarse grain condi-

tion. The coarse grain specimen fractured at 350°C exhibited

essential l y no intergranu lar fracture ; an example is shown in Fig.

12 (compare with Fig. 5). The absence of both the OSTF. energy

troug h and the intergranular mode of fracture are attributed

only to the lack of impurities in this pure steel , s i n c e  t he car-

bide precinitation mechanism or sequence should not be altered

by the purity of the steel 15
~~.

When the typ ical commercial l evel s of Mn and Si were added

to the NiCrMo pure base alloy to make a “pure ’ 4340 steel (heat

86), the Charpy results were similar to those of the commercial

steels. This is illustrated in Fi g. 13 , which compares the

fracture energies of heats B6 and Bi. The energy troug h re-

appeared wi th the addi t ion of Si and Mn , althoug h the toug hness
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of R6 was somewhat hi gher th an for R I at all tempering tempera-

tures , as w o u l d  hc’ expected in a VIM steel. The fracture mode

was part I y i nte rg  rzinu I a r and part I v a in i xture of cleavage and

r u p t u r e , as sh ow n in Fig. 14.

Silicon- M od i fied (300M) Steel. Silicon additions arc’ known

to retard the kinetics of tempering of 4340 steel by stabilizing

~- -carhide and inhibiting the form ation of cern entit e 4’15~~.

Thu s , a Si-modified 4340-type steel retains a hig h hardness to

higher tempering temperatures , as shown in Fig. 1 . The effect

of Si on the Charpy fracture energy is shown in Fig. 15. The

OSTE energy troug h in the SOON h e a t  (B5) was spread out over a

wider range of temperature (250-450 °C), with the minimum a t  about

450°C. h owever , the depth of the energy troug h was about the

same as i n  4340. When the pr ior austenite g r a i n  size of the

SOON s t e e l  was  i n c r e a s e d , t h e  e n t i r e  C h a r p y  e n e r gy  c u r v e  was

sh I 1ted d o w n w a r d , as e x p e c t e d ; t h e  e n e r g y  t r o u g h  was even more

spread out  ( - “ 2 5 0 - 5 2 5 °C ) ,  w i t h  the minimum at ‘- 5 2 5°C . This is

shown in Fig. 16 , which also indicates that no intergr anu lar

fracture occurred until a tempering temperature of ~375°C.

Above that , the incidence of intergranu lar fracture increa sed

s h a r p l y ,  w i t h  a peak occurring a t  -- 525 °C , corresponding to the

m m  i m u m  in  t h e  e n e r g y  c u r v e .  F i g t i  re 17 show s  t h e  i r a c t ur e  mode

for the Charpy spec i men temp ered a t  52 5°C; it was almost corn -’

p1 etc ly i ntergranu I a r.

[hy drogen-As sisted Crack

Crack  g r o w t h  in  b o l t - l o a d e d  WO !, s p e c i m e n s  was  m o n i t o r e d

-. 
-- ~~~~~~~.- .
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by recording the drop in load on the tup (load cell). In the

early experiments the analog (my) signal was displayed directly

on a strin chart recorder , hu t in most cases an analog-to-digital

conver ter was used and the reading was recorded on punch-tape

and teletyne. In the early (rapid) stages of crack growth , read -

ings were taken every three seconds; the time interval was in-

crea sed as the crack slowed down . Load readings were converted

to crack len gt h a and stress i ntensi ty K valu es by compu ter vi a

an equa t ion fitt ed to the comp l iance curve.

In general , crack lengths were found to vary smoo thly wi th

time , in contrast with the discontinuous , stepwise  growth oh-

served by Briant et al .~~~
6
~ in a lower strength (I-lYl3O) steel.

Exam p le s of a v s t curves are given in F ig. l8a , which shows a

threshold determination in steel 82 , and Fi g. 18h , which shows

the smoothness of the curve for a B7 specimen on an expanded

ti me scale . Crack growth rates were determin ed by simply takin g

the slopes of the (essentially) Iienar segments of the a vs t

curve s, as shown in Fig. 18. In this way, conventional 7,18) plots

of log v (= log 
~~~~~~ 

vs K were obtained in the form of segmen ted curve s,

as shown in Fi g. 19. In a number of cases , the crack did not

come to rest within the range a/li! ,~~ 0.8 , which is the l imi t of

validi ty of the compliance curve; hence , threshold valu es of

stress intensity Kth could not always he determined.

In an effor t to determine the effec t of tempering temper-

ature in a commercial steel , lo g v vs K curves were obtained

for fi ne grain specimens of hea t RI tempered be tween 2000C and

J
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400°C , as shown in Fig. 19. Contrary to expectations prompted

by the Charpy data (e.g., Fig. 3), no si gnifican t difference s

could he found in these specimens. All had values <20 MNm~~
’2

and the stage II values of v were more-or-less equivalent. In all

ca ses , the fracture mode was entirel y in tergranula r ; an example

is g iven in Fig . 20. Thus , It is clear that steel Bi is highly

susceptible to hydrogen-assisted cracking at low K levels , regard-

less of the degree of OSTE present in the steel.

Specimens of steel 82 , in which both the prior aus teni te

grai n siz e and the temper i ng tempera ture were varied , were tested

in a similar way. As shown in Fi g . 21 , these specimen s exhibi ted

behavior essen t iall y similar to steel Bl , and nei ther tempering

temperature nor grain size was found to he a si gnifican t variabl e

in this commercia l steel . Aga in , all hydrogen-assisted fractures

were in tergranu la r . Note that in four case s duplica te spec imen s

were tested; these data indicate the variabilit y that can be ex-

pected in the 1 g v vs K behavior of supposedly identical speci-

men s.

Steels 86 and B7 , having been prepared in an effort to see

if impuri ty effects cou/t d he eliminated , were similarly tested

in the fine grain condi t ion , after temnering at 350°C. Fig. 22

shows tha t the Kth val i e in steel 87 is 5-to-6 times higher than

in the commerc i al stee s RI and 82 when tested under the same

condi t ions at the same st ren gt h level . The 87 specimen wi th

K th 120 MNm /’2 exh itlited a few interg ranular facets on the

fracture surface, the resf being cleavage and rupture. The other B7 specimen

had no intergranular fracjure. as shown in Fig. 23. A test on a fine grain B7

specimen at 30 psig hydr gen (23°C) gave a Kth of —100 MNm~ ”~, and the fracture

-
~~~~
-

~~~
-

~~~~~~~~ j
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was a m i x t u r e  of c l e a v a g e  and i n t e r g r a n u l a r .

Some lo g v vs K da ta for the 86 st eel are also shown in

Fig. 22 , and the fracture mode i s illus trat ed in Fi g. 24 . It

is apoarent that the addition of Mn and Si to the pure base

steel caused the reappearance of the low stress , in ter gr a n u l a r

fracture. This is consistent with the simultaneous reappearance

of OSTE (cf. Fig. 13).

The effec t of prior austenite grain size on the hydro ge n -

assisted cracking behavi or of st ee l B7 was also de termined.

Figure 25 indicates that a substantial reduction in Kth occurs

when the grain si ze i s incre ased. This is in con trast w it h

the behavior of the commercial 4340 steel , de sc r ibed  e a r l ie r

(cf. Fig. 21).

Fin ally , a test on a 300M steel (85) specimen indicated

the same low Kth , in tergranul a r fracture behavi or observed in

the other commerc i al steels , as shown in Fig. 26.

Discussion

One-Step Temper Emhrittlement. The anomolous fracture

ener gy t rou gh associated with OSTF has been shown to he an

impurity effect. As in the previous study by Capus and Mayer~
5
~~,

this can be demonstrated in an indirect way by the ab sence o f

the energy trough i n a hi gh purity NiCrMoC steel ( 87 ) .  In the

present stud y, dir ect evidence by AES of the segregation of P

(and of N in an a i r mel ted steel ) to nrior austeni te grain

boundaries has been obtained.



It appears tha t much , if not all , of the segrega t ion of P

and N occurred in the y-phase , si nc e the conc en t ra t ions did no t

increase as a resul t of temper i ng. I t is to be expec ted that

the segregation of P would be severel y l imi ted in the tempera-

ture range where OSTE is observed . This can he seen from Fic’ure

27 which gives the chara ct eris t ic d i ffu sion di stances of P and

N in a 1 h tempering treatmen t at variou s tempera tures. It can

he seen that some N segrega tion to grain boundaries could occur

in the tempera ture of in terest ; however , the limi ted amount of

Auger data available indicate that this does not occur , presum-

a b l y  because N segregates to dislocations , instead , in a tempered

martensite microstructure.

We have seen that the addition of Mn and Si to the high

puri ty steel cau sed the reappear ance of OSTE . Ra ther than an

effec t of either Mn or Si p et’ ar , t’e suggest that this effect

is the resul t of promo tion of segregat ion of P in aus teni te by

Mn , and perhaps Si , even though this steel contains only 0.003% P.
( 10 )

This suggestion is based on the demonstration of Kaneko et al.

of the strong in terac tion of Mn and Si wi th P in the austeni te

phase , as shown in Figure 28. I t is a lso supported by recen t

resul ts ob ta ined  by ciayton~
20’

~. who found an enhancemen t of P

segregation in austeni te in a NiCr steel when the Mn concen tra-

tion was increased .

If the P or N concentration in prior austenite grain bound-

ar ies does not increase during a tempering treatment , then the

susceptibility to OSTE from P or N is inherited from the austen-

itization treatment. The rejection of these impurities by car-
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hides formed in grain boundarie s during tempering would not he

- (8 9)the operat ive emh rttt lem ent rn e cha riisi ri , as suggested earl i er *

However , since the onset of the emb rittl ement phenomenon is co-

incident with the precipitation of cementite , one must ask what

is the role of the carbides. We suggest that it is as follows :

Brittle fracture in the temperature region of the Charpy energy

troug h is initiated by intergran ula r cracks at the tip of blocked

slip hands , i.e., dislocation p i l e-u n s. Grain boundary carbide

platelets behave elasticall y in this temperature range and would

there fore act as effective harriers to dislocations. Without

such platelets , dislocation pile-ups may he relieved by slip i n

n e i g h b o r i n g  g r a i n s .

H1dr ~ g~ n - A s s i s t e d  C r a c k i n g . Experiments on 4340 and 300M

steels have shown that these commercial steels are hig hl y sus-

ceptible to intergranu lar hydrogen-assisted cracking at low Kth

(less than 30 MN/m~ ). The susceptibi l ity is not affected signi-

ficantly by the degree of OSTE present or by the austenite grain

size. h owever , this effect is absent in the hi gh pu r i ty NiCrMoC

steel; here , the h y d r o gen- i ndu ced f r ac ture  mode i s t r ans g r a n u l a r

(cleavage and rupture), and K t h  i s  r a i s e d  by at least a factor

of f i v e .  Hence , we c o n c l u d e  t h a t  t h i s  hig h Kth , transgranu lar

fracture behavior represents the intrinsic effect of hydro gen

in such a steel; the low Kth , int er g ran u lar fracture is shown

to he an impurity effect. As observed in the OSTE phenomenon ,

the addition of Mn and Si caused a return of the “hydrogen em-

brittlement” , presumably because of their effect on the segre-

gation of residua l P in thi s steel.
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It a p p e a r s  t h a t  I’oi’ the development of commercial steels with r
hig h resistance to OSTE and hydrogen induced cracking one must eliminate

intcrgranul ar segregation of P , and perhaps other impurities ,

during austenitization. To do this several steps may be tried :

I . Reduce the concen trat ion of alloy ing elements that promote

P segregation in austenite , such a s Cr , Mn and Si .

2 . tJse elements which scavenge P , such as Mo and Ti , and an

element which scavenges N , such as Al.

3. Incre ase the Ni concen tra t ion to promo te toughnes s ; th i s  may h e

permissible since Ni interacts weakl y with I~
(19).

In view of the very small concentrations of P detected in

the prior austenit e grain boundaries of the present steels , one

m ight wonder why such a large effect is observed. The answer

li es in the very large ampli fication of impurity effects which

can be exer ted by the hi gh hardness (or yield strength) level

in these ultra-high strength steels. This can he demonstrated

by extrapolation of the data of Mu l ford et alJ2~~ as shown in

Figure 29. Here it can be seen tha t low P concen trat ions which

would be vir tua l ly i nnocuous at low hardnes s levels cou l d be

q u i te dama g in g as th e ha rdness l eve l i s increa sed . Thi s can

he understood in terms of the effect of yield stress on the

local stress concentration at the ti p of a d i sloca t ion p ile-up .

As discussed i n deta i l elsewh ere(2~
), the nucle at ion of a bri tt le

crack requires that the sum of t he con t inuum st ress concen tra t ion

and the disloca t ion stress concen t rat ion equa l the local cohesive

strength of the steel. This can he expressed as:



~I °v( I I , i 1 im~~ + --  2

where I
~coH

(hI ,i) is the inter gr anu lar cohesive strength and is

a function of the local hydrogen and impurit y concentration ; n

is a factor in the range one-t o-three , found  b y me thod s o f con-

ti nuum mechanics; o~ is the tensile yield stress; T
f 

is the dislocation frictien

stress, and L is the length of a dislocat i on pile-up . It can he seen that

the concentrated stress increases with (yield strength)’~. Thus, the requ i red

amount of reduc t ion i n  due  t o  hy d r o g e n  or i f l ij ) t i r i t  es F or

brittle crack nucleation must decrease as the yield strength

increases.

We havc seen that e~ cn in the hi gh p u rit y steel (B’), some

variability exists in the resistance to hydrogen-induced cracking.

One specimen exhibited a small amount of inter granular fracture
- 3 /

and a Kth about 20 \lNm 
~‘2 less than the other , even thoug h thi s

steel contained o n l y  about 0.003? P. This behavior is presumabl y

the result of an inhomogeneous dis tribution of that small amount

of P in this steel.

L1l~~~~~~ ! Au~t .ni t i-i n~i lcmper i tiu An in~reise in ni’~ten~tizing temper

ature produces not only an increase in the austenite grain size , hut also a

sn~ II decrease in the amount of segregated P. as shown by the work of Ogura

et al .~~
23
~ on a NiCr steel. The gener a l lowerin g of the Charpy

frac ture energy curve with increasing austenitizing temperature

is presumably the resul t of the incr ease in p rior au st eni te gr ain

size . The exaggerated depth of the fracture energy troug h oh-

-- - -  -~~
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served for the intermediate au st eniti :ing temperature in steel

82 (Figure 4) ma y  simpl y he the result of the worst combination

of simultaneously increasing the grain size and decreasing the

concentration of segregated P

In a fine grained steel the onset of OSTE is thought to

coincide with the formation of isolated intergranular micro-

cracks which act :is nuclei For cleav at~ cracks. Thus , the

onset of easy crack nucle ation is responsible for the reduc-

tion in Charpy fracture energy. In coarse grained Charpy

specimens , the intergranular microcracks are larger and more

readily connected . There fore , not only is an energy trough

produced , bu t the whole energy curve is shifted downward . In

the hi gh purity steel (87), also , the fracture energy curve is

shifted downward as  the grain size is increased. However , here

int ergr anu lar fracture i’~ not an issue; the increase “ n toug h-

ness with decreasing grain size is presumabl y due to micro-

st  i.uc t i i  ra I re I i neiiien t ( e . g . , o h ’ ma r t ens it e I at hi colon i es) -

I n  commerc i al st eel s , the austenite grain size has no appar-

ent effect on the Kth value , but grain size exerts a large effect

in  the h i gh purity steel. Presumabl y, the commercial steel has

so much segregated I’ that even grain refinement can not improve

it . However , as steels with less P segregation are developed .

aus -teni -t e grain refinement should become an important means of

providing increased resistance t o  hydrogen-assisted cracking.

The pr esent results indicate that the use of high temnera-

ture austenitizing treatments should be ex p l i c i t l y discouraged.

Althoug h high temperature austenit iz ing can lead t ; an increase
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in sharp-crack fracture toug hness K j~~~
241 , this is apparentl y

an artifact of the sharp-crack test which is observed when

the plastic zone ~.ize at the crack tip is less than the prior

austertite grain size 12
~~~. This  anom oly  is absen t in a b lun t

notch test with its larger plastic zone size.

Conc lusions

1. The trough in Charpy fracture energy and concomi tan t

intergranu lar fracture , ind icative of OSTE , which occur s

in commercial 4340-type steels is shown to he absent in a

hig h nuri ty Ni CrMoC st eel of the same mi cros truc ture and

strength. This indicates indirectly that OSTE is an impur-

i ty effect.

2. This conclu sion has been confirm ed d irectl y by AES studi es

of p r i o r  au st eni te g ra i n  b o u n d a r i es of c o m m e r c i a l  steel s

fractured in IJ HV in which P was found to he segrega ted to

prior austenite grain boundaries in a vacuum-arc-remelted

steel; both P and N i~ere found segregated in air melted steels.

3. In appears that the in tergranular P and N concen trat ions

do not increase during tempering, indicating that the

segregation is inherited from the austenitizing treatment.

4. An addition of Mn and Si to the high purity steel caused a

return of OSTE; this i s i n te rpre ted as bein g due to the

promotion of P segregation in austenite by Mn , and perhaps

Si. This interpretation is shown to he consistent with

rela ted observa ti ons in other l abora tori es .

S. Stable crack growth in a gaseous hydrogen atmosphere
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occurs much more smoothly and continuously in 4340-type

steels at ultra-hig h stren gt h level s than in a lower

strength (lIYl3O) steel.

6. All of the commerc ia l steel s examin ed were qui te suscep-

tib le to low Kt,~
, i ntergranu l ar c racking i n  hy drogen , rega rd-

1 ess of hi ea t t rca tmen t or  pr  i or aust en it o gra in si ze

7. The hig h puri ty N iCrMoC steel had a Kth level hig her by

a factor of five-to-six than the commercial steels , and

the mode of cracking was transgranu lar (rupture and

cleava ge) at the highest Kth l e v e l .

8. The Kth of thi s hig h purit y steel was reduced by an i n c r e ase

in the prior austenite grain size , in contrast wi th the be-

havior in commercial steels.

9. The addi t ion of Mn and Si to th is hi gh purity steel , which

cau sed the return of OSTE , a Iso caused the low ~~~~~~~~~ i ntergran-

ular cracking to reappear.

10. These resul ts indicated that the resistance to hydro gen em b r i t-

tlement in ultra-high strength 4340-type steel can be greatly

improved if impur it y effec ts are brought under control .
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T a b l e  I I :  A u s t e n i t i z i n g  T e m p e r a t u r e s  and G r a i n  S izes

Temperature (°C) ASTM No.

850 8-10

1000 6-7

1l6() 3-5
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Table I I I :  0. 2 ’~I ()t’Fset Yield St ross and tilt i mz ite Tensile

Strength of Steels BI , B6 , and B7 Austenitiz ed

a t  850°C; tempered I h a t  350°C.

Yield Stress , 0.2~ Offset Tensile Strength
Ste~~~~,_ _~ ( l~~~~s i )  ( MP a)  ( i O 3 p s i )

Ri  ( C o m m e r c i a l  4340 ) 201  1386 240 1655

go ( H i g h - P u r i t y  4 3 4 0 )  19 6 1351 231 1593

B7 ( H i g h - P u r i t y  N i C r M o ) 206 1420 22 6  1558

_________________________



I - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  - ,_ 
~~~~~~~~~~~~~~~~~~~

±L~ “~~~ !~ ~

1 . Variation of hardness w ith tempering temperature in various

4 3 4 0  steels and a 30 0M s t e e l .

2. Variation of hardness with tempering temperature in steel

B1(4340) with two different austenitizin g temperatures.

3. V a r i a t i o n  of  Ch a r p v  V - n o t c h  I r a c t u r e  e n e r g y  w i t h  t e m p e r i ng

t e m p e r a t u r e  for lour heats of’ 4340 steel. Room temperature

tests.

4 .  E f f e c t  of a u s t e n i t i z i n g  t e m p e r a t u r e  on the room temperature

C h a r p y  V - n o t c h  f r a c t u r e  e n e r r v  as  a f u n c t i o n  of temPering

t e m o e r a t u r e  in  s t e e l  B 2 .

5. F r a c t u r e  s u r f a c e s  of C h a r p y  s p e c i m e n s  of s t e e l  R I  a u s t e n i -

t i z e d  a t  1160 °C a nd t e mp e r e d  a t  ( a )  250°C , ( h )  4 0 0 °C , and

(c)  500 °C.

6 . Cor r e l a t i o n  of  the i n c i d e n c e  of  i n t e r g r a n t i l a r  f r a c t u r e  w i t h

t h e  f r a c t u r e  e n e r g y  t r o u g h  i n  s t e e l  R I

7 . A u g e r  s p e c t r a  f r o m  f r a c t u r e  s u r f a c e s  o f ’ s t e e l  R I  f r a c t u r e d

i n  (J II V in  t h e  as - rece i r ed , as  - quenched , and as - temp e red

c o n d i t i o n s .  The F’ and C pea ks are circled in each case.

8 . A u g e r  s p e c t r a  f r o m  f r a c t u r e  s u r f ’aces  of  s t e e l  B2 fractured

i n I J I I V i n  the a s — r e c e i v e d , as-quenched , as—tempered , and

ion sputtered conditions. The F’, C and N peaks arc’ c i r c l e d .

9. Variation of hardness with tem n ering temper ature in steels

RO and B7 comnared with steel R I .

10. Room temper ature Charpv f r a c t u r e  e n e r g y  as  a fu n c t  ion of

t e m p e r i n g  t e m n e r a t i i r e  f o r  s t e e l  R 7 c o mn a r e d  w i t h  s t e e l  h i .

- - -44



I

11.  F f f e c t  of a u s t e n i t  i z a t  ion  temperature on the room tempera-

turt’ Charpv t’racture energy of t h e  ‘‘ p t i r e ’’ steel R7 .

12. i:racturc surface of C h a r p y  spec imen  of steel 37 austen i t I zed

at  1 150 °C and  t empered  a t  350 °C , s h o w i n g  no i n t e r g r a n u l a r

f r a c t u r e .

13. V a r i a t i o n  of Cha rpy  f r a c t u r e  ene rgy  as a function of temper-

ing temperature for steel Bti compared w i t h  s t ee l  R I , s h o w i n g

that addition of Mn and Si to the pure heat (B7) re-introduces

t h e  fracture energy trough.

1 4 .  F r a c t u r e  s u r f a c e  of C h a r p y  s p e c i m e n  s t e e l  136 a u s t e n i t i : e d

at 1150 °C , t empered  at  350 °C;  compare  w i t h  F i g .  12 .

15. V a r i a t i o n  of Ch a r p y  f r a c t u r e  ene rgy  w i t h  temperin g temperature

fo r  s t ee l  135 compared w i t h  steel RI , showing t h a t  a Si  a d d i -

t ion causes  t h e  f r a c t u r e  e n e r g y  t r o u g h to  occu r  at  h i g h e r

t e m p e r a t u r e s  and over a l a r g e r  t e m p e r a t u r e  r a n g e .

16. C o r r e l a t i o n  of i n c i d e n c e  of i n t e r g r a n u l a r  f r a c tu r e  w i t h

t h e  f r a c t u r e  ene rgy  t r o u g h  i n  s t e e l  135.

17.  F r a c t u r e  su r f a c e  of  C h a r p v  spec irn c ’n of  s t e e l  R5 austen it i zed

at 1160 °C , t empered  a t  5 2 5 °C.

18. E x a m p l e s  of v a r i a t i o n  in c r a c k  l e n g t h  as a f u n c t i o n  of

t i m e  in s t e e l s  t e s t e d  as W014 s p e c i m e n s  i n  hy d r o g e n  a t

2 3 °C , 1 p s i g. ( a )  shows c u r v e  fo r  s t e e l  132 on an e x t e n d e d

t i m e  s ca l e  fo r  a s p e c i m e n  i n  w h i c h  a c r a c k  a r r e s t  was

a c h i e v e d . ( h )  shows a curv e fo r  s t ee l  137 on an expanded

t i m e  sca le  in w h i c h  t he  e a r l s -  s t a g e s  of c r a c k  g r o w t h  can

he seen.
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19. C r a c k  g r o w t h  r a t e  as a function of stress intensity in steel

31 tempered a t  v a r i o u s  temperatures.

20 . h ydrogen-induced fracture surface in W Ol. sn e c i m e n  of  s t e e l  131

a u s t e n i t i z e d  a t  850 °C , t e m p e r e d  at 250°C.

2 1 .  C r a c k  g r o w t h  r a t e  as  a f u n c t i o n  of s t r e s s  i n t e n s i t y  in  WOL

s p e c i m e n s  of s t ee l  132 a u s t e n i t i z e d  a t  v a r i o u s  t e m p e r a t u r e s

and temnered between 200 and 350°C , as indicated .

2 2 .  C r a c k  g r o w t h  r a t e  as a f u n c t i o n  of s t r e s s  i n t e n s i t y  in  s t e e l s

137 and 136 c o m n a r e d  w i t h  t h a t  in  s t e e l  132.  1) u p l i c a t e  s n e c i m e n s

of a l l  t h r e e  s t e e l s  were  t e s t e d .  
F

23. Fracture surface of  WOL s p e c i m e n  of ’ s t e e l  137 f r a c t u r e d  i n

hydrogen , showing fracture mode to  he r u p t u r e  and c l e a v a g e .

24. Fracture s u r f a c e  of WOl snec i m e n  of  s t e e l  36 f r a c t u r e d  i n

hydrogen showing intergr anu la r fracture mode.

25 .  C rack  g r o w t h  r a t e  as a f u n c t i o n  of  s t r e s s  i n t e n s i t y  i n  WO E

s p e c i m e n s  of s t e e l  B7 h a v i n g  t h r e e  d i f f e r e n t  p r i o  a u s t e n i t e

g r a i n  s i z e s .

26. (;r~ick growth rate as a fnnct 11th of stress intensit y for

steel 35 (SOOM) compared with two specimens of steel 132

( 4 3 4 0 ) .

27 . C h a r a c t e r i s t i c  d i  f f ’u s i o n  ( I i s t : I n c e  f o r  a I h exposure at var-

io us tempt ’  i-a t u  res  f o r  F’ a rid N i  n ~ - h e

28.  F f f e c t  of al loving elements on t h e  so luh i I i t s -  o f  P i n  y - F e

c o n t a i n i n g  l 2 ~ N i  a t  1000°C , f r o m  K a n e k o  et a l  . R e f .  19 .

29 .  E f f e c t  of hardness on d u c t i l e - b r i t t l e  transition in a N I C r

s t e e l  doped w i t h  P f r o m  ~1ul f o r d  et a l  . , R e f .  2 1 , s h o w i n g

t h a t  e x t r a n o l a t i o n  to high h a r d n e s s  l e v e l s  would r e s u l t  i n

a l a r g e  e m h r i t t l  i n g  e f f e c t  f o r  a s m a l l  a m o u n t  of i n i p u r i t v .



•
~
‘
~1

-

Li

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  

0

I I I 1 0~~~~~~~~ 0N-

0

- -

/ o/d’
U,

,
0

- 0/ _ g~
ii~

\o
- I ‘3~~~ ci’ — (‘JFfl c~~~~U, _ 0 ~~~~-

I //I 1’) a~~~~~m m 0

: ~~:

‘°

~ 

~ 

00:1* 

i

o

~ ~

• SS3NQ~~VH



— ‘-  - - -- - —  ‘ - ~~~~~~~~— _ _

(

_ _ _ _ _ _ _  
0

I I r—.

o o~~ 0
-0

(0

w o 0 a~ U

I
/

- I
I

-

~~~~~~~~~~~~~

j
I 

-

~~~~~

I I 00 0 0 0(0 U)
‘~3~ SS3NGe~VH 

~~~~~ --~~~



F,—
- - - —“—-—.- 

- ~~~~~~~~~~~ 
- -

r
Ii

&

S31flO C
0 0 0 0 0U) 14) N - 0

I 1 I 

0

~~~~1

~ 
10 — 0

-N i~)~~~

I
o~~~ O 1  I

I I I I I 0
0 U) 0 0 in 0 014) 14) N N - -

sq~ -u ‘Aoa~N3 ~~ ni~ va~ NA~

_ __ _ _ _ _ _



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —c,c~.a ,z.-
~~~rfl~~~~~

IL-

s~ inor
0 0 0 0F~) (

~J —

I I 
0

— 0

-

~~~~~~~~~~~~~~~~~~

— 8 ~~~~~0 00  
N W(‘ 4 . . . I.-

U\~
~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~

(1)4 U •
4
’

I I I I I I 0
0 U~) 0 IL) 0 U) 014) N (\J - -

~~~~~~~~ 3~ flJ.~V~ d NA D

-



—--- .-. ‘-- “- ~~- 
-.-... —- - ~-— -—-.- —-‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—-- -. —---

~~~M ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .

•~~~~~~~~~~~~

,

u1,*
_,

S
.
. I - . . ~~ I.’

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~

- 

~~~~~~~~~~~~~

~~~~~~ 1~~:i
4
~~r 

j

b~~~~~~~~~~~~ - 
~~~~~~~~~~~~~~~~~~~~~~~ ~‘çø ~~~

- 
~~~~~~

- -w -
~ ~~~~~~~~~~~~

- 

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

.
,.

~~~~~~~~~~~~~~~~

. . .

. 

-~~~~~~~~~

--a - •“~ .

~~~~~~~~~~~~ ~~~~~~~~

~~~~~~~~~~~~ 
:::

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~•‘~ ‘~ - 

~:.

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ . :~~
;
~�k:A

. 
.
~

~~~~~ ~M \$1, !~L’~.
~~

. ‘ - . ;~
.-
~~

- . ~
. 

~~~~~

. 

‘ ~~~~~~~~~~ -

.
- 

.- - 
- •I’ . -

‘
I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 
;
~~~~.:‘I’

- 
~~~~ 

- . . ~~
I •. I 

~~~~~~ ~~~

- 

~~~~~~~~ ‘ “~~ 
t .  

_

~~
.,). 1 - ’ 

•
~

_ _ _  _ _ _ _ _ _ _
_ _  

I I , - ~

_______ - 
~~~~~~~~~~~~~~~~~~~~~~~~~~ :—

•~~~~~~~~~~~~~~ •_ ~~~~,• ~~
- --- - - -— —‘—-- — —-———

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



- - — - - — —
~~~

- —‘————————-—.-‘-

~~~~~~~~~~~

—-—--

~~

- 
- __._-~~~‘~~~~II

(\9

S 3 m O  C

UI 0 U) 0N 14) - - in

I I I I I I I  I I
0

“

- 

c

_
- • \ _

\-- w cL -

. (
~~~~~~H

I 1 II I I I 0
if:~ 2 U) 0 0  IL) 0

~~~~~~~~~~~~~~~~ 3è~fliDVètd NA D 3~~fl i3V~~d 9 1  %

— -



- - 
-

— ‘ ‘  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
—

S T E E L- B I
AS REC D

/ r

J

~~~~~~
1

~~~~~~~~~~~~~~~ EAV~~~E

x IO

uxI O
1160 C , I~ -h ,00
78% 1G. FRACTURE

*10

87% 1G. FRACTURE

xI O Fe

~~
p Mo

0 100 200 300 400 500 600 700 800 900 1000
ELECTRON ENERGY, eV

FIG.7



—-~~~~~~~~~~~~~
_
~ ‘~~~—----—--- ‘— ~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —:‘ ----—.___

__
~~~~~-.__.__._- ..,~~

- 110
95% PG .  FRACT.

.00

9 3% I.G FRACT.
1160C. l I’ •
350C . I h  • WQ

dE *10 
~,,,,,j  i l O

xIO

DEEPLY ION SPUTTERED

~~~~~~~~~~

_ Pt Ni

(SI-i- F.)

— I I
o 100 200 300 400 500 600 700 800 900 1000

ELECTRON ENERG Y ,eV

F~~G~~~

~



- —;--~

r
~hI

0 O~~~

— I I I 00 0 It) 0 It)
In It)

~ SS3N0e~VH

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



— — _~::_ -iz:~ - ~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ‘~~
‘ - ‘—“ r~~~~~~ ’ 

~~

0

(9
U-

S31fl OC
0 0 0 0 0 02 (0 N 0
I I I I I

- 
-

-

‘f t
I I 0

0 0 0 0 0
(0 N

sq’-u ‘ A DeJ3N3 3~ fl.L3Vè~ NAD



~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~-‘-‘. -~~~ —~~ —-— .r ~~fl. . ,fl - —

S31fl O C

0 0 0 0 0
2 (0 N

I 

-

~~~~~~~~

0 0 0  0~~~~
000

— ‘
~~~ LU

0

D~~II
LU 

~ 0
~— 0 - 0
~“ 0 0 <  -

I I I I I I I I 0
0 0 0 0 0 0 0 0(0 It) 14) N - 0

sq~ -U. ADèI]N3 ~8flI3V~ d NAD



-— - 

~~~~~~~~~~~~~~~~~~ 
- - - -

S

~I!J~~~~~~~~ 
~~~~~~~~

• .~~ 
.
~ . - . 4b ‘- 

~~~~~~~~~~~~~~~ 
.—

~~
• .. ..

~
. . . ~~~~ 

-.

~~~ : ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ .
. 

~~‘

~~~~~~~
-:

~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~•~ %~ *
• ~~~~~ ‘~~~~ -. - - —

~~A~J ~~~~~~~~~~~~~~~~
4 ~~~~~~ ‘~~ .? -

~~~~~~~~~~~~~~~~~~~~~~~~~
“ 

~ •al ~~~ 
*

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~

-

~~

r~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
’I

~~~~~

~~~~~~~~~~~ 
4~~~~~~”

A~~~~~
’ 

~~~~~~~~~~ .

~ 

~~~~i~:’ 
— - --

~~~~~~~~~~~~~~~~~~~~~~~~~~
-
~~~~~~~~~~~ —



-— -

. 

-

~

——— -~‘ r~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ :  ~~~~~~~~~~~~~~ -
------ 

.
-

- -
“ —.- — 

~~~~~~~~~~~~~~~~~~~~~

0 0S31fl0C0 0
(0 N

1 I I I

0
- 0 - 0U)

-‘-‘-S

‘-S

~ 

~~~~~~~~~~~~~~~ 

‘:j
sq I-44~~ 9~ 3~~3 3~ifl 13V~ NAD

- 
~~~~~ 

- 
~~~~~~~~~~~~~~ — - - .-.-- —-~~~~~~ :~~~=-:_-. -.-~~

- - - ----



~~~~~~~~ ~~~~~~~~~~~~~~~~ ,,-~~~-._, 
—~~~~~

S31flOC
0 0 0 0

— N
I I I I I 0

- 

g E  4
-

~~~~~~~~
-

~~~~~~~ \~ 
- ?

~~~
LU
I-

0~~~ O w
-

~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~~~~~~~

‘
‘
I

~~~0•

- R k -~
I I I I I I 0

0 0 0 0 0 0 0 0 0(0 in 14) N —

Sqf— 4 j ‘A9èJ3N3 3dfl.LDVeId NAD

- --



— - —— ---‘~~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~:c,
-
~~~~~~

‘—9

IL

sq~ —

A9~I3N~ 3~Ifl1DVèid NAD

O 0 0N - 0

1 0
- O

I’-

~0~~~~~~~

7

1 ’ N• 
-

~~~~~~~~~~~~~~~~~~

4I
~~~~~~ N~~~~.

OLU__j o a. 0
wO~~ -0
I- W

0
0

3è~fl I3Vdd 0 1  ~~



-.--- - -—--- -- - - -  ~
----—

~~~~
-- - - - - - -- -

-

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L.. ~~-_~~-~~ —- --~~~-— - ,:~~ ~~~~—— -“
~~~~~~~~~~~~~ . -

~~~~~~~~~~~~~~~~ ~~~~~~~~ 
- 

~~: :— - - - ---=--



— ~~~-

I

w w  9

£.S
~ ~)I.

. 8
I., If)

—In (-5
-~~ 0

0¶
2 N ° ° 0
‘C c 1~

) -

No
In j O U J (~Il_b ~~ 

—

w o~~
u)

I— U~
) LI_b

cJ) (r) I— — 0
8 c ~~)4 1

~ 
- U,

0
0

U

~, Ifl In
H

-~~ 
(_) a)

In
T I()

2

0
~~00

(‘a

U 0
- 0

It)

0.g
~~••x— 

~~~~~~~~~ ~~ 
—

~~ 
.
~~~~~~0 ’  ‘.. 0 —2 —

(D ~- 0 2
‘C —

• 8

~
9
~~~T 

In

t’L~~~>I

~“8~ ~)I
p I I I
‘4 (‘a —

o a a 0

U! ‘~~~ V H.L9N31 >4DV~3 NI 39NVHO

--



- -  — — - .  
~~~~~~~~~

—— —  
~

- —_
~~~~~~~

-,- r~~-__ .. - —

I I I I I

0.4 - STEEL~~B7 (~URE*)
I000°C, I h O Q 

- 10
TEMPERED 350°C, Ph o
IPSIG . 23°C 2

C
N - 8

0.2 - 

. 
~/~~- I.9 x ~~~~ in/sec _ 6

~ ~i” — I.6x I0 in/eec a
-

Ui / 3w ..Z~~—I.9x 10 in/sec
~~~~~ ø.,o.~

~~~~~~~~~~

U =~~ I, -II ii

~~f~~~

”

3.7 x I0~~ in/sec

9.3x I0~~ in/sec
0 I I I I I 0

0 30 60 90 120 150 180
I

K ° 1 1 4.8 TIME , sec

-

i
FIG ’~~b~~~~



—— — - — ~~~~~~~~~~~~~~~~~~~~~~~~~ —- - ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ _ - - . - ——

4

K , MNm 312

0 10 20 30 40 50 60 70
I I I I I I

- 350°C 
300°C 

— I0 4

- 250°C —,. ~~~~~~~~~ ‘

- I~~~ _ _ _

r~~~r~ ‘ ; ~~~ 
400°C

0 200°C

4
- I U
- a,

I - I U)

I E
300°C

4)0 -

STEEL B )
-

- 850°C , Ih ,OQ. TEMPERED
2h AT INDICAT ED 

—

TEMPERATUR ES

- 
I PSI G , 23°C

— I I I I0 0 J O 20 30 40 50 60 70

STRESS INTENSITY , K. ksi~~W

L .



— - - - — - - ----- 

It ‘

- i - 
-
~~~~~ ~~~~ 

-

- 

-

~~~~~ - ~~~~~~ 
i_
~~~~~

_
~~~~ ~~~~—~~~~ -—



_______ _______________ 
-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

*

K , MNm 3”2

0 10 20 30 40 50 60 70
I I I I I 1 I

10 2

5a~~~
2oU ‘ - I C

_ _

• - 6b~j—~,, .i: -

•

w -3 ,jr’, r~~..u
~— 10 — 

: : : ~~~~j io
4 - ‘~~~~~~~~ ~~~r I b  U

- rIU I~~
- ~~ I0~~ E
-

2 : H  :H STEEL B 2
I I  I I I- 1 I I HR I HR

CODE AUST AT TEMPER A~0 6b ’
~~~~~~

- ’

~ io~ 
— 50 Io ,I b  850 °C 350°C

2o,2b 850 °C 250°C0 - I ~I• I 3 000°C 350°C
- I 41b 1000°C 200°C 

— 
-6• 

5a ,5b 1130 °C 300°C 10
• 6a.6b 1130 °C 200°C
- 

2b I PSIG . 23° C

I I I I I I
0 10 20 30 40 50 60 70

STRESS INTENSITY I K , ksi4~

- - F I G. ~~I 
- -



-
~ — —: -- -  - - • 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

p.

0

K , MNm 312

0 20 40 60 80 100 120 40
1 I I I I I I 

— io
3

850°C , Ih , OQ
TEMPERED 350°C ,Ih
I PSIG , 23°C

Id 2 -

U B6
(“ PURE ’1 +Mn ,Si)

C 87
• PURE ” r

_____  I—’

-

LU ‘ II- I I

: r
U

rr a,

~~~~B2 : ‘
r~

i~ (COMMERCIAL ) I0~ 
E

U ‘~ t

g i ~ j .4

I I I I I I I
0 20 40 60 80 100 120 140

STRESS INTENSITY I, K ,ksi~~~

_ _ _ _ _ _ _  

FIG. -’~~~



- - - - - - - -- ~r - ~-. ~~~~~~~~~~~ 
-
~~~~ 

-- -________

a

I ’

_1d 
f~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

• 0

A



~~~~~~~~ IIIIIUU~IIIIIIR! - :—i — ~~~~~~~~~ ~~

p

1 I I I I I I
B 7 “PURE ”

COARSE 1150 °C, Ph . 0Q~
MEDIUM 1000 °C, P h , 00 ~

- TEMPERED 350°C,Ih
-2 FINE 850 °C , Ih , oQJ10 . r

I PSI G ,23°C
U i 

—a, - I’
_,

U)

- F V
Ui -3 

— MEDIUM : r E
~~.. 10 : COARSE GRAIN ‘ ,—

- GRAIN S I ZE t~~ i J- SIZE ‘\ 7 F
\~ 

\ / 
~~~~~~

— 

~o
-5

II
- FINE I

GRAIN 1
• I ‘ SIZE

~~~~~~~ 

: 

I 
r 

~~~ 

- iO 6

— s I I I I I IIC 0 20 40 60 80 100 120 140

STRESS INTENSITY , K , ksi ITii

F~ G.~~S



________________________________________________________________________________________________ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~

4

S

K , MNm 3” 2

1 0 20 30 40 50 60 70
— I I I I I I I

-4
- - 1 0
- .

- 85

- 
_ _ _ _ _ _ _  82

U 85
a,
U)

-S.— -3 _ I

B~~~~r

o I 
: 850°C, I h , OQ
• TEMPERED AT0 

1 350 °C,Ih ,(B2)
45O °C, Ih , (B5)  -6

82 I PSIG , 23°C 
— 10

— 5 I I I I IIC 10 20 30 40 50 60 70
STRESS INTENSITY , K , ks i v’i~



— - -.~~~-.C--SCtfl’ 2Z- V

I

I ~~~I I I 1
106 

— -

25
-

I0~~— —

-

2
—. 10 — P, Ref 26 -

10 — -
-c

-

IO~~— -

I I I I
100 200 300 400 500 600

TEMPERATURE °C



_____________________________________________________ -~~~ —- —•----r - ~~~~~~~~~~~~~~~

___  — 

05
Cl) 

•
~ Nb~~~ 

_ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _00 I 2 3 4 5 6
A l l o y i n g  E l e m e n t  (wt %)

_ _ _ __ _ _ _ _ _  -~~~~-~~~~~-~~~~ -



- -  - -  -

I I I I I 

IL

0

-

/ a.

I

,# ,~~ I-.
— /S. #~/ 0/ a.I 

4/,F
- FF

—F
/

/ cr” 0
4, —..-— O

-— It)

I I I I I I I
o 0 0 0 0 0 0O 0 0 0 0 o14) N — — N
+ + + + I

(3) 3~ fl1V eJ3d IN3j NO I.LISNV~ J.

IL  - - —.4


