
*D—*oSO 373 C(IfSCN I*AOUATE CENTER t*VERTON r/. Is/eICCI4ANZSN OF EM4ANCED TOUSHMES S TN MARYENS IT !c ALLOYS. (U)
*n 77 W £ W000 N0001,—76sC—OI4,

WICLASSZFIED it

t3n

_ U.N
_ •Li~1UaN
flU
I!UNINNW~~!tJ~a



I 0 I~2~ !iJ2~
________________ 

~~~ ~~3 2

i ‘. ~
HD ’ 8

11111’ 25 IIIII~•~. ~
MI CROCOPY RESOLUTION TEST CHAR T

~~~ RII RTA ( i



Mechanism of Enhanced Toughness
In Martensitic Alloys

Final Report

For the Period

October 1, 1975 - September 30, 1976

Contract No. N00019-76-C-0149

Prepared for

Department of the Navy
Naval Air Systems Command

Washington, D.C. 20361

Approved for pub/ic re/ease, distribution un/imited.

~1/ 1/
>- LA .-‘ .‘

- - - • - -~
C...) -‘

~ ‘: ;‘7
w

U

c-~

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

~~~~~~~~~~
-

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



Unclassified
S E C U R I T Y  C L A S S I F I C A T I O N  OF THIS  PAGE (When Oat. Entere d) 

______________________________________ —
~~~~~~~ ~~~~~ ~~~~~~~~ 

R E A D  INSTRUCTIONS
1% I~~JI~ U IJSJ~~ UM I~ U M I UU!~ I~I5U BEFORE COMPLETING FORM

I REPORT NUMBER 2. GOVT ACCESSION NO. 3. R E C I P I E N T S  C A T A L O G  NUMB ER

4 T I T L E  (end S~,bIitlr) 5. TYPE OF REPORT & PERIOD COVERED
. ._ . — — F ina l R eport  ~( Mechanism of Enhanced Toughness in 10- 1-75 to 9-30-76

Mar tens it ic A l lo y s , -
~~ 

. 
6 PERFORMING ORG. REP ORT NUMBER

1 A UTHOR (S) 6. CONTRA CT OR GRA NT NUMBER(S)

W. E.. /Wood , I NOOQl9-76-9~,
0l49 !y~~~

((

9 P E R F O R M I N G  O R G A N I Z A T I O N  NAME AND ~~~~~~~~~ 10 PROGRAM EL EM ENT PROJECT T A S K

Oregon Graduate Center . . - /19600 N . W .  Walker Rd.  . / . 

/
Beaverton , OR 97005 -. ..

II. C O N T R O L L I N G  O FFICE NAME AND ADDRESS ..- = 12. REPORT DATE

Naval Air Systems Command “ I.- . 4-20-77
• 13. NUMBER OF PAGES

75
f~. MONITORING AGENCY NAME & ADDRESS( II  different (rev,, Controlliné Off ice) IS. SECURITY CLASS. (of tAle report)

Unclas sified

IS.. DECLASS IFICATION /DOWNGRADING
SCHEDULE

16. D ISTRIBUTION S T A T E M E N T  (of (hi, Report) 
—

Approved for public release , distribution unlimited

/ // - ~~~

.
.

, I ~
‘ 7 .. 

- 
—

Il. DISTRIBUTION STA 1 EMENT (of the abstract entered in Block 20, ii different from R.port)

10. S U P P L E M E N T A R Y  N O T E S

IS. KEY WORDS (Continu, on rev ere, aide if necessa ry end id.nli(y by block numb.r)

F ract u re tou ghness , mic r os t ruc tu re , 4340 steel , 300M steel , heat
t reatment , r etained au s t en i te , twinning

20. 9~~S T RA C T  (Continue on reverie aId. if n.ce.eery end id.ntify by block number)

The objective of thi s program was to establish the role of heat treatment
paramete r s  on the f rac ture  toughness of u l t rahi gh s trength a l loys . Micro-
s t ruc tu ra l  examination and plane strain f r ac tu re  toug h ness t est s were  co nduc t .
ed on alloys 4340 and silicon modified 4340. Heat t reatments  included both
direct  as well as step quench schedules.  Solutioning temperatures  ranged fron
870°C to 120&’ C , and step quenching tempera tures  ranged f rom 300°C to llO0°~(see r e v e r s e)

DD 1 jAN 73 1473 EDITION OF I NOV 6S IS OBSOLETE Unclassified
S/N 0102 LF 0146601

SECU~~ITV CLASSIFICATION OF THIS PAGE (Wh en Data Inter.d)



_____ 
~~~~~~~~~~~~~~~~~ ~~~~~~-~~~~--.

Unclassified
— 

‘ .SECI jR ITY C L A S S I F I C A T I O N  OF THIS PAGE(ITh.n Oat. Ent.r.d)

Holding times at these temperatures  varied f rom 10 seconds to 2 h o u r s .
Tempe ring t empera tur es rang ed f rom the as quenc h ed condit ion to~~~ 04 C.
Valid plane strain f r ac tu re  toughness resu l t s  of oyer  90 , 000 ps i . . i i~ were
achieved for alloy 4340 and values of 85 , 000 ps i ~4n~~

’t were achieved for
silicon modified 4340 at ultimate s t rength levels of over 300 , 000 p si for both
al loys . This report covers the f i r s t  yea r ’s results  of the two year program.
Th e second year will be covered in a final report planned for October 1977.

Unclas s i f ied
S E r u R IT Y  CLA S S I F I C A T I O N  OF THIS PAGE(W 1,.n Oar. F,, tv,,d 

—~~~~~~ .-~— - ~~. ~~-. • -~~~~~- 
,. .~~~~~~~~~~~~~~~~ —- 

.
~~~~ 

.- •
~~~~~~~ 

A



_ _  -~~~~ _ _

IO~~tor /
WftUe Sirl is,
I~I1 $t~thei 0

0

F

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

-~~~~ A 5 1 1

Mechanism of Enhanced Toughness
In Martensitic Alloys

Final Report
For the Period

October 1, 1975 - September 30, 1976
Contract No. N00019-76-C-0149

Principal Investigator: W. E. Wood

Prepared for

Department of the Navy
Naval Air Systems Command

Washington, D.C. 20361

Approved for public re/ease, distribution unlimited.

D f ln

. , . ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ .~~~~~~~~~ • . ~~~~~~~~~~~~~~~~~~~



CON TENTS

PAGE

I. ABSTRACT 1

II. INTRODUCTION 2

III . EXPERIMENTAL PROCEDUR E 4

A.  Material 4

B. Heat Treatment 4

C. Fracture  Toughness Tests S

D. Microst ructural  Anal ysis 5

E. Frac tu re  Morphology 7

IV . EXPERIMENTAL RESULTS 8

A. Fracture  Toughness 8

B. Microstructur e Results 12

C. Frac ture  Morpholog y 17

D. Hardness  Testing 19

V. DISCUSSION 2 1

VI. SUMMARY & CONCLUSIONS 24

Acknowledgements 26
Refe rences  27
Tables 28
Figure Captions 36
Figures 40

iii

— ,-~~~~~~ .~~~~
, 

~~~~~~~~
. 

~~~~~~.-— —- .. ,-. —•—-.-~~ .— a



I . ABSTRACT

The objective of this program was to establish the role of

heat treatment parameters on the f racture  toughness of ultrahigh strength

alloys.  Microstructural  examination and plane strain f rac ture  toughness

tests were conducted on alloys 4340 and silicon modified 4340 . Heat treat-

ments included both direct as well as step quench schedules. Solutioning

temperatures ranged from 870°C to 1200°C , and step quenching temperatures

ranged from 300°C to 1100°C. Holding times at these temperatures varied

from 10 seconds to 2 hours. Tempering temperatures ranged from the as

quenched condition to 350°C . Valid plane strain f rac ture  toughness results

of over 90 , 000 p si_ in 1~’Z were achieved for alloy 4340 and value s of 85 , 000 psi_ in 1’2

were achieved for silicon modified 4340 at ultimate strength levels of over

300 , 000 psi for both alloys . This report  covers the f i r s t  year ’s results of

the two year program.  The second year will be covered in a final report

planned for October 1977. 
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II. INTRODUCTION

Th e eme rg ence of f rac t u re mechanics and th e concep t o f p lane

strain f rac ture  toug hness , K IC, as a q uantitative mean s of a material’s

tendency to fail in a brittle manner is play ing an increasingly important
(1)

role in the selection and use of high strength alloys . Such steels are

often chosen according to this relative f rac ture  toug hness at different  strength

levels , and the use of these materials is limited b y their low f rac tu re  toug h-

ness at hi gh strength levels.  Hence there is a great  need to develop an

understanding of the mechanisms involved in the f rac ture  of these alloys , and

an understanding of the variables which control the f r ac tu re  to ughness. It is

the recognition and utilization of these factors  which will provide the basis

for the design of new high s t rength alloys with superior propert ies .

Maraging steels , as a class of alloys , exhibit one of the best combina-

tions of s trength and toug hness available , bette r than conventionall y t rea t ed
(2)

low alloy steels such as 4140 and 4340 . However , cost l imits th eir  use exc ep t

where absolutel y necessa ry .  R e s u l t s  have indicated that the long

assoc ia ted poor toug hness of these very  hi gh strength low alloy steels can

be significantly improved , approaching the values obtained for the

marag ing steels , without the hi gh cost . This has been accomplished b y alter-

ing onl y the heat t reatment  procedures . Fur the rmore  the f r a c t u r e  toug hness
(3- 6)

levels have been achieved witho ut a reduction in s t rength .

2 
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In order to understand the role of m i c r o s t r u c t u r e  on the f r a c t u r e

toug hness it is n e c e s s a r y  to cha rac te r ize  the m i c r o s t r u c t u r e  ca re fu l l y .

This investigation has uti l ized opt ical , t r ansmiss ion , and scanning electron

m i c r o s c o py in con junction with mechanical testing .

The main objective of this program has been to establish the cri t ical

ro le  of h eat t rea tm ent pa ramete rs  on the p lane s t ra in  f ra ctu re toughness

of alloys 4340 and silicon modified 4340 .

3
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III . EXPERIMENTAL PROCEDUR E

A.  Material

The program examined two alloys , a i rc ra f t  qualit y 4340 ,

mil specification AMS 63S9 , and a silicon modified 4340. The silicon

modified 4340 or 300M,as it will be re fe r red  to in this report ,was obtained

from the Boeing Company in Seattle , Washington . The Boein g Company ’s

specification is BMS 7-26 . This alloy contained 1.6 wt . percent silicon in

addition to the normal 4340 composition . The alloy was vacuum remelted .

B. Heat Treatment

A controlled atmosp here tub e furnace was utilized for all

hig h temperature  ai.~~~niti~~.tion t reatments . This furnace  maintained a

temperature within ~ 5° C. Test specimens ~~~re either quench ed d i r e c tl y

from the solution temp erature into an ag itated oil bath or step quenched into

a salt bath prior to oil quenching. All tempering was carr ied out for an hour .

Standard step quench involved holding for  30 minutes before oil quenching .

In order to evaluate the effect  of holding time , one series of t ests  was

carr ied out using se~era1 holding times varying from 10 seconds to 2 hrs .

These specimens were stepped into salt baths to insure  rapid therma l equi-

librium for the short hold times. All tests  were carr ied out on standard

ASTM compact tension f rac ture  toughness specimens. Sections for optical

and transmission electron microscopy were taken from mid-thickness areas

adjacent to the f rac tu re  path .

4 
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For the isothermal t ransformat ion  to baini te  and retained aus t en i t e ,

434 0 and 300M were  again used .  By va ry ing the isothermal  holding time the

amoun t of retained austenite was controlled. To insure  a f ine  lower bainite

st r u c t u r e  the alloy was t r ans fo rmed  in salt baths ju s t  above the M 5 tem-

pe ra tu r e .  Retained austenite has been qua l i t a t i ve l y esti mated f rom e lec t ron

microscopy.

C. Frac ture  Toug hness  Tests

All f r a c t u r e  toug hness tes t s were  carr ied out usin g AS TM

speci fied compact tension test specimens.  Testing was car r ied  out at

room tempera tu re .  Spec imens were 5/8 II thick and were tested in the

long it udinal d i rec tion . All specimens were  machined to final dimensions

prior to heat t reat ing except for  the s t a r t e r  slot . This was added af te r

heat t reat ing b y using a .008 thick gr ind ing  wheel .  A 22 , 00 0 lb Ins t ron

Lawrence dynamic test  s y st em wa s used fo r  all  tes t ing ,  i nc lud ing  fa t i gue

p recracking .  S t r e ss  i n t e n s i t i e s  were  calculated accord ing  to ASTM

sta ndards  E399 .

D. M i c r o s t r u c t u r al  Anal y sis

Sections for optical  and t r a n s m i s s i o n  elec t ron m i c ro s c o p y

were taken from the midsec t ion  of the K
ic s p e c i m e n s .  For optical meta l lograph y

polished specimens were etched in a combination picral and nital e tch.

Thin foil preparation was carried out using both the window technique5



and the jet polishing technique , ( Fischione un it ) .  Two electrol ytes ,

glacial acetic acid + perchloric acid and glacial acetic acid + chromium

trioxide,were used . The best results  were  obtained from the latter in con-

junction with the window technique . Th e exact composition of the electro lyte

and the polishing conditions are given bel ow:

Electrolyte :

Glacial Acetic Acid 135 ml

Chromium Trioxide 25 gms

Water 7 ml

Polishing Conditions:

Temperature 10- 15°C

Voltage 25 volts

Cur ren t  density 0 .1-0 . 2 Amp/cm2

The starting material was obtained in 10-15 mil thickness sections

by cutting heat t reated specimens with a l / 3 2 h 1  abrasive wheel.  Sections

were cut while flooded with water .  A very low cutting rate was employed.

These 10-15 mu sections were t1~~ careful ly  ground to about 5 mils th ickness .

From this thickness final polishing b y either the window or the jet polishing

technique was carried out .

6
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E. Frac tu re  Morp holog y

Secondary electron scanning microscopy was carried out

at 25 KV. For each specimen the region adjacent to the fatigue precrack

was examined , since this is the region of crack initiation during the K ic tes t .

This region typ icall y extends about .030 11 f r o m  the f a t i gue  c rack .
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IV . EXPERIMENTAL RESULTS

A.  F rac tu re  Toug hness

Tables 1-4 and Fi gures  1-11 summarize the plane strain

f r a c t u r e  tou ghness results  obtained during thi s program.  All the data were

valid except those marked by an asterisk , where P /P exceeded 1.10.
max q

Figures  1-9 graphicall y i l lustrate the effects of various heat treatments .

For both alloys the conventional heat treatment consisted of solutioning at 870° C

(1600°F ) for aie hu r  f lla~~d b y oil qt ~~ chirg .TFe effect cI iir reasing the aus ten itiz ing

temperature  f rom 870 to 1200° C is apparent in Figure  1 for the as quenched

test condition . Increasing the temperatur e from 870 to 1100° C resulted in

onl y a small increase from about 35 ksi-in~~~
2 

to 43 ksi-in l / Z . Not shown

in this figure , but included in the tables is data for a 1150°C treatment . This

heat treatment resulted in a toug hness of about 52 k s i_ in l~
i
~
2

. Fur ther  increases

in the solution temperature to 1200° C and direct quenching produced the

highest toughness in the as quenched condition , 6 6 ksi-in 1
~
’2 .

Aside from the increased toughness due to raising the solu-

tion temperature , Figure 1 also reveals the effect of step quenching to 870° C

f or su ccess ively longer holding t imes.  Stepping to 870°C for  30 seconds

did not reduce the toughness , but it is doubtful  that 30 seconds in a salt bath

was suff icient  to reduce the specimen tempera ture  to 870° C. Hence , little

chang e was expected . Continuing work during the 2nd year will include

8
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instrumented cooling and quenching data to confirm actual equi l ibr ium t ime-

temperature  relationships for step quenching . Five minutes is suff ic ient ,

however , to reduce the specimen to 870° C . Figure 1 demonstrates  the

negative effect on the f rac ture  toughness .  Holding for 30 minute s and one

hour reduced the toughness even further . Not shown in the f igures , but

included in the tal~ es are the results of short time 15 minute holds at 1200° C.

The results  demonstrated that holding for 1 hour was not necessa ry .

The trends present in Figure 1 demonstrate the major e f fec t s  of heat

treatment which were t rue  for  both alloys and for all tempering tempera tures

up to 175-200° C. These effects  can be summarized as follows :

(1) Direct quenching from 1200°C produced the highest tough-

ness .

(2) Direct quenching from lower temperatures produced

successivel y lower toughnesses.

(3) Step quenching to 870° C reduces the toughness with the

extent of the toughness reduction dependent on the holding

time at 870°C.

The effec ts  of tempering on 4340 a re  shown in Figure 2, There are

several important fea tures  on these c u r v e s .  F i r s t , fo r  low tempering tem-

pera tu res , below 175°C , the 1200 ° C c lea r l y has superior  toug hness while

the 1100°C t reatment  provides little b~ ieft t  over  that of the 870° C treatment .

9
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Second , for these tests , the conventional 870°C treatment produced a con-

tinuously i nc reas ing  toug hness as the t emper ing  t empera tu re  increases , wh ile

the h ig her temp e r a t u r e  t reatment s show a def in i te  embritt lement  react ion

at about 200°C.

Step quench ing to jus t  above the M5 tempera ture  for either partial

or complete transformation to bainite resulted in mixed results . F igure  3

indicates that tempering after  t ransformation improved the toughness and

that this trend is also shown by specimens par t ial ly t ransfo rmed to bainite .

Hence , even fo r the bainitic s t ructure  a large grain size was n e c e s s a r y .

Also shown in F igure  3 are a 1200°C s 3 1 5 ° C  for 10 second step quench and

a 1 200°C -“1100°C step quench for 1 minute. Both these resulted in very high

toughness levels. However , it is doubtful that either specimen reached the

step temperature before final oil quenching . Hence , these structures should

be martensi t ic .  Again ins t rumented quenching data is n e c e s s a r y .

A comparison of Figures  2 and 3 is shown in Fi gure 4 . Clearl y the

direct  quench or very  rapid step quench produced th e bes t to u ghness if

temper ing temperatures  below 175° C a re  u t i l ized .

Th e f r a c t u r e toughn ess res ult s obtained by step quenching to jus t

above the M5 te mpera ture  and holding for var ious  times are  summarized in

tab les 3 and 4 for both 4340 and 300M . For al loy 4340 the resul t s  show that

there were  severa l  combinations which y i e 1 d e d plane s t ra in  f r a c t u r e

t O  
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toughness data above 90,000 psi_in~~
2
. Table 3 also reveals that the

1200°C -“ 1100° C can result in very high toughness , if the holding time at

1100 is short. Prolonged holding produced a sharp drop in toughness.

Alloy 300M behaved in basically the same manner as 4340. Again

Figure 5 indicates that the direct quench from 1200° C produced the hi g h est

toughness independent of the tempering t empera tu re  employed. One di f fe r-

ence , however , is the lack of the severe  temper embrit t lern e nt reac-

tion present in alloy 4340 . For alloy 300M the direct quench f rom 1200° C was

superior r ega rd les s  of th e t empering tempe r a t u r e s  u sed in this stud y to date .

Step quenching to either partial or complete t ra nsf or mation to bainite

produced results  comparable to alloy 4340 . Again , prior treatment at

1200°C was necessary to achieve maximum toughness. A comparison of

Figures 5 and 6 shc,~~ that the direct quench from 1200° C produced the highest

toug hness , although the difference was small. However , there was not

suf f icient mater ial to test  the ef f ec t of hi gher austenitizing t empera tu re s .

The effect  of a small amount of t ransformat ion  to bainite is not significant

for alloy 300M , whereas it pr od uced a significant drop in the tou ghness for

alloy 4340 .

Figures  8 and 9 compare the ef fec ts  of tempering on the toug hness  of

4340 and 300M for both the 870° C and the direct quench from 1200° C heat

treatment. For the 870° C treatment the curves are very similar. The

difference in toughness at tempering temperatures above 150° C was due to

11
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the tempering resistance of 300M. The added silicon content has a well

known effect  on the tempering reaction . For the 1200° C t reatment  the

maximum toug hness occurred at a tempering tempera ture  of 175° C for

both al loys.  However , the strength of alloy 300M is about 20 , 000 psi greater

than 4340 at this tempering tempera ture .

F 

In order to compare this data to other published data , these maxi-

mum toug hness levels have been superimposed on data for these alloys and

other ultrahigh strength steels , F igures  10- 11. Clearl y the modified treat-

ments resul ted in a f rac ture  toughness equivalent to the 18% Nickel maraging

steels at equivalent strength levels .

B. Micros t ruc ture  Resul ts

The mic ros t ruc tu re  of each alloy was examined b y both

optical and electron microscopy.  Both rep lica and foil techniques were

util ized.  Grain size calculations were carried out for var ious  austenit izing

treatments .  The resul t s  are  summarized as follows- :

Solution Treatment Grain Size , ASTM
4340 300M

as received 9 6 .5
8 7 0° C/ l  h r .  9 6 .5
1000°C/ i  hr 9 4
l l 0 0 ° C/ l h r . 5 . 5  2
llOO °C/Zhr . - 2
1150°C/i hr. 3 2
l200°C/l5min . 1 -

l 200°C/30 min. 1 -

1200°C/i hr. 1 2
1 200°C/i hr — llOO°C/15 mm - 2
1200°C/i hr — 1100°C/i hr - 2

12 
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Clearl y 4340 , a rolled plate mater ia l  had a f iner  gra in  size initia lly .

Howeve r , after solu tioning at 1200° C , both alloys have ASTM grain size

of about 1-2. Step quenching do es not r e su l t  in a f ur ther inc r ease in g ra in

size.  Since the grain size is very  large after  the 1100°C/ i  h r .  treatment

but the f r ac tu re  toug hness is unchanged , and since step qu enching did not

result  in as hig h a f rac ture  toug hness as the direct quench , then grain  size

per se can not be controlling the f r ac tu re  toug hness of these alloys .

Obviousl y ,  the heat t rea tment , f r a c t u r e toug hness , and

micros t ruc ture  are  all interrelated and thus it is diff icul t  to discuss  any one

separately.  The heat treatment schedules and the alloys themselves are

complex enoug h in that it is diff icult  to give a simplified explanation for any

micros t ruc tura l  interpretation let alone f rac tu re  toughness interpretation .

However , seve ral micros t ruc tura l  observations can be made which all e f fec t

th e final res ult , the f r ac tu re  toug hness .  Figures  18-28 contain optical and

electron micrographs including rep licas and thin foil electron mic rograph s .

Figure  18 reveals the banded s t ruc tu re  of alloy 4340 in the

as-quenched condition and af ter  solutioning at 870° C for  1 hour . While the

banding which is due to segregation is no longer visible , the segregation

probably remains.  Electron microprobe anal ys is is requi r ed to confi rm

this . Figure  21 which shows as-received 300M does not r e v e a l  banding .

However , alloy 300M was obtained as a forg ing whereas  alloy 4340 was

supp lied under AMS 6359 specifications for plate material .

13
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Large  da rk  e t ch ing  p la tes  a r e  v i s ib l e  in F i g u r e  18 . These

a re  mos t probabl y m a r t e n s i t i c  plates which  have been auto ter r ipered  d u r i n g

t h e quench . in some of these  da rk e tch ing  p lates a paral le l  se r ies  of sub-

uni ts  a r e  v i s ib le , when viewed under ve ry  high magni f ica t ion s , i .  e.  Z000X .

Unfo r t u n a t e l y ,  it is impossible to uni que ly ident i f y these  optical l y ,  and th e

probabil i t y of f inding an isolated area  with thin foil  is low .

Examples of 4340 given a bainit ic  heat t r e a tmen t  a re  shown

in F igures  19 and 20. Th e e f fec t  of an in i t ia l l y banded segrega ted  s t r u c t u r e

on the subsequentl y heat t rea ted  s t r u c t u r e  is evident  in Fi g u r e  19. R e f e r r i ng

to the TTT curves  it is seen that this samp le should contain a small amount of

baini te . The segrega ted  na ture  of the baini te  in a mat r ix  of rn a r t ens i t e  is

clearl y vis ible . Upon cooling to room t e m p e r a t u r e  the remain ing  aus t en i t e

underwent  t ransformat ion  to mar tens i te  and r e ta ined  a u s t e n i t e . A one hour

hold at 3 15 ° C  resu l ted  in essent ia l l y complete t r a n s f o r m a t i o n  to ba in i te .

F i g u r e  20 r e v e a l s  the m i c r o s t r u c t u r e  of 4340 a f t e r  an ini t ia l

aus teni t iza t ion of 1200°C . The l a rge  g ra in  size makes the bainitic struc-

t u r e  ea s i e r  to ide nt if y .  The 3 m m .  hold at 33 5°C re su l t s  in about 25% trans-

fo rmation to baini te  with the remainder  essent ia l ly  t r ans fo rming  to mar tens i te

upon quenching to room t empera tu re .  The carbide  p r e c i p i t  a t i o n  can be

easil y dis t ing u is h ed in h igher  magnif icat ion rep licas which  also c l e a rl y  show

the duplex bainit ic-ternpered mar tens i t i c  s t r u c t u re , as opp osed to th e

14 

—
~~~
-

~~~~~~-—,.-~~~
- 

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



essentially full y bainitic s t ruc ture  present  in specimens held for 1 hr . in

salt pr ior  to quenching .

Micros t r uctur es of a l loy 300M corresponding to various

heat t reatments for which f r a c t u r e  toug hness data was al so obtained a re

included in Fi gures  21 -23 .  There a re several  notewor th y di f f e r e n c e s

between 4340 and 300M. Fi rs t , in Figure  Z l ,ver y fine resid ual ca rbides

are visible as small black spots about 0 .5  mm in diameter . There  were  no

residual carbides in alloy 4340 for this heat t reatment . The high au steni t iz is

treatment did produce a network of dark etching plates su r round ing  most

prior austenite grain boundaries , Figure 21 . These are present  in the fine

grain case , bu t not very  evident at low magnif icaLion due to the fine gra in  si~

Isothermally t r ansf orm ed str u c tures  a re  shown in Figure  Z~

For alloy 300M ,a 3 m m .  hold at 3 15°C or 350°C should onl y produce about

2-5% bainite for a 1-1/2% silicon content. The remaining austeni te  has

evidentl y t ransformed to rnartensite for the case of an initial 870° C solution

treatment . Rctained aus teni te  is foun d , however , within the bainitic

f e r r i t e  laths as shown in thin foil iransmiss ion  electron rn i c rog raphs .

By holding for 1 hour at 3 10°C about 75% t ransformat ion

to bainite occurs  according to the TTT curve af ter  an initial 900° C solution.

This is in good agreement with Figures  23. Figure  23a has large white area

15 
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representing either retained aus ten i te  or untempered rnar tens i te  formed

durin g the quench to room tempe rature. Tempering at 200°C transformed

these white reg ions  into a dark etching s t r u c t u r e , F ig u r e  23b. Similar

mic rogra phs for a pr ior  1200° C solution treatment are  included in F igures  23c

and 23d for 300M. However , there  is one important  d i f ference  evident  in

F igure  23d.  Again a f t e r  holding for 1 hour  the s t r u c t u r e  was essent ia l ly

bainit ic  with a small amount of whi te  i s lands .  However tempering for 1 hour

at 200°C did not eliminate these white i s lands .  If these were  untempered

mar tens i te  they would have been tempered.  Hence , the s tabi l i t y of th ese

reg ions is d i f fe ren t  and depends on the solutioriing t empera ture .  It is impossibi

to establish the s t ruc tu re  of these regions b y optical microscopy.  Transmis-

sion electron microscopy is underwa y as part  of the second year p rog ram in

order to determine the e ffect  of solutioning t empera ture , silicon content and

tempering tempera ture  on the s t ruc tu re s  present  under these  conditions .

T ransmis s ion  electron m i c r o s c o p y  r e su l t s  a r e  shown in

F igures  24 and 25 f~~ alloy 43 40 for  both l a rge  and fine g ra in  size for  both

di rect  and step quench s i tua t ions .  Thin foil  ana lys i s  for two step quench

treatments  to 1100°C are  included , F igures  24 c-f  and F igu re  25.  Of

possi ble si gn if ica n ce is t h e fact  th at t h e sample h eld for  30 m i n u t e s  was

extensive ly twinned while the specimen held at  1100°C for only t O  mi nute s

contained very  few twins .  R e f e r r i n g  back to Table 3 , it is clear t hat a

si gn i f icant  dro p in f r ac tu re  toughness  o c c u r r e d .  The 10 minute  hold had a

toughness of 93 , 460 p s i_ i n~~~
2 

while the 30 minute hold had only 68 , 000 p s i - i n 1 2

f r a c t u r e  toughness .  Also note the l a rge  variat ion in plate s izes  for this and

16
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other sections as well . Finall y ,  extensive carbide prec i p itation is v is ib le

throughout all the  t empered  st r u c t u r e s .

Figures 26-28 reveal the structure of 300M. Bri ght f ield ,

dark field and corres7on .iirnz liffraction patterns a re  shown . The re ta ined

austeni te  d is t r ibut ion .an ~e seen in the f i g u r e s .  In Figure 27 a and b , the

dark films between the ferrite laths are  a ust e n i t e .  However , Fig u r e  27c

revea ls  that the s t r u c t u r e  is not ent i re l y baini t ic , i .e. rnar tens i t ic  regions

are visible.  This shows that some aus teni te  was not s tabi l ized a f te r  1 h r .

at 350° C given a prior 870° C sol ution t r eatment . Fig u r e  28 is also 300M

isot hermally t ransformed to bainite . However , the tra nsformat ion  tem-

pera ture  was 3 10°C instead of 350° C.  This r e su l t ed  in a f ine r  s t r u c t u r e  as

expected. Again , re tain ed aus ten ite was present but general ly on a much

fine r scale. Note that th er e a re  n o ca rbides  in th is bai nite , onl y f e r r i t e  and

fi lms of retained austeni te .  Th is for m of bainite has been re ported in the

l i terature.

C. F rac tu re  Morp hology

The f r ac tu re  morphology of both alloy 4340 and 300M were

ext en sive ly examined. Mixed st r u c t u r e s  were  present  fo r  nearl y all hea t

t reatment  conditions.  Figure  29a clearl y shows the mixed ducti le  and

cleavage modes present . Tempering reduces the amount of c leavage ,

Fi gure 29 b and c. Th e in t e r f a c e  between th e f a ti g ue p r ec r ack and  th e init ia

crack growth reg ion is visible in Fi gure  29c.  In all cases only regions  near

17 
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the fatigue crack were examined. The 1200°C/oil quench fracture morpholog

is shown in Figure 30a. The hi gh magni f ication m i c r o g r a ph iniicat~~ slzllcw d:

type f r a c t u r e  indicating ve ry  loca l ized plastic flow. Again both dimpled

and quasic leavage areas were present . Step quenching to 870° C resul ted in

a somewhat more int e rg ranula r - f r ac tu re  mode , Figure  30b .

Step quenching f rom 870° C to 3 15°C to fo rm a duplex struc-

tu re  r e sulte d in two distinct f r a c t u r e  modes , Fig ure  31 a , However , addi-

tional tempering at 200° C eliminated the in tergranular  cleavage and also

increased th e f ract u re toughness somewhat . Reca ll , however , that the

highest toughnes s was achieved b y the direct  quench f rom 1200° C , or by

step quenching for very  short times pr ior  to oil quenching . Micro g ra ph s fo r

the 1200 .335°C step quench to form a duplex martensit ic-baini t ic  struc-

ture  are included in Figur e 32 . The transition f rom a ductile to a br i tt le

f rac ture  is obvious as the holding time at 335° C is increased f rom 1 minute

to l hr .

It is difficult in some cages to identify morphology fea tures

which can be uniquel y associa~ed with either a hig h or low toug hness  level .

Figure 33 contains rnicrographs f rom K Ic spec imens  which were  stepped f rorr

1200°C — 1100°C for  1 mm (Fig.  33 a and b) and 1 hour  (Fig . 33c) .  All  three

fi gures  are similar in that they exhibit coarse intergranular fea tures  which

reveal localized plastic flow along grain boundaries .  However r e f e r r i n g

18
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to Table 3 , it is seen that  the  toug h n e s s  of 33 a ~ b is

the toug hness  of 33c is v e r y  low.

Alloy 300M did not exhibi t  i n t e r g r a n ula

the large gra ined  specimens , Fi g u r e  3 5. However , ter

produced a muc h more duct i le  f r a c t u r e  su r f ace  cornpar

sur face  of as quenched test  specimen . For this case in

can be associa ted with improved toug hness .  However ,

Figure  34b and 35b demons t ra tes  that it is v e r y

the relat ive toug hness of spec imens  b y ju s t  exa min ing  ti

For this case both spec imens  exhibi t  a duc t i l e  f a i l u r e  n

D . Hardness  Tes t ing

A limited amount of ha rdness  t e s t i ng  ha

p re l iminary  to tensile t e s t i ng .  This data is shown in Fi

4340 and 300M respec t ive ly .  For the d i r ec t  quench  f ro :

1200° C there  was little change in ha rdness  for  e i ther  al

In eac h case  th e samples t ran sfo rmed  for  60 minutes  ha

due to the format ion  of a l a rge  amount of baini te  ra ther

The choice of t ransformat ion  t empera tu res  was based o:

pe r a t u r e s  and was chosen in o rder  to t r a n s f o r m  about 2

H o w e v e r , judging  f rom the measu red  h a r d n e s s e s  the 1v

be lower than ant ici pated.  Bainitic h a r d n e s s  levels  app

be ob ta inable .  A se r i e s  of t r a n s f o r m a t i o n  t e m p e r a t u r e5

19
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dur ing  the second year  p rog ram in order  to establish the

that c~~~ be achieved by this method .

I

20



V DISCUSSION.ng

The r e s u l t s  of t h i s  p r o g r a m  have  d e m o n s t r a t e d  tha t  v e r y  h i g h

toughness levels can be achieved. In fact , by direct quenching from I

r a the r  than s tep q u e n c h i ng ,  even h i g h e r  l e v e l s  of t o u g h n e s s  can be acf

while maintaining very high strength levels. A unique explanation for

observed property changes is difficult to make based on microstructu :

anal y s i s .  Both the f ine  g r a i n  and the l a r g e  g ra in  size are martensitic

d i r e c t  quenching . Both contain lath and p late  m a r t e n s i t e . T h e r e  a r e

var ia t ions  in the amount  of twinning in some cases , bu t  any f i r m  conc]

m u s t  wait  until addi t ional  thin fo i l s  a r e  examined  for  va r i a t i o n s  in the

and morpho logy  of the twins . Var i a t i ons  in the amoun t  of r e t a i n e d  aus

have  been observed , but it is d i f f i c u l t  to p o s i t i v e l y conc lude  tha t  t h i s  a

for the improvement . The most informative results are the trends in

t u r e  toughness  d u r i n g  s tep  q u e n c h i n g , and the fact  that  1200 and not  i i

1100°C is necessary for maximum toughness. Electron microscopy ~s.

cont inue  du r ing  the 2nd year  e f f o r t  on these  samples  in o r d e r  to i d e n t i

va r i a t i on s in aus t en i t e  and twin d e n s i t y .  In add i t ion  to a u s t e n i t e  ~~~ t’

considerat ions , o ther  m i c r o s t r u c t u r al  poss ib i l it i e s  a r e  lath s i ze  and r
size both of which might control a critical fracture path length . Agair

l a r g e  number  of fo i l s  m u s t  be p r e p a r e d  and e x a m i n e d  b e f o r e  c o nc l u s i c

be reached . E lec t ron  m i c r o s c o p y  wil l  con t inue  t h r o u g h o u t  t he  2nd yea

in o r d e r  to obtain s u f f i c i e n t  data to make  a m e a n i n g f ul  e v a l u a t i o n .

2 .1

A.



There is one addi t ional  potential explanation which the data s up p o r t s .

Segregat ion  of both t he al loy elements such as n icke l  as well as t r a c e  level

i m p u r i t y e lements  may cause s ign i f i can t  changes in the f r a c t u re  t o u g h n e s s .

The reduced toughness levels  produced b y step quenching suppor t  t h is  t h e o r y ,

especially since increas ing the holding t ime at e i ther  1100°C or 870° C

severe ly reduces  the f r a c t u r e  t oughnes s .  It is important  to note that  at these

inte rmediate step tempera tures  rang ing f rom 870 to 1100°C , no p r ec i p ita-

tion , t rans f ormat ions , or g r a in  g rowth  occur . Thus in addi t ion to var ia t ions

in austeni te  content and morphology as well as var ia t ions  in the s u b s t r u c t u r e

of the n-iartensite , var ia t ions  in segregat ion due to bot h gra in  size and step

quench tempera ture  and time are  to be taken into account . Auger  e lec t ron

spectros copy will be ca r r ied  out dur ing the second year in order  to quantita-

tivel y establish the existence of segregat ion as a possible mechanism con-

t ro l lin g the toughness of these a l loys .

Hi gh tempera ture  solution t reatments  al ter  the shape of the TTT curve

for 4340 and silicon modified 4340 . F igu re s  14-16 re la te  to the TTT c u r v e s

for each alloy as a function of austeni t iz ing t empera ture .  A comparison of

F igures  14 and 15 demonst ra tes  the e f f ec t  of the aus t en i t i z ing  t e m p e r a t u r e.

Note that the M5 tempera ture  increases about 25 °C , and that th e nose of the

curve  is r e t a rded .  This inc reases  the upper baini t ic  h a r d e n a b il i t y .  However ,

t he kinetics of the lower baini t ic  t ran sformat ion are  e s s e n t i a l l y unchanged .

F igu re  16 is for a sil icon modi f ied  4340 with 1% s i l i con . The s i l icon content

a l so af f ects  th e ki n et ics  of th e ba in i t e  r eact ion . For exampl e . 434 0 t r a n s fo rmed
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at 300° C requires 5 minutes to reach 70% transformation to bainite whereas

with 1% s i l icon , one hour  is requi red  to produce 70% t r ans fo r mation . F i g u r e 17

indicates  the amount of aus ten i te  retained at any t r ans fo rma t ion  t e m p e r a t u r e

afte r the reaction has stabilized af ter  a prior  900° C solution t rea tment .

The f r ac tu re  toughness of each alloy isothermall y t r a n s f o r m e d  to b a i n i t e

was not as high as the f r ac tu re  toughness of the m a r t e ns i t i c  s t r u c t u r e s .  This

may be due to inherent l y lowe r toug hness  in the baini t ic  s t r u c t u r e  ~ it could

relate to a segrega tion model again . Many s tud ies  have shown that as the carbon

content is ra ised , the optimum s t ruc tu re  for max imiz ing  the t o u gh n e s s , goes

fro m martensit ic to baini t ic .  In general , t he t r ans i t ion  carbon level  is  abou t  .4 ~~

b y wei ght . Hence , bot h a l loys  are  in the t r ans i t ion  r egion . If , however , t h e

austeni te  is s tabil ized b y a super sa tu ra t ion  of carbon wi th in  the a u s t e n i t e , t h e n

the overal l  carbon content of the mar t ens i t e  may be lowered .  This  wo uld be ex-

pected to improve the toughness  of the m a r t e n s i t e.  However  , one might  a lso  expec t

the strength to drop j u s t  on the basis  of lower s t rength  m a r t e n s i te .

The advanta ge of a shor t  t ime step quench to j u s t  abo ve the M 5 t e mp e r a t u r e

wou ld be to reduce th e th ermal  g rad ien t  p r io r  to quenc hing  t h r o u g h  the m a r t e n s i t e

t ransformat ion range . In order  to do this e f f e c t i v e l y ,  it is neces sa r y to know how

long it takes test specimens , or actual  components , to reac h the t em p e r a t u r e  of the

bath . Work d u r i n g  the second year  p r o g r a m  will  i n c l u d e  i n s t r u m e n t e d  quench-

ing data in order  to opt imize  the actual  s tep quench  t ime for s eve ra l  t e mp e r a t u r e s .
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VI. SUMMARY & CONCLUSIONS

It appears  for  the work to date  in th is  p r o g r a m  that  m a r t e ng i t i c s t ruc-

tu res  have be t te r  t oughness  than b a i n i t i c  s t r u c t u r e s , even though  b aini t ic

s t r u c t u r e s  tend to have more  r e ta ined  aus t en i t e .  However , the  b a i n i t i c

s tr u c t u r e s  produced to date have been f a i r l y  coarse  and a f u r t h e r  r educ t i on

in t he i so thermal  t r ans fo rma t ion  wi l l  be u t i l i z e d  in order  to ref ine the struc-

t ure  and increase  the s t r eng th  of the b aini t ic  s t r u c t u r e .

The effec ts  of s tep quench ing  over  a range  of t e m p e r a t u r e s  for  v a r i ed

holding t imes have been demons t r a t ed . A complete  d e s c r i ption o f these

e ffects  will r e q u i r e  additional t e s t i n g  as ou t l ined  in the second yea r p r o g r a m .

A better unders tanding of the s tabil it y of the a u s t e n i t e  u n d e r  d i f f e r e n t  condi-

t ions has been ob ta ined .  The s ta b i l i t y of t he  r e t a i n e d  a u s ten i t e  depends  on

both the amount of s i l i con  p r e s e n t  and t he  a u s t e n i t i z i r i g t e m p e r a t u r e  and

quenc hing co n d i t i o n s ,  Add i t i ona l  work  u t i l i z i n g  e l e c t r o n  mic roscopy , X - r a y

di f f r ac t ion  and a u g e r  e l ec t ron  spe c t ro scopy  is r e qu i r e d .  This  work wil l  fo rm

p a rt  of the second year  p r o g r a m . The p r i m a r y  r e s u l t s  a r e  the  v a r i a t i o ns  in

the f r ac tu re  toughness leve ls  ach ieved  b y d i f f e r e n t  heat  t r e a tm e n t s .  These

are  summarized as follo ws :

( I )  For maximum toughness  i n i t i a l  a u s t e n i t i z a t io n  at  1 2 00°C ,

was r e q u i r e d .
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( 2) Maximum toug hness was obtained by using several

di f fe ren t heat t r ea tment  schedules .  In addition to the

direct  quench f rom 1200°C , step quench t rea tments  to 1100 ,

870°C or 315°C all p roduced  hi gh toug hness levels if the

holding t ime was shor t .

(3) The 1200°C/ i  hr ~ 1100°C intermediate heat t reatment  pro-

duced interest ing results  relat ive to the importance of the

1200°C initial t empera tu re.  Not e that upon h olding fo r

successively longer times at 1100°C , the toughness dropped

f rom 91 , 370 psi~ in~
12 

for a 1 min ute hold to 68 , 000 for a

30 minute hold for  a 175°C temper .

( 4) For specimens held one hour  at 3 15 or 3 3 5 ° C , the to ug hness ,

althoug h severe l y r educed , is essent ia lly independent  of

the prior  aus ten i t iz ing  t e m p e r a t u r e .

(5)  Valid plane strain f r a c t u r e  toug h n e s s  r e s u l t s  of over

1/2 .90,000 psi_in were achieved for alloy 4340 combined

with tensile strengths of 300,000 psi. K1 values of over

85 , 000 ps i_ in 1”2 have been obtained for  alloy 300 M at

eq uivalent  s t rength  l eve ls .
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Table 1

Fracture Toughness Data for Alloy 4340

Ji eat Treatment

Austeniti zing Tempering Kic ij ~~~~~~
I.D. Ternp . °C/hr . Quench Temp . °C/ hr . psi- m u ~~~~~~~~ in Q

AC Z 870/ 1  oil AQ 38 , 560 38 , 560 1.00
ACI4 870/1 oil AQ 34,390 34,390 1.00
ACI8 870/i oil AQ 33 ,510 37,720 1.02

A19 870/i oil 125/1 hr 42,240 42,240 1.00

AC3 870/1 oil 200/1 hr 61 ,460 67 ,920 1.04
ACS. 870,’l . oil 200/1 hr 64,600 64,600 1.00

AC6 870/1 oil 280/1 hr 77,470 88,180 1.03
AC7 870/1 oil 280/1 hr 75,120 80,560 1.03

AC8 870/1 oil 350/1 hr 92,630 113 ,33 1.12*

AC9 350/i hr 103 ,290 117 ,810 1 .05

ACIZ 1100/1 oil AQ 42,970 42,970 1.00
ACL3 1100/i oil AQ 43,130 43,130 1.00

ACS3 1100/1 oil 125/1 45,620 50,760 1.07

AC27 1100/1 oil 175/1 58,170 61 ,960 1.01
ACZ6 1100/1 oil 175/1 61 ,110 63 ,670 1 .01

ACZ8 1100/1 oil 200/1 61 ,440 61 ,440 1.00

AC15 1200/1 oil AQ 67,300 79,560 1 .11
ACZZ 1200/1 oil AQ 46,780 62,870 1.18 *

AC3O 1200/1 oil AQ 65 ,880 76,400 1.07

AC24 1200/1 oil 125/1 83 ,074 89,660 1.04
AC25 1200/1 oil 125/i 83,990 83,990 1.00

AC2 3 i Z O O / l  oil 225/ i 66 ,360 85,090 1.17 *
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Table 1 (cont’d)

Fr acture Toughness Data for Alloy 4340

Heat T reatment

Austeniti zing Temper ing K ic Kmax
/ ~l.D. Temp. C/hr . Quench Temp . C/ h r . ps i_ in 2 p si_ in 2 In Q

AC29 1200/ 1 oil 175 /1  85 , 350 98 , 390 1.08

AC3 1 1200/1 oil 280/i 59,580 70,070 1 .08

AC54 1200/1 oil 350/1 72,610 91 ,520 1 .11 *

AC55 1200/1 oil 80,790 81 ,900 1.01

AC47 1200/l-870/’Ar oil AQ 51 ,660 53 ,580 1 .01
AC5I lZ00/1—’~870P/zhr oil AQ 52,970 63,410 1 .10

AC48 12004-’870/’/ihr oil 175/1 65,540 70,680 l .0l
~

AC49 l2004-...870/%hr oil 175/1 60,960 72 ,410 i .iZ

AC37 l200/l-°870fV~’ir oil 200/1 60,720 82,830 1.13 *

AC38 1200/l—.870/’/zhr oil 200/1 60,970 70,640 1 .08*

AC41 1200/i _.870/L/2hr oil 280/1 52,250 58,080 1.06
AC42 1200/l-.’870/¼hr oil 280/1 52,970 59,120 1.06

AC44 1200/i-.870f/zhr oil 350/1 85,640 96 ,060 1 .01
AC45 l200/1—870/V~r oil 350/1 84,730 96,300 1.06

AC43 l200/1-.870/’/~ir oil 150/i 59,370 68,770 1 .06

AC46 lZOO/i—870/ l hr oil AQ 52,890 55 ,960 1 .03

AC5O lZOO/1--870/5 mm oil AQ
AC52 1200/1—870/5 mm oil AQ 56 ,660 67,210 1 .11 *

AC39 1200/1—870/30 sec oil AQ 62,620 75,380 1 .11 *
AC4O I2004~~870/30 sec oil AQ 64,960 74,210 1 .10
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Tab le 1 ( con t ’d )

F r a c t u r e  Toughnes s  Data fo r  A l l o y  4340

A u s t e ni t iz i n g  Temper ing  K ic K max p ,p
I . D . Ternp . ° C / h r .  _Quench Temp . ° C/ h r . p s i - i n  -

~ p s i_ i n J ~ rn Q

AC56 870 /l - °3 15/ 3 mm oil AQ 40 , 340 48 , 070 1 . 10
ACS7 oil 39 , 430 45 , 510 1 .07

AC58 200/ 1  51 , 400 54 , 540 1 . 03
AC59 52 , 960 58 ,980 1 .03

AC6O 870/1-~°3 15/60 mm oil AQ 49 , 540 59, 630 1 . 04
AC6I  52 , 480 63 , 100 1 .06

AC6Z 2 0 0 / 1  57 , 160 66 , 830 1 .09
AC63 58 , 590 62 , 430 1 .02

AC82 1200/ 1-°300/3 n-u n oil 2 00 /1  79 , 240 88 , 800 1 .05
AC83 80 , 400 84 , 730 1 .03

AC8O l200/1— 300/60min  oil 200 /1  62 , 530 62 , 530 1 .00
AC8 1 65 , 370 65 , 370 1.00

AC87 l 2 0 O / l -~3 l 5/ l 0 se c  oil 175/ 1  90 , 220 100 , 830 1 .04

AC84 2 00/ 1  88 , 420 93 , 4 10 1 .02
AC85 88 , 150 99 , 880 1. 08

A C 7 2  l 20 0 / l~~~35/ 1  mm oil 2 00/ 1  89, 690 94 , 590 1 .02

AC64 l200/1 335/3 m m  oil AQ 58 , 150 66 , 280 1 .06
AC65  60 , 48 0 66 , 830 1 . 03

AC73 1 7 5 / 1  80 , 220 82 , 110 1. 01

AC7O 2 0 0 / 1  74 , 460 82 , 730 1 . 03
AC71 78,240 79,670 1 .00

AC74 280/1 68,490 81 ,430 1 .06

A C 7 5  1200/ 1-”33 5/5 u-ru in oil 200/1  82 , 670 88 , 670 1 . 01
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Table I (cont ’d l

F r a c t u r e  Toughness  Data fo r  Al l oy  4340

Austenitizing Tempering K ic Kmax p ,‘pç~I . D .  Temp . °C / h r . Quench  Temp . °C/ h r .  p si~ in~ - psi~ in 2 m

AC66 l 2 00 /l —’~ 3 5 / 6 0 min  oil AQ 43 , 490 50 , 720 1 .08
AC67 45 , 890 45 , 890 1.00

AC68 2 0 0 / 1  53 , 930 58 , 050 1 . 0 1
AC69 47 , 160 57 , 390 1 . 1 0
AC79 50 , 530 58 , 450 1 .04

AC86 1200/ l — l l O O/ l  mm oil 175 /1  91 , 370 101 , 040 1 .05

AC88 200/1  85 , 710 100 , 020 1.06

AC89 12 0 0 / l — 1 l0 0/ l0 m i n  oil 175 /1  93 , 460 107 , 610 1 . 0 5

AC34 * 200/1  67 , 880 77 , 430 1 .05

A C 32  l2 00/ l— ° 1l00/30 mm oil 200/ 1 72 , 050 76 , 510 1.02
AC33 200/1 63 ,040 69,090 1.03

AC76 1150/ 1 oil AQ 50 , 690 53 , 130 1 .01
AC77  53 , 710 57 , 300 1.04

AC78 1 7 5/ 1  70 , 070 76 , 410 1.04

*Possib le var ia t ion  in holding time at 1100°C.  Addi t ional  t e s t s  to be c a r r i e d  out .
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Table 2

Fracture Toug hness Data for Alloy 300M

— Heat Treatment

Austenitiz in g Tempering K ic ~~~~~~~
I.D. Temp. C/ hr .  Quench Temp. C/h r . psi_ in ~ psi-in ’2 in Q

BC7 870/ 1  oil AQ 36 , 520 54 , 090 1. 13 *

BC8 870/1 oil AQ 36,480 53,550 l . l1 *~

BC39 870/1 oil 175/’ 68,450 80,865 1.01

BC1O 870/1 oil 200/1 67,980 78,930 1 .02

8C28 870/1 oil 200/1 65,490 76,860 1.02

BC1I 870/1 oil 280/1 63 ,850 75,380 1.03

8C29 870/1 oil 280/1 66,600 73,850 1.02

BC3O 870/1 oil 350/i 67,950 75,260 1.03

BC38 870/1 oil 125/1 45,940 62,410 1.07

BC27 870/1 oil 150/1 44,640 58,150 1.05

BCI4 1100/1 oil AQ 39,790 60,610 1 .18*

BC13 1100/1 oil AQ 42,820 61 ,760 1 ,13 *

BC45 1100/1 oil 175/1 76,500 93 ,050 ~.05

r
BC31 1100/1 oil 200 76,300 93,460 1 .05

BC32 1100/1 oil 280 72,260 95 ,330 1.06

BC33 1100/1 oil 350 72,570 87,930 1 .08

BC1S 1200/1 oil AQ 43,670 55 ,330 1.02
BCI6 1200/1 oil AQ 39 ,720 65,270 1 .22*

BC37 1200/1 oil 125/1 53 ,010 75 ,200 1.07
BC48 1200/1 oil 125/i 53 ,350 76 ,320 1.08

BC49 1200/1 oil 150/1 59,480 81 ,310 1.08

BC4O 1200/1 oil 175/1 89,540 107 ,390 1 .05
BC46 1200/1 oil 175/1 77.670 106 ,060 1,13 *
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Table 2 (conVd)

Fracture Toug hness Data for Alloy 300M

Heat Treatment K
Austenitizing Tempering IC 

~~‘• .
I.D. Temp. C/hr. Quench Temp. C/hr . psi-in

8C17 1200/ 1 oil 200/ 1 80 , 140
BC18 12 00/ 1  oil 200 / 1  85,530

BC35 1200/1 oil 200/1 82,810

BC19 1200/1 oil 280/1 78,080
3C36 1200/1 oil 280/1 83,630

BCZO 1200/1 oil 350/1 73,930

BC41 lZOO/%hr oil 200/5 79,370
BC4Z lZOO /V2hr oil 200/5 79,120

BC43 i200/u4hr oil 200/5 89,000
BC44 l200/’~4hr oil 200/5 85,720

BC47 1200/’%hr oil 200/1 88,970

BC2l 1200/1—. 870/i 2 hr  oil AQ 42, 560
BCZ2 12O~)/l °870/’2hr oil AQ 41 ,680

BC23 1200/l-.870/’~hr oil 200/1 75,670
BC24 1200/1 870/,i~hr oil 200/1 79,010

BC25 l200/l -’870/’~ hr  oil 2 80/1 72 , 440

BCZ6 1200/1—870/’1~hr oil 350/1 66,000

33
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Tab le  2 ( c on t ’d ~

Frac tu re  Tou ghness  l)ata fo r  A l l o y  300M

~-\us~en it i z ing Temper in g  K 1(.
1 . !) . T~~mp . ° C / h r .  Q u e n c h  Temp. ° C / h r  p s i - i n  

—

B C 5 Z  8 7 0 / 1  3 15/3  m m  oil AQ

BC53 2 0 0 / 1  t 7 ~ 270

BC5O 870/ 1  3 l 5/ 6 0 r r u i n  oil AQ 4 .3 ,~~00

8C51 2 0 0 / 1  60 , 730

BC S6 1200/ 1 315/3 mm oil AQ 49 , 570

BC34 2 0 0 / 1  ~-I4 , Q 5Ø

BC~~4 1200/ 1 315/ 60 mm oil AQ 4~~, 730

BC5 5  2 0 0 / 1  t 1 , 630

*invalid tes t  r e s u l t .

34
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FIGUR E

F r a c t u r e  t o u g h n e s s  vs  hea t  t r e a t m e n t  r e s p o n s e , t e s t e d  in th~
as quenched  cond i t ion .

2 F r a c t u r e  t o u g h n e s s  v e r s u s  t e mp e r i n g  t e m p e r a t u r e  f o r  a l l o y  4340 .

3 F r a c t u r e  tcughness  v e r s u s  t e mp e r i ng  t e mp e r a t u r e  fo r  a l l o y  4340 .

4 Compos i te  of F i g u r e s  2 and 3.

5 F r a c t u r e  t o ugh n e s s  v e r s u s  ternpe r ing  t e mp e r a t u r e  fo r  a l l o y  300M.

6 F r a c t u r e  t o u g h n e s s  v e r s u s  t e mp e r i n g  t e m p e r a t u r e  for  a l l o y  300M

7 Composite  of F i g u r e s  5 and 6 ,

B F r a c t u r e  toughness  of 300M and 4340 a f t e r  a s t anda rd  870° C so lu t ion-
ing t r ea tmen t .

9 F r a c t u r e  t oughnes s  of 300M and 4340 a f t e r  a 1200° C s o l u t i o n i ng
t r e a t m e n t .

10 Yie ld  s t r e ngt h  vs plane s t r a in  f r a c t u re  toughness  for  s e v e r a l
commerc ia l  a l loy  s t ee l s .

11 Ul t imate  t ens i l e  s t r e n g t h  vs plane s t r a in  f r a c t u r e  t o u gh n e s s  fo r
severa l  c o m m e r c i a l  a l loy  st e e l s .

12 H a r d n e s s  vs t e m p e r i n g  t e mp e r a t u r e  fo r  a l l oy  4 3 4 0 .

13 H a r d n e s s  vs t e m p e r i n g  t e mp e r a t u r e  fo r  a l loy  300M.

14 I so the rma l  t r a n s f o r m a t i o n  c u r v e  fo r  a l loy  4340 a u s t e n i t i z e d  at Q 0 0 ° C .

15 I so the rma l  t r a n s f o r m a t i o n  c u r v e  fo r  a l l o y  4340 a u s t e n i t i ze d  at 12 0 0 ° C .

16. I so the rmal  t r a n s f o r m a t i o n  c u r v e  fo r  a l loy  4340 L 1% Si a u s t e n i t i z e c i
at 900 ° C.

17 . R e a c t i o n  t e m p e r a t u r e  v s .  p e r c e n t  r e t a i n e d  a u s t e n i t e  fo r  Si m o d i f i e d
4340 steel.
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FIGURE

18 4340 (a) As r e c e i v e d
(b) 8 7 0° C / l  hr and oil quenched
(c)  12 0 0 ° C / l  hr  and oil quenched
(d) 1200°C/i hr  — 8 7 0° C/ l / 2  hr  and oil quenched

19 4340 ( a - c )  870°C/l hr  — 3 l 5 ° C / 3  m m  and oil quenched

20 434 0 12 0 0 °C / l  hr  — 3 3 5 ° C/ 3  mm and oil quenched
(a) As quenched
(b) Tempered at 2 0 0 °C / i  hr

21 300M (a) As rece ived
(b , c) 8 7 0°C / i  hr  and oil quenched
(d) 1 2 0 0° C/ i  hr  and oil quenched

22 300M (a)  870°c/i hr — 3 l 5 ° C / 3  mimi and oil quenched
(b) l200°C/l hr — 3 15 ° C/ 3  mm and oil quenched

23 300M 8 7 0° C/ l  hr  — 3 1 0 ° C / i  hr  and oil quenched
(a)  As quenched
(b) Tempered at 2 0 0 ° C / I  hr
120 0 ° C / i  hr  — 315° C/ i  hr  and oil quenched
(c)  As quenched
(dl Tempered  at 2 0 0 ° C / I  hr .

24 4340 B r i g h t  f ie ld  TEM r-n ic rographs
(a , b) 870°c/I hr an 1 oil quenched
( c - f )  12 00° C/ I  hr  — 1 1 0 0° c / l U  min,oil quenched , and

tempered at 200°c/i hr

25 4340 Br i g ht f i e ld  TEM m i c r o g r a phs
( a - d )  i 2 0 0 ° c / l  hr  — llOO°C/30 n-uin , oil quenched , and

t e m p e r e d  at 200° C/I h r .
(e) Diffraction pattern of twinned region .

26 300M TEM m i c r o g r a phs
1 2 0 0 ° C/ i  h r  and oil q u e n c h e d
(a-c) Bright field
(dl  Dark  f ie ld
(e) Diffraction pattern
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F I G U R E

27 300M TEM m i c r o g r a phs
870°c/i hr — 3 5 0 ° C/ i  hr  and oil quenched
(a-c) Bright field
(d) Diffraction pattern of circled region on (b)
(e) Schematic of d i f f ract ion pattern

28 300M TEM micrographs
870°c/i hr — 3 1 0 ° C / i  hr  and oil quenched
(a , b) Br ig ht f ield
(c )  D i f f rac t ion  pat tern  of c i rc led region on (b)
(d) Schematic of d i f f rac t ion pat tern

29 4340 SEM f r a c t o g r a phs
870° C / i  hr and oil quenched
(a) As quenched
(b) Tempered at 200°c/i hr
(c)  Tempered at 350°c/i hr

30 4340 SEM f r ac tog raphs
(a)  l 2 0 0 ° c / l  hr , oil quenched and t e mp e r e d  at 1 7 5 ° C  ‘1 hr
(b,c) 1200°C/i hr — 870°c/30 mm and oil q u e n c h e d

31 4340 SEM f r a c t o g r a phs
870°c/I hr — 3 I 5 ° C / 3  mm and oil quenched
(a)  As quenched
(b) Tempered at  200° C

32 4340 SEM f r a c t o g r a phs
(a) 1200°c/i hr — 3 3 5 ° C/ i  m m , oil quenched , and

tempered at 200°C/i hr
(b) 1200°c/i hr — 3 3 5° C/ 3  mm , oil quenched , and

tempered at 200°c/i hr
(c) i 2 0 0 ° c / l  hr  — 3 3 5°C/ 6 0  mm , oil quenched , and

tempered at Z00°~~/i hr

33 4340 SEM fractographs
izoo°c/i hr — 1100°C/i n-u n and oil quenched
(a) Tempered at 175°C/i hr
(b) Tempered at 200°C/i hr
1200°C/i hr — 1100°C/I hr and oil quenched
(c) Tempered at 200°c/i hr
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FIGUR E

34 300M SEM f r a c t o g r a p hs
8 7 0 ° C/ I  hr and oil quenched
(a) As quenched
(b) Tempered at 100°C/i hr

35 300M SEM f rac tographs
1200°c/i hr and oil quenched
(a)  A s quenc hed
(b) Tempered at 200°C/I hr
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F i g u r e  3 . F r a c t u r e  t o u g h n e s s  v e r s u s  t e m per i n g  t e m p e r a t u r e  fo r  a l l o y  4 34 0.
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Figure 4. Composite of Figures 2 and 3.

44

- . -.—.-.——_-.——— ~~~~~~~ -‘ — - -,  —-.— - ,  —————-— -—--.— - _..?—““ ~~~~~~~~ ~~~~~~~~~ .~~~~~ , - —— —- —- . — -- —----- -— —_---—-- . — . — .—



. -.--- ‘.— - . --- - --.--—— - -. --- -

- . 

~1 ~~~~ I I I I ~~~~~~~~~~~~~~~~~ 
- —

1200 °C/Ihr.
100 - 

1200 0C/ I hr.~~~87O 0C/V 2 hr .

1100 °C/ lhr .

90 - 
870 °C/lhr.

8 0-

I
i r r ---

~~~~~~~

-

~~~~~

--- - - — - -
9 ,  -

~~~~~

~ 70 -

J’ j

ti /
I

50 - I
I

/
0

—

40 - 
300M

3 0-

.L I I I
100 150 200 250 300

TEMPERING TEMPERATURE (°C)
F i g u r e  5 . F r a c t u r e  t o u g h n e s s  v e r s u s  t e m p e r i n g  t emnpe  r a t u r e  fo r  a l l o y  300M.

4~

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



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

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

— 
I
—. 

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

— ________

100 -

9 0-

D,
,

ar~- / 
-

/,
/

/

/
770 - /

/
(I)

4 / o870/lhr. -.--315/3min.

4 0 -  300 M

3 0-  —

4I~t~ 
I I I I I I

AQ 100 150 200 250 300 3~
TEMPERING TEMP ~iU~~E (°C)

Figure 6. Fracture toughness versus t e m p e r i ng  t e m p e r at u r e  for  a l l o y  300M .
46

- — ..———-- . - .,,  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .a( ...... k......... .



I I I

1200 °C/Ihr.
100 - 

1200 °C! Ihr.-~- 870 OC/ hl2hr

1100 °C/Ihr.

870 °C/ Ihr.
9 0-

,
I /I,8 0-

/

11/
~J) . s /  • — —III ~U — —

/ fj
~~ 6 0-

I Ij I i t  I i i

4° 100 150 200 25
TEMPERING TEMPERATURE

F i g u r e  7. Composi te  of F i g u r e s  5 and 6 .

47

- ,~~e ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
,-

~~~~~~
—-— — —,— — — .  —— — 

- ~~— ~~~~~~~~ —



- J. —_- ____________

I I I I I I I

tOO -

9 0-

8 0-

C /
770 - 

,‘
— 

?‘
~~~

‘ 

—

0 I

~~ 6 0-  ‘ /
I/
I

1’
5 0-  It

I.-)

4 0-

870°C!

3 0-

___________ I I I 1 I I
tOO 150 200 250

TEMPERING TEMPERATURE (°
Figure 8. Fracture toughness of 300M and 4340 a ft e r  a standar

solutioning treatment .
48

—- 
~~~~~~~~~~~~ . .~~~~~~~~~~;, . -



. —

I I ‘ ~~~l 
- 

~~ ~~~~~~ fl r —

-I 100 --

/1

* 9 0-

80

o

I t0~~
U)

1~~~

0 /

50

40-

1200 °C/ lhr .

- 3 0-

... I .._._ .__ ___ L_ ._ .__ ._ ’...__. I I I I i ...... .L.._.._ i I
350 f~Q 

100 150 200 250 3C

I TEMPERING TEMPERATURE (°C)
- 

. 
F i g u r e  . F r a c t ’r e  t o u g h n e s s  of 300M and 4340  a f t e r  a l~~00°C s o l u t i o n i

t r e a t m e n t .
49

- - - — - ,_--,

~~

,- .--—-.--- -.- --—--- -.

~

- 

~
--—- .

~~~~ 
$~~~~ ~~~~ .



1 ~i ~I I

_ _ _ _ _ _ _ _ _  

— .- -

z
1120 I II This investigation

_ _ _ _ _ _ _ _ _ _ _  L _ _ _  
300M I

4340 /This investigation
‘~~~~~~~ D6AC /

80
18% Ni Moraging

w
D 6 0
I—
0 30O~
u 4 0  —

H I t

cr
~~~ 20
Lii

ISO 175 200 225 250 275 300
YIELD STRENGTH , KSI

a-

F igu r e  10.  Yie ld  S t rength  v s .  p la ne s t r a i n  f r a c t u r e  t o u g h n e s s
for se~~~al c o m m e r c i a l  a l l oy  s t e e l s .

-- —--- ..--~~~~~~~~~~.- -- -—- , - -~~~~~~~~~- -.. -°— . -



- - . - -

C-.

_ _ _  _ _ _  _ _ _  

0
U)
0)

2
0 -
° 0

0

C ‘j-’ ‘_,_ _ _  _ _ _ _ _  ____— C\i a
~~ C~J~~ 

r() C-.

00 — >  2
o o~ ~~~ —

0+- o~~ 
(/)

~~~ o.E/
~~~~~~~~~~~~~~ — — 0±0.. r() i—

U)

a

\~~~~y I
Lii

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

~~~~~~~~~~

~1NI-IS)1 ‘SSJNH9flOI 3e~fl13V~LI N I V è~1S 3NV 1d 

-.. ---— —- - -- ..- - ------ - 



- 
~-C~ ~~~~~~~~~~ -°

I I I I

0
r()

~~~ 
C

I -
~-/ c\j

~ 
C

I -‘I
0, br), (.0 -

I ~iLI~~ /

0~i, 0t\.j co~I .c — 0
—

I’ 0
I~~ 1—
I,,
I

¼)

I I I I I

I I I I

a0 /
,
1 -

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

I
/ LLJ~~~/ O Q...

I
I’  ci
!~~ 

.
~~~~~~

I.E 01I cz ’ -

1.-I —I U)

U)

zEI ~~ 
frt l  0

2
~~‘I Li ...— 00I.c —Ic \J 1z :  0110: 01
10’Is!’ -t
II  1

0-

~~~~~~~

I I I
0 I

~
) 0 IC) 0 It) 0 II)

(0 It) ~~~- r~)

°eJ ‘SSJNG èIVH
52

.- - - . . -~~~—.‘-...- . - -  - -



_________________________ 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I I I I I

0
0 0

- , c9 9 - 0
II I c~JIi

El
i1E$ 0’LIIp.ss (0

NI
‘\IIL()

h A  A l  0
— ii — 0

IiL U

I’-c -
~~~I!~iI~ 01 —5

0co
~ 

. 0

I I I - I  I I Iii
— I ~r c

z~~
LU

0
0r() t

_
~

C

I 
.

~~~

‘ _c C .

(0
E ~—

tO I’) U)•5~5•~ N)
0

(I.) 0
.c —

I —

-~~~ U C-.
0
0

Io (‘J
—

—
— 0 a

Li C-.

bI
I I I I I I

0 It) 0 It) 0 it) 0 it)
(0 It) IC) ~~~

. N) c’~i

~ èJ ‘SSBNcmIVH
53

—- - — - — -— — .  ___...~~ rflM!t*,~.
_L
~
_ 

r~~~ ~~~~~~~~~~~~ . —



T 

‘ 

___ __________ ______________ ________________________ 1~1 1 9

0
0

0
0~’

•0

L 
~~~~°,

~~~~u)0
Z..~~O— OI(~

OO
~~ 0

I 

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

- 

_ _ __ _ _ _ _

I

D0 ‘]~ifl1V~fldV~J3i

‘54



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

I I  I
0

00 
—

~~~~~~~~ ~~~

~~~~0 Q~~ci a

I
- 

-

~~~~~~~~ I
1~~ \ I o~~ ~- 1’t__, —

~~~~j~~~~~ ~
~ 

,... i a)(J) (fl 0

C I
I 0 E ~~~\
I 

- .

‘‘ I C o
C” 0

_ _ _ _ _ _ _ _ _ _  I

1 -

-

I ~~~~~ 
. 

1 
.
~~

,

o 0 0 0 0 0 r-~~~~0 0 0 0 0 0(0 It) N)

c~, 
‘airI IoJ~ dw a1

55 

---. . ---- - --- - -- --,-- --- ~~~~~~~~~--,.-~~~~~~~~~~~~~~~~~~~~ -~~ -. --- , 
- -.



0
- . 

0

o 1 I I 0 a
-

C-.)

9
Cfl 0___ ((fl~) - ~~j  j iii .~~~

— g—  I i  Ui a:.q 
~~~ 1— 2 -

~~ 1 1  I U)

I~~ I —~ ~~I~~~ ‘i 0 W
I ~ 

— I— ..4

- l \  ~ - 0  iF)

0~~~~~ 
—

~

) bO
I I - 1 It I 0

0 0 0 0 0 0 0
0 0 0 0 0 0to to c~j —

~~ 
‘ 3e~fl1V efldIN31

56

~

- - —- -- -— - - - —  
_ _



60 I

w (a) 4340+1%Si STEEL
(b) 4340 + 2% Si STEEL

H
c~ 50 -
Lua-
Lu
H

040 -
0

(b)
H

Lu
H (a)
~~~3 0-
Lu
H
C’)

0
W 20z
H
Lii
a:
H

~~~~I 0-
0
a:
Lu
a-

0 I I I I
300 400 500

REACTION TEMPERATURE °C

Figure 17 . Reaction temperature vs. percent retained austenite
for  Si m o d i f i e d  4 3 4 0  s t e e l .

57 

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



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

~~~~~~~~~~

- 
~~~

~~

• — 
~ 1L~ ° .

‘
~~~ . 

- 
- . 4

b O X  (b) b O X

•
~~~It4$~ ~~

y
~~~~~~~~~~~1

C 

-~~~~~ ‘-~ - ~~~~~~~~~~~ . 
“

~~-~ ~~~~

‘

. 

~~~~~~ “~ ~~

,
. -

// *• “. ~~ ~o’ ~~
‘ 

~~“ “/ 
/ 

~~
(. 

~i. . ~~~~~~~~ ~ ~ v. -
~~~~~~~

‘. 
~~~~ 

- 

, ~ p / ,p- . 
~ 0’

.— 4 ~ I 
/ 

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

-

( c l  100X (d) I 000X

F i gu r e  18 .
58



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

~~- ~~~~~~~~~~~~ ----—-

~~~~~~~~~~~~~~~~~~ 1b. 
~~~~~ 

.;- - .

~~~ 
_
~

•

s,~~

7 $ .
. 

44~ ~~e:1~ ’ -  -
~;t ~ :~ 

‘
~~
‘ :Z: .

~
j  

~t .

t ,~ ~~~~~~
, t; ;, ~~~~ Q

~~~~ a 

.
~~~ 

~~~~~ 
.:- -j~ ’zv * ~~~ I b  - 

~~

- - .

: — ~ ~~~~~~~ 
-.

Jj ~44~ ? i 4 11  

-

-

. ,-.: 
~~~~~~~~~~~~~ . ; ~

. - - - . - 
- ‘

~ ~11rLE 
~~~~~~~~~~~~~~j~ ~

( a )  l O O N  (b)

~~~~~~~~~~~~~~~~~~~~~~~~~~ --
•~~~~~~~~~~

- --—
-
S. - • ~~~~~ -

. ~~~~~~~~~~~~~
It s. J~

-
- - - 

- 

.
- 
.~ - - 

- -

~

. • — 
- 

- 
— .

~ ‘. ; ~ ~: ~~~~~~~~ ~ 
- - -  - ..,

- 
-
~~
, -

.• 
-.:- 

- 
—

O 
-

--.
5 

- ~~~~~ 

~
•

~~~~~~~%~~0S~~~~~~~~~ 

~~~~pfrJ j~~..: - ‘-
~~k~’~i ~ .

- 
0
0ç~~~~~.

-
~~. ~~.. 

- - 
~~~ W 

1
J.

.. ai~~k~~j - r~~~
- 

-
-S. ~~~~~ 

. —
~~~~: 

- 

~~~~~

(C- ) 4 000X

Fi g ur e  19.
59



_____________ - - - - ~~
— — -.,— - -  

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

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

-

‘S S.,
-.- 

- 
~~~ / ~~~~~~~ 

..

~ 
- ,~ 

.

* . - C - ~~~~~‘1D ~ ~J . . - - - -

~ 
_
4-,__ ’ 

- 
-

- 

-5- . ~
, “, —

~ 
- 

., I
~t ~~- 

- 
.~~~~~~ .

~~~~~~~

. 4 — ,

~
‘1 

- e- — 
~~~~~~~~~ 

-
- 

- 

-
5-.; f~~~~— .

.~~~~~~ 
— :~~~~_. 

-

!~ _______- -
_ _ _  - .

‘ 

- - S . 
-- 

- ~‘$~ ~~~~~ 
- ______

(a) 500X

500X - 
-I! r

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

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

(b) 500X

Figure 20.

60

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _



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

~~t~~~~ - ~ o - ç - .’-~ ’ ._ _ y -‘ - 

~~~~~~~~~~~~~~~~ 
;, _ ~~~

\~~~ ~~~~~ ~~~~~ ~~~~
~
. 

ç~ 4.r~ 1’ 
— ~ 

, 
~_e- ~ z~.— 1,,

~ ~~~~~ j s..+~~ 
~~~~~~ C-’,,

~~~~~~~ ~~~
- ~~~~~ f~~~— -

~- ‘— ‘v :

I -~P ~~ ;~ .C 
~~~~~~~~~~~~~~~~~~~~~~ 

~~ C

~ ~~‘34 ,C, 
—~-•:.~ 

~S.

- 
~~~~~~~~ ,~~~

_
~~~ i% ’ ‘ i~~’~~~; ~~~~~~~

(a)  100X (b)

--
‘ £_~~~ %tA 

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

~~~~~~~~~~~~~ -~1 
-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~I

~~~~~~~~~~~~~~~~~~~~~~~~ / i,j ~~~~~~~~~

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

~ . -
~~~~~~~~~~~~~~~~~~~~ ~1 

- 
‘- -

~I
-
~~’-

~~ ._1ØIV
14 - 

~~~~
- 

I - - 

. - 
,~ . -

~~~~rW~i1~
r 

i/ ‘ -

~~~~

V - -h 
~~ A ~~~~~~1r)~~~~ . t  ~.

~~~~r 
~~~~~~~~~~~~~~~~~~~~~ A- ’4

- ~~ - a V i{~ ~~~~~~~~~~~ ~~ Iè~~~~~ 
~~~~~~~

‘ -
~~~

(c)  ..;v ) OX

F i g u r e  .~J .

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

- --  --



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

—
~~~~~~

,. 
~~ ~~. -

~

~~~~~~~~ — 
-~~

-
~~~: ~~~~~

- ‘

~ ~~~~~~~~~~~~~~~ ‘t.. - .~ç’ t!

‘~i &- -. ’L . ~~~~ ~! ~~~~~~~~~~~~~~ ~~~~~~4s/i ~~
;4-  :~ 

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

- -~4:~r• ..~-A .-.. ~~
-a~

-
~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~-s 

- 

.
~~ ~~~~~~~~ , -~~ - - ~L. ~~ ‘- .,-.

1. 
~~~~ 

P ....c~~~ /,
. 

- 

- - 
- 
)..

~~
.. E 

- 

.. 

- - . . -. 
I

~ ..,, . 
‘ 

~~ 

-

, 
~~~.

°

- 
~~~

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

-
~~~, ~ ~~ -~~~~~~~~~~ - •.~

° ~~~~~ -
~~ ‘

~~~~~

‘
~~~~~~~~~ 

P#~~ 
-

~~~~~~~ ~~~~~~ (a~ 500X

1 ( 1

-~ 
. ., ~~~~~~A I -  

-

_ _  

I . 5~
~~-0~~ _. I 

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

_________ - - (b i  500X
_ _ _  • _

.
5-.

Figure 22 .
- 

- 62

- 
.- -- --- , -- --



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

- -
, - ,  , -

, 
p., — , - - - . -: -

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

- ~~~~ °
. 

-• ~~‘~~~~~. ~~~~ 3’ .5 . .. 
-). -

~~ 
- — i- r ~ •~ - •- -- - . I -  -

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

t / ‘
~ ~~~~7 .~

a i  SO O N  (h I

— 

~~~~~ ‘ 

~~~~~ 
____

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

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

~~~~~~

~~ ~~~~~~~ 
— -

~~~~~~
-
~~~~~ ~~~~~ 4~~~~-~~;p~ ~~~ ~~~~~~~~ 

-
~~~~

~ c~~~~è~ -_
MS. I - ~ - . - .~l.- - - ~~~. ,~ ) .

~
. 

- - - 
S — ~ .- - - -° -

~~~~ -4 ‘7 - 
“~ ‘IA~~ 

- - - 
~
‘. - - - - - )  I

s. I~, ~~~~~~~ t.* , F 
5-.- -

~~~~~~~~~~~~~~~~~~~~~ 
-~~~~ r:  — ~~~~ 

‘ -\ •~�;~,~ ‘
~~~ - . - 

_
~~;__ -

~~ - ‘
~~

- ‘-

~~~~~~~~~~~~~~~~~~~~~~~ ~ ç’ “
,
~~ “~ \ -

~ 
“ I~~~~~~ I , -

-± , . ~~ ~~ 
~1~ - 

- - -
‘ - - -

- 

~~~~~~ , 
1.!! q,,

‘r4 • - ~
-
~~ - 

- 

- 

- -

~ ~
:; 

~ 
?
:

~~~
‘
~ 

, 
/

I d I  ‘OOX ( d ’

r i g u r e  23 .  
63



r “
~~ 

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

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ Ha (b )

5*

’ 

- 

~ l O . u O () ~~~~~ - ,
IO , 000 \

- 

- 
- 

\~-
. 

- 
.. 

‘
- 

. . 

- . •

S 

~~~~~~~

,~~ 
1
q,~~~~oo ~~~~~~~~~ ~ DO 0 \

- 
I ~~~ 

-

* . - - fl u ~i’ 
- / -‘ ‘~~~~~~~~~~~~~~~~~~~~~~

1 ’
~~ ~f

JhFAI~~ ( c )  ‘Vt. ~~~~~~ ~ (f~

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

- ~

‘ p ‘
.‘

~ 
:~

t 5oo:~:~ .. . - 
~~~ 8 , 000X

- , 
- 

:
~~~~ ‘ dj i

~~~i kS~iI-i~~i a r(’ 24 .  4 

-——~~~~~~~
-

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

-~~~~.--.- —- ---— ----



r ~~~~~~~~~~~

--

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

~~( a )  II&~~~~~~~(b)
-( ‘~~~ . 18 , 000 N 18 , 000 X

0 

~~~~4\~~I

~~~ - - 4-

- 

.~~~~~~~~~~

~ ~c~~~~~~y8 ~~~~~~~~~~~ 
~~~~~~~

K

( e )

0 -

0

Figur - 25 .

65

-

~

-- ------- - -— .— - ---- ~~~~~~~~~~~~~~~~~~~~~~~~~~ —~
-—--- - --—----— -- . .411



- 
I
~~ 

u~~
0
7 l~ 

~~~~~ 
-

10 000\t 

-

~~~~ ~~~~~~~~~~~~~~ l 2  000X

1-
~~~.- 4~ ~~~ 

r 4~~~~~~~~. ‘
~~~

- -1 - . 12 , OO O ~~ l2 ,000X

~(
‘ ,

-‘, -~~~~~ 

, ‘ 

I
,

.

,, 

~~~~~ -. 
.. 

- -

(e

I- i~~’i re  2~ -

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



_
_( 

~~~~~~~~~~~~~~~~ 
- ‘

~~~~~~lh4} 
~~~~~~~~ 

~
.\  ~ 1 1\ -

~~- •~k*:~ ~~~ :-‘~ I ~~~~ ~ •
0 ~~~~~~~~~~~~~~~~~~~~~ I ~~~~~~~~~ ‘

-~~~~ 

- -- . p 
~~ ~ ~‘I ~~~~ . 1 1 Ji~~~~

,
~ 

~~~~~~~~~~~~~~~ ( t  

~~ % J~~~~~~~~ ( h i
- 

~- --oo~. - - 14 , OO O~

0 \

- I . - s ~- -
~- F -

( e )

0 [100} F e r r i t e  spot 7 ~~~ 
..

•
‘

~~ [ i i i ]  F e f r i ~ e spot  
I I

O [llO } Austenite spot 
‘ 

•
.

.

‘—s ~~~-
.

\ 0~~~~

F i g u r e  27 67 

-,--.



( a )  25001 (b) 18 , 000X

• ‘C
’‘S.

0 [i O O J Ferr i te  spot

£ [111] Ferrite spot

0 [110) Austeni t e spot

(c)  (d)

Fig u r e  28. 68 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
, .

~~~~~ - 

-



‘a ’-

~~~~ U)jp ‘ -

. .:000 x
~~~~~~~~~~~ 

- 
~~~~~~~~~

- ~~~~~~~~~ R = 55
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ *4~~~~.’ ~~~~~~~~~~ ~‘ 

K~~~= 39 )

~~~~~~~~~~~ 
k si -~n~~~

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

~~~~~~~~~~~j il~~~~~~~ __

• ~~~~ •~a$r ~~~~ ~ -

~~
- kt& ~~~~~~~~~~ ~~

~~~~~~d
_ 

~~~~~~~~~~~~:‘~:‘: ~;fr ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

ks1~~tn b/2

— I 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~sr . ‘‘~~~~‘~ “ w ‘~~~~ ..~~. 4 - - — - •  .

~r .  ‘ ~~~~~~~~~~ ~~~~~~~~~
I$ 

~~~~~ R~ =

4~~
. ~~~~~~~~~~~~~~~~~ K

~.! ~~~~~~~~~~~~~~~~ ~~~~~~~ 
- -

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

-

CI,. - 

~~-~ “r- - .- - 
‘
.5 -

‘- 

-

Fi gure  2~~.
69

- _ _



J ~ ~~~~~~~~~~ ~4
S~J I U O X

- •C•~~~~’~~~p, ’ -•
- I% 

~~~~~~~~~ 
1-~ 52

. ‘.r . ’  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~

- -“: ~~. ‘ ~~~~~~~~ 

-

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

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

~~: ~~ ~~~~~~~~~ b ’
‘I -~ ~~~ ~~~~~~~~~ I~~~~~~~~~~~~~~~~~~ IE� ~~~~~~ ~~~~~~ 

, I IX
C ~ -

~~~~~ ~~~~~ir ~~~2
-‘k. - &,~~i ~4’~~ ‘

~
‘ C- 

-
~~~ ~~~ Cc. 

-

a 
~~~~~~~~

~~~~~~~~~~~~~~~~~ tEl~~~~
.’

~~~~~~ .t ~~~ A4Ii&..

w —
4*

, 
~,_
‘ .ee~. I

i 
~~ O OX

h~ •J~ ’ ~-!
F i g u r e  30. 70

— —



‘i~~~
~ •Y * ’ 1  

. -

- - 

~~~~~~ _~~~~~~~~~~ 4
•
.•
~~~~~~~~~~~~~~~~~~

# 

ø~~

-

- 
.
- 

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

.1 ’
iooox

“ c =
K r  = 4 0
‘~ 2k s i — i n

~ !a4.~ . ~~~

(h I  I 0 0 0 X
R = 4 7

k s i — i n ~~
2

Figure  31.

.- - i ~~~~~ ~ 



4

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .‘~~~~~~~~ 4 (a)

~~~~~~~~~~ ksi

~~~~~~~~~~~~ _ ;  
~~~~~~~~~~~~~~~~~~~~~~ ~~~ 

. ~~~~~ ~ ~ 2.

k

“A ~
~~~~~~~~~~~~~~~~~ ~d$
~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~

Fi gure  32 .
72



T~~~ 

:~ . ~~~
‘

~~~~~

‘-

~~~
-
. -

~~i

~~~~ ~~~,
~~~:!:;:c ~~~~

- p~~’~~~ -’~~’ ~~ F51 
.~~

90 ‘
~~~~~~~~~- j~~~~~1/2 ,

~ ~-
‘

~ ~‘~~ - ‘
~~~~ 1~ ~~~~~~~~~~n ~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~ ,~~~~ 1
~. 

-
-~ 4

-: I

1’ ~~‘ al

I - •~ 
..

~~~~~~~~~
. 

~~~~~~

~f T ~4~ -
~
(

- • - - 

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

-

~~~~~~~~~~~~~~~~~~~~~~ -5 ;  ~~~~~~~~~. ~~~~

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

Fi g u r e  3 3 . 73



( a )  2 00C ) N
R c 56

c = ksL_ in h/”Z
i - in

~~~! 
~~~~~~~~~~~~~~~~~~~~~~~ -

~~~
- :- -

~~~~~~~~~~

-

~ 
~~~~~~~~~~~~~~~~~~~~-~~: ~~~~~~~~) 
~~

5h u~~” ~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~I b )  2000X
R = 52
K =6 8Ic
ks i-ir i

Figure 34 74

_ _  

—--- — ---.--



a )
= 5 7

“Ic =
k .~i — i n

S - 
- 

~~~~~~ ~~r
I
; ~~~~~~~~~~~~~~~

~~~~~~~~ #---‘~ ~~
:-

~~~ ~~~~~
II)) 

~OO0X

- 

_
U 

- 1 / ’k s u - j r t  -

i i i ~ ir ~- 3~

A 
-



p
I

I - -

I

I
I ‘-..

- -

‘C
I-

m


