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ABSTRACT

The mechanism of fracture of round tensile specimens of pure iron
and of type 304 and 316 stainless steel have been studied. These new
observations have been combined wi th a large body of published observa-
tion and used to construct two sor ts of f r ac ture mechaniem maps , which
sumarise the behaviour.
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1. TIlE CONSTRUCTION OF EMPIRICAL FRACTURE DIAGRAMS

Steels can fracture during monotonic loading in one of a number

of ways: by cleavage, by transgranular ductile fracture, by intergranular

fracture, and so forth. In this report we assemble, for pure iron, and

two stainless steels, the data on failure of round bar specimens in

tension, identifying the regime of stress and temperature over which

a given mechanism is dominant. Some of the data is new; much of it

is from work published in the open literature or in company reports

and data sheets.

1. 1 Method of Construction
7

The procedure is as follows. We tabulate, for each test , the

homologous temperature (T/TM) and the normalised tensile stress (c~/E;

where a is the nominal stress in a creep or tensi le  test  and E isn

Young ’s modulus , adjusted to the t emperature of the t e s t) ,  together

with the time—to—fracture (t r in sees) and strain—to—fracture (E
f) and

the reduction in area at fa i lure. The creep—fracture  data refer  to

tests at cons tant load ; a~ is the load divided by the initial cross—

section. Tests at lower temperatures were at constant displacement

rate; for these we have used the ultimate tensile stress to characterise

failure. Then we attempt to assign a mode of failure to each, based on

fractographic observations. This information is assembled into the

diagrams shown below. Those for the stainless steels show four mechanism—

fie lds : ductile fracture, transgranular creep failure , intergranular creep

failure and rupture (necking to zero cross—section). Those for pure iron

show an additional field: that of cleavage. The fractography of pure iron

has been more detailed than that for steels , and suggests subdivisions of

the intergranular creep—fracture field which are described later . 

~~~~-—~~~~~ -—-~~~~- .~~~~~~~~~~~~~~~
- -— -
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There are difficulties and ambiguities in a study of this sort.

There is the influence of purity : strictly, a diagram applies to one

puri ty of metal , or composition of alloy, with one grain size, and

in one state of heat—treatment .  Specimen shape is important: rupture

is favoured in thin sheet , for instance, because the conditions are

more nearly those of plane stress , and because of this we have considered

only data from round bars, tested in tension, with a ratio of diameter to

gauge length of about 1:10. In spite of the difficulties , we have found

that the general form of the diagram is reproducible.

Ii
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2. NOMINALLY PURE IRON

Studies of the fracture of iron in simple tension extend from near

absolute zero to nine—tenths of its melting temperature . From them we

know that iron cau exhibit all the conunon modes of failure: cleavage ,

ductile fracture , trans and intergranular creep fracture and rupture .

We know also that intergranular creep fracture can occur in more than

one way; the grain—boundary cavities responsible for this mode of failure

at low stress are lens—shaped; but at higher stresses their perifery be—

comes finger—like, or wedge—like. The overall behaviour is further

complicated by two crystallographic and one magnetic phase transformation .

The map which sunmiarises the fracture of round tensile specimens of pure

iron is shown as Fig. 1.

2.1 Data on which the Map is Based

We have assembled fracture data for a number of nominally pure irons:

Ferrovac—E , BISRA—All grade iron, Electrolytic iron, zone refined (ZR) iron,

and Armco Iron. Chemical analyses are given in Table 1.

The data itself is listed in Table 2. Absolute temperatures (T) were

normalised by dividing them by the melting point (TM
) of pure iron (1810 K).

The nominal tensile stresses (c1~) at fracture were normalised by dividing

them by Young ’s modulus E at the temperature of the test , using, for ferrite ,

the values shown in Fig. 2. These were calculated from the single crystal

constants of Dever (1972) using the expressions ---- -

~,r - \

E / EUE !Y . - : -
2C 12

2 -

where E ’ C11 — 

~11 + c12 
. •

Ci~~(3C 12 — 2C~~) f”y
and E” — 

~
‘\
~C l2  + CI.k

________ —~--- - -
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Fig. 1 The fracture—mechanism map for nominally pure iron. It
shows five mechanism—fields : cleavage, ductile fracture, trans—
granular creep fracture, intergranular creep fracture and rupture .
The numbers against data points are 1og~~ tf.
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TABLE 1 CHEMICAL COMPOSITIONS OF IRONS OF FIG. 1
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TABLE 2 DATA USED TO CONSTRUCT THE MAP FOR NOMINALLY PURE IRO N 
- -

log a- /E T/T m log t~ ~~ In A,fA~ ~“ 1v 1~~ Fracture Testing Grain D~o Reference
(se c.) (sec. 1) Type Mode I (pm.)

- 3.993 
-_

0.545 5.26 - - - 08C’ 
- 

Creep 208 Groschel (1975)

-3.943 • 4.26 - - -

-3.785 3.41 - -
3.08 . . 

— 
-

-3.487 
— 

2 .89 - - -

.2 540 0.04 3 0.829 5.0 • 1Q-~ .05 .05 Cleava ge C0R
5 

250 McMahon and Cohen
________— _________ _________ _________ _________ _________ _________ — 0965)

-2.662 0.05) 0.82’ .05 .07 ‘ •

-2.557 0.051 0.848 • .13 .13 .

-2.634 0.062 0.949 .51 .27

2.694 0.07 3 0.998 • 1 .04 .32 2 5 Fibi-ou a

-2 724 0.085 1 .034 ‘ 1.56 .37 Ia S Fibrou

-2 .96 2 .162 3.2 3.3 • 10”~ - .44 Rupture CDR 37 SiIlatnsen and Dossi
(1955 )

-2.995 .206 3.2 — 43 • •

-2.990 .267 3.0 - .29 .

-3.006 .322 3.0 - 30 • •

—3 .12 1 
- 

.37 1 3.2 • — 38 a 
- ________

-3.293 .427 3.3 3.3 • 10~~ - .46 TRupture CDR 37~ Si~~nsen and Dossi
___________ — t (1965 ) cost.

-3 .3 69 . 477 2.8 - .18 • a

-2. 481 .0425 3.0 - .26 Fi b rous

-2.379 .018 - 1 • 10~~ - — Cleavage COR 43 Sleeswyk (196 ))

-2 .391 .026 — . —

-2.404 
— 

.033 
_ -

-2.409 .034 — • - — a a 
- 

.

-2 .420 .036 . - - a . 
*

.2. 405 .041 - a — . •• . . .

.2. 439 .049 - — — •• .

.3.820 0.538 4.068 1.64 • JO- - .27 GBC CLC 1 ’ lOIf Taplin and W ingrov
4. (1967)

-3.863 • 4.255 6.39 a
_ l0~~ - .17 a

-3.911 • 4 .971 6.94 . 10- - .13 
- 

• a

-4.100 • 5.448 3.06 a
_l0~~ 

. 11 ‘

-3 .514 0.482 4.857 5.56 • 10 — . .34 • CDR

• 4.051 4 .44 a lO~~ — .41 a . .

.3 744 0.538 4.369 5.56. 10~~ - .12 
_______ _______ ____________

• Grain boundary cav itat io n was observed , but was not necessari ly the cause of fracture.
• Init ial grain t ize .

~~ Constant disp lacem ent -rate. un iaaial tensil e tes t .
•, Constant load, uni asi a l creep test.
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TABLE 2 ( c o n t . )

log u- /E T / T m I lo g t, ~~~ In A0/A 1 In  I~ / I~ Froc t ure Test i n g Groan Dia Refe rence
(s ec .) (scc ~~ ) T y p e  Mode ! (j am.)

-3 .695 0.538 3.630 

~~ 
10 - .17 CIC COP 100 T ap l in and Wt ng ro~— - —.-— —-—---- — ---—--. --. 1——---—--------- 11967) /cont

— 4 . 183  0 . 6 2~ 4 .3b9 ~.S6 • 1 0 ’ ~ - .12 a

-3 .882 ‘ 3.800 4 .44 . 10 - .25 1 a

___________ ___________ 
F 

__________ __________ __________

-3.994 0.538 

~~ 
8. 8~~~~)0~~ .60 .37 

~~~~~~~~~~~ 
80 t.a~od ( ) 9)5)

• -3.916 - 5.164 5.1 a 10’ .80 .56 ‘ I 
______

—3 .789 “ 4 .267 3.9 a 1Q~~ 1.20 .54 
— 

-

.3.994 5.279 139 T0~~ 1 .31 .55 
- — 

.• . 
l50 -

—3.916 5.218 j~ .i lO~~ 1.20 .58 a

-3.848 

— 

4 .561 2.3 ~~~ 1.51 .61 ‘

—3 .189 4.124 7.4 l0~~ 2.12 .68
1~~~~~ 

•. • a

-3 .994 5 .1 74  3 .8  10
~ 1 . 76 .44 ‘ * 300’

—3 .916 4.799 1.1 * 1O~~ .87 .53 a

—3 .848 • 4.183 4.9 • 10~~ 1.39 55 a

—3 . 789 • 4.021 6.7 • Q-5 1 .27 .53 a . .

—3.994 • 5.675 1.9 a 10 6 2.12 .63 500’

-3 .916 5 . 1 3 1  6 .7  10~~ 2.30 .64 
— 

‘

-3 .84~~~~~~~~~ 4 .575 2.5 i0~~ 2.30 .66 
— 

‘ •

—3.789 I a 3 5 ) Q  ~~~~ a Y 2 . 3 1  . 71 • 
—— 

~ a a

—3 .919 0.538 4.857 78 • l0~~ 1.39 .65 GBC CLC 80 West4ood and Tap l i
(1974)

—4.156 • 4 .954 3.3 • 10—6 .51 .26 COP 75

— 3 .3 16 .676 1.11 2.3 a 10_2 3.51 . 1  Fibrous COP 500* Wray )1975 ) and
________— Wray (1975 a) and

-3.508 a 2.66 6. 1 a 10
’j 

1.27 .27 GBC Wray (1977)

—3.649 ‘ 3.92 2.8 a 10~~ .59 .2) a a •. a

-3.439 .703 - 2.3 a 10 21 — - .• ‘a

-3.550 
— 

2.67 6.7 10.1 2.53 .21 GBC

—3.700 3.95 2.8 a 10~~ 1.61 .22 ‘ a

.3.453 .731 1 .28 2.3 a 10-2 .36 Rupture

—3 .606 
— 

2 . 6 2  6.7 a 10~ 4.61 .25 GBC a

-3.791 ‘ 4 .09 2.8 a 10~ 
— 

2 . 5 3  .29 
a ‘

—3.417 .759 1 .30 2.3 a 10~ — .37 Rupture

-3.653 2. 71 6.7 a 10~ — .29

-1.820 • 4.20 2.8 a 10 ’ 2.30 .37 GBC ‘a a
— 

-3.511 .786 1 .32 2.3 a 1Q~~ - 39 - 

- 

a

— 3.69 4 j “ 2.72 6.7 a 10~ 1 — .30 Rupture

-3 . 932 ‘ 4.12 2.8 . 1 ) ~~ — .31

3.~ ’4 .914 - ~12 - 3 - 10~ - - - ‘a a a

-3 . 769 I . 8 )4  2 .6 5  6. 7 10~~j - .25 Ruptur e CDR ~J2 Wray ( 1 9 7 5 )  and
0 —1-— - ~~~~~~~~~~~~~~~~~~~~~ __________ —— — ~raj (197 ’ a  a) and

-4 .04 )  - 2.8 a 10 - - - Wray ~~977)/cont .

_ __ __ __ _
I_ - 

_ _ _ _ _

. Gra in  boua i . t ry  ~., ‘a. t a t , o n  w.~ obs. rved . but —~~ not necessari l y t ’ a . ause of f ractu re .
In i t ia l q r t l n  s i z a

~ Constant Iv,p I. t - r a t ’ . un liula l trnsi le t’~~t.
•, Constant lo., d , n i  t i  crcrp t st .

_ _ _ _ _ _ __ _ _ _ _ _ _  —--— .-



TABLE 2 (c ont . )

log ~~
- /E T /T m log tf E~ Its A0/A 1 In I~ /10 I Fracture Testing Grain Dia- Reference

(sec .) (sec.~~) Type Mode I C pm.)

—3 .463 .37~ ‘ . 37.1 I ... a 10 ’ I .19 .18 — CIC 100 P r ’ a s~ nt Work

_ _ _ _  

H7IT ~~ _ __ _  _ _

83 
— —

~~~~ IC’ C 
__________ __________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t . l ’ ) , ~~TT .~ 7 ~~~ .I) ,~) ~~~~ _______ _______

> —3.30  .539 0.~ - 1 . 64 — T(~ 
‘ ‘a

— 3 . 6 18  “ 3 ~a I ‘1 a 1. 03 - 2- .) r~ri c. a

— 3 . 7 1 2  “ 4 ) 7. ~ 
- -~~~ .20 j r / i C  “ I ‘a

3. 73 2 ‘ 4.657 . I ~ ) t ) —  - - .8 .11 1F a

— 3 . 8 5 )  
_____________ 

‘, . t ~03  ~l . t x 10— ’~~~ . 
_______ ____________ 

I) “ —

a, —--4————----—-—-~-~~ — . — _ — -— 3 .980 
_____________ 

‘6. 
_________ 

a 1 )~ 
‘a . - • ,

~
.• 

,

______ ________ 
3.1)8 i.. . ~ a 10~~ - . 1.6 ., 

___________ rr.~ ____________ ___________________

2. 923 - It- I 
- 

3 .05 .. s i ’ ~~ 1.98 . r r a

_______ 

1 

j

~~~~~~~~~~~~~__~~~~~~ 4_ ~~~0 •J~~~~~ 
CLFA\ AI F 

______ _______ 

__________

— 2 . 6 5 9  .112  — — L 2 7  . 1 2  — a’ —

— 2 . 6 7 3  .1 2 3  — — r 
~~. ~~ — . —

— 2 . 7 2 2  . 1 3 ~) — — 
__ ). 19 . 3 5  — ‘ — a

_ —2~803 .162 — j L3I ..~5 — ‘ —

—2 .761 .1.62 — — 1. 17 .37 — ‘ —

_ _ _ _ _  _ _  _ - r—_ - - 
_ _  
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(This is a statement of E for an untextured pol ycrystal . At room tempera-

ture , it predicts 1.98 x iO~ MN/rn
2, compared wi th th e av erage of several

pol ycrystal studies of 1.97 (± .04) x i05 MN/rn2 (A.S.M., 1961)).

Young ’s modulus for austenite was derived from the measurements

of Köster (1948), and is described , to first order in T, by:

E = 2.16 X io~ (1 — (T — 300) 4.7 x 10 ”) MN/rn 2

2. 2 ~~~~‘ 1.~ca8ul ’~.iPl,.~2ts On Iron

As part of this study , we tested BISRA—AH grade iron in tension

between 77 K and 973 K, choosing the temperatures and stress levels to

check or fill gaps in existing data . Tensile samples were machined

from 6 mm diameter rod , austenitized for 1 hour and annealed for

24 hours at 800 °C in vacuum, and polished . Between 77 and 400 K, the

specimens were pulled to fracture in an Instron; at higher temperatures the

specimens were tested in creep at constant load under vacuum of better than

lO—~ torr. The mechanism of fracture was examined by optical and scanning

microscopy . Samples were then cooled to —196 °C and fractured again about

3 mm from the original fracture surface to examine the shapes of cavities

on boundaries behind the fracture surface .

The results are included in Table 2, and are described in the next

section .

2.3 The Fracture Map fo r  Nominall~j Pure Iro n (Fig . 1)

The data of Table 2 appear on the map as symbols ( iden t i fy ing  the

source), labelled with the logarithm , to the base 10, of the time—to—

fracture. Filled symbols in the low temperature end of the diagram

mean that the obse rv ed mode of fracture was by cleavage ; elsewhere

they mean that one of a variety of in tergranular  c r eep—frac tu re  mech a—

nisms was dominant . Open symbols and crosses means that the fracture

LI 
- 

_ _
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was transgranular. Half—filled symbols indicate that rupture was observed.

The fractographic information was used to divide the maps into f i e l  ~a

in which a given mode of fracture is dominant. Below about 0.1 T
M 

(
~ 100 °C)

failure of iron of Ferrovac E or Arrnco purity is by cleavage (McMahon and

Cohen, 1965; Sleeswyk, 1961) apparently nucleated by the slip—induced crack-

ing of carbides which are present even in this grade of iron. When these

carbides are removed by zone refining (Simonsen and Dossin , 1965) the iron

remains ductile to below 0.06 TM.

As the temperature is raised , the fracture surface changes from 100 %

cleavage (solid squares and triangles) to a mixture of cleavage facets and

fibrous dimples , (half—filled square) and then to 100 % fibrous or

ductile fracture. The position of the field boundary separating

cleavage from ductile fracture has been inferred from these changes and

from the large increase in ductility which accompanies them.

Between 0.1 and 0.3 TM the material fails rapidly by a ductile

cup—and—cone fracture , at a nominal stress equal to the U.T.S.; at even

slightly lower stresses , it fails only after a very long time or not at all.

The lower boundary of the ductile fracture field (broken heavy line) is based

on the U.T.S. data of Simonsen and Dossin (1965) and is in good agreement

with the boundary , inferred by Frost and Ashby (1975), separating power—law

creep from low—temperature plasticity in pure iron. Data for Arnsco iron ,

which is less pure , are shown on the diagram. Its U.T.S. (+ symbols) shows

a hump at 200 °C, probably caused by carbon segregation or carbide precipitat ion.

The field -boundaries are based on data from the purer iron.

Above 0.3 TM, iron exhibits power—law creep. If the stress is high

enough to cause fracture in less than about lO~ seconds , the fracture is

transgranular; but as the stress is reduced , there is a well—defined change

to an intergranular mode of fracture (Taplin and Wingrove , 1967; Wray, 1965;

Cr~schel , 1975; and our present work), from which the lower boundary of the

transgranular creep fracture field was deduced.
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The magnetic phase change at the Curie t emperature , 0.57 TM, changes

slightly the moduli and diffusion coefficients of iron , and thereby changes

the creep rates (see Frost and Ashby,  1975 , for a review). The effect on

the fracture behaviour is too smal l to be observable. The a to y phase

t ransformation at 0.65 TM~ 
on th e othe r ha nd , causes a la rge increase in

t f~ and a d iscont inui ty  in the f ie ld  boundary , as t he f igure  shows .

Above the a to y phase t ransformat ion, Wray (1975) found that zone

ref ined (99.997 at %) iron recrysta ll ised as it deformed and failed by

rupture. When he examined electrolytic (99.97 at %) iron, with a purity

comparable with the other irons l is ted in Table 2 , he found t ransg ranu lar

creep fracture (open diamonds) and intergranular creep fracture (solid

diamonds) below about 0.7 TM, and rupture (half—solid diamonds) above

(Wray, 1975 , 1976; Wray and Holmes, 1975). The field boundaries in this

region are based on his observations.

Iron has the property that , if , after creep, it is cooled in liquid

nitrogen , it can be f ractured in a way which reveals the grain—boundary

cavities. This has allowed the cavity shape to be studied as a function of

stress, time and temperature . These studies (Taplin and Wingrove, 1967;

Cane and Greenwood , 1975; our present work) suggest certain sub—divisions

of the intergranular creep—fracture field. In summary , it is found that ,

just below the field boundary with transgranular fracture , the voids are

irregular in shape, and often crack or wedge—like . At rati1er lower stresses ,

they grow in the boundary plane as thin discs , sometimes with a finger—like

perifery first reported by Taplin and Wingrove (1967) and la te r  studied by

Fields and Ashby (1976). At still lower stresses, the cav i t i es  are more nearl y

spherical or lens—like , and are frequently facetted .

I 

-- . . -~~~~~- —.- i ,.~~~~~~~~~~
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Some of our own observations of the cavity shapes are shown in Fig. 3,

which illustrates this progression . The first pair of micrographs (top, left)

shows inclusions on grain boundaries of the BISRA—AH grade iron , before creep.

The subsequent pairs show the appearance of typ ical grain boundary surfaces ,

some 3 mm from the actual creep—fracture surface , and in a plane normal to

the tensile axis , as the creep stress was increased. At low stresses

(< 14 MN/rn2) the cavities are roughly equiaxed and facetted . At higher

stresses (18—26 MN/rn2) they become flatter and more disc—shaped with finger—

like protrusions at the edges. At still higher stresses , the density of

boundary cavities decreases, there is increasing evidence for extensi~ie

- plastic flow , and the creep fracture itself becomes transgranular .

These subdivisions of the intergranular fracture field are shown on

the map (Fig. 1). Althoug h such changes are less well documented in other

materials , there is every reason for thinking that the transition , as the

stress is raised , from an equiaxed cavity shape , through a disk—like one

(perhaps with finger—like protrusions) to a wedge—like crack is a general one.

Since the growth of the cavities depends on their shape , the law governing the

fracture time, and its dependence on stress and temperature , will also change .

It will be clear from this discussion that field boundaries have a finite

width in which mixed modes of fracture are found ; and that the positions of

the boundaries depend on purity or alloy content . This effect has been

documented elsewhere for nickel—based alloys , and is found , too , in the

stainless stee1s~

.,

I 
-~~--- --~~

- . ---- . - -_-, ..-
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3. THE STAINLESS STEELS: 304 and 316 Stainless

The 18—8 austenitic stainless steels find commercial application

over a wide range of temperature . They are ductile at cryogenic tem-

pera tures , and so can be used in superconduc ting machinery. They resist

aqueous corrosion , and are used for containing and handling chemicals and

foods. Finally, they have useful creep strength and oxidation resistance

up to 650 °C, making them attractive for high—temperature load bearing components.

Type 304 and type 316 are typ ical of this series of alloys. Li
There is some variation in the mechanical proper t ies of d i f f e r e n t

heats of these steels. One reason is the variation in their composition:

their specifications permits a certain latitude in alloy content (Table 3).

The strength depends , too, on the mechanical and thermal history : an

important part of the strength derives from work hardening; and both strength

and corrosion resistance depend on heat treatment . For these reasons , data

from steels which were homogenised at about 1300 K and then quenched into oil

or water have been used here .

There remain certain unexplained variations in creep—ductility of these

alloys . It is known that precipitation continues throughout even the longest

creep tests of 316, and probably of 304. Typic~il1 y, carbides of the

M23C6 type appear first , and while they slowly coarsen, a grain—boun—

dary sigma—phase (an intermetallic of FeCr type) and a chi—phase

(approximating Fe36C12Mo10) appear (Weiss and Stickler , 1972). Strain

influences the topology and kinetics of the precipitation , and the concentra-

tions of carbon and boron in the alloy may do so also (Lai, 1977; Marshall ,

1977). The data assembled here is for low—boron steels. 
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For all  these reasons , the f ie ld  boundaries shown on the

maps for these stainless steels , must be thought of as diffuse.

We do not yet know how wide they are or by how much the t ime—

contou rs may vary , though as the f igures show all the data we have re-

viewed in this study is tolerably well described by the diagrams .

TABLE 3 COMPOSITIONS OF THE STAINLESS STEELS, wt ~

Cr Ni C Si Mn P S Mo Fe

304 
* 18—20 8—12 

.08 1.0 2.0 .045 .03 — bal
Permitted Range max max max r~ax max

304 
. 18.26 9.51 .05 .29 1.42 .031 .012 hal

this investigation

316 
* 16—18 10—14 

.08 1.0 2.0 .045 .03 
2—3 bal

Permitted Range max max max max max

316 
. 16.82 11.15 .06 .25 1.68 .035 .015 2.43 bal

this investigation

* Parr and Hanson (1965)

3.2 Data for Type 304 and 316 Stainless Steels

Data for 304 and 316 tensile specimens , machined from bar stock , is

assembled in Tables 4 and 5. Temperatures were normalised by dividing by the

melting point of pure iron (1810 K) to allow a direct comparison with Fig. 1.

Tensile stresses were normalised by dividing them by Young ’s modulus at the

temperature of the test. For this purpose , we used Blackburn ’s (1972) data

for E for 304 and 316, which , if linearised , is described by

E(T) — 2.16 x ~~~ (1 — 4.7 x lO~~ (T-~3O0)) MN/rn 2 

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



~~~J-~~~ ~~~~~~~~~~~~~~~~ — -_ _ _ _

TABLE 4 DATA USED TO CONSTRUCT THE MAP S FOR 304 STAINLESS STEEL
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— 3 , 5 3 6  .64 1 - — “ —
-3. 6 15 ‘ ~~~T. .i - - - - -
— 3 .  36/) . 01.. :~~: 3 , 4 x t0~~ — .43 PL’I’tIjRE COP — %adaj et al (194 /1
— 3 .  492 .71) 4 ‘ . 4111 8. 5 Ii — .43 — ‘ —

• COP — Cons ta nt d i~ p Ia -n, n t - r o t e  ~en. i !e  t es t ;  CLC — co nstan t load . unisitial creep t e s t ;
carp? — Ufl S3II’t 1 ) 1 , 1 1  I’ I r / l I C  “S ir. U f l I O I I I ,1 I rr,.(-p test.

• This .tT.~ n— r s i e  wns as ,’e ’d fo r t he,e 1 , 5 5 1 1 1 ’  t i ’ S t I  lfl o r4er to cal cu l a te a t ime—to— fai lur e
ft.i. t he lon pitl,,lin.Il t r ictor ~ S tra i n.

•. IC fon d) tnan.~ r u,u Iar ) ‘ r  n terR r .,III ,la r ) fr a ctu re inf.rr pd from pos ition in stres , and tine
re la t ive  t o  kink in creep rupt ure esiTne. 

.
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TABLE S DATA U SED TO CONSTRUCT THE MAPS FOR 316 STAINLESS STEEL

lII~ 1 t I I I I  .f. ~~~~ ( I ~ - 
- 

I
log lY FE I/T m l og  4 In A0/A 1 In  If / b  Fracture 

- 
Testing Grain Dia- Re fe rence

(sec .) (sec- 1) I I Type Mode 1 (pm.)

— 2 , 24 .063 ..2 I 3. 3 u Ii , ”’ 1.U .3. — 4/18° I

-2 . 31 .073  . 2 5  “ 
~~~~~~~~ ~~~ 

— 0 “ ‘t a i .  (1949)

— 2 . 3 6  .043. 4 .30 3 .3 9  .51 —

— 2 . 4 3  . 1 2 3  4 .40 “ 

f~
.35 

F’ 
— 0

—2.49 .1.!) ,.44 ‘
~ 4 1 . 3 5  .63 —

— 2 . 5 !  .151 4 .38 .. I .91 .59 — .‘ I 
_________ _______

— 2 . 5 7  4 .73’ “ 1 . 49 .47 — “

~~~~~~~~ ~ 4.2I “ 1. 44 .4 3 —

—2.64 1 .2 61 [4.16 “ 1.39 39 — ‘I

- 2 .6 1  1 .317 
J~~~14 ‘ 1.15 .38 I 

— 
- ‘

~ 
‘

-2.58 .372 ...13 “ 1.19 .38 - “ “ 
~~~ _J

-2 .56 .327 4 .13 “ ~~ 01 .3~ L ~~~~~~~~~~~~~~~~~~ 

-‘ 
-

—2 .60 .382 4 .08 
-— 

“ 

~~~~.? __  ~~ 
— “

— 2 .7 2  .538 4 .15 .76 .39 — “ ‘ 
— — —  __________

—2.92 .591 4.21 “ 1.07 .43 “

— 2.465 0.165 3.0)0 5.5 x 10~~ 1. 4 3 . 4 4  I — 43 410110105 and

-2 .553 ‘~ ~~073 _ “ H 4 _ . 
~~~~~~

__ [_ _
- 

— 

“ - 
—~~~~~~~~-~~~~~~-~~~~~~~“

‘— 2 .56 8 ‘ 3.00 9 “ ~1.28 .39 — ‘~ —

—2.580 ‘ 3.088 ‘ .31 I — “ 65

316 Sta i n1es ~ Stee l  ( 2 )  I

log lY FE T11m log  9 In A0/A 1 In I~/I~ Fracture Testing Groin Dia. Ref e rence
(sec .) (sec 1) 

: Type Mode C pm.)

— 2 .584  0.16 5 3.016 5 .5  x 10 ”4f — . 36 — CDR 75 Simm.,,., and

— 2 . 5 9 1  I 3.052 ‘ ‘ — .50 “ 

— 

55 IVan E.tho ( 3 9 6 5 3

‘ 2.594 ‘
~ 3.063 1 — .48 

- 

— 130 Cout ’ d .

-2.602 3.060 I “ 

- 
- -

—2 .605 0 .29 5 2.903 “ 3 .17 .36 — ‘. 45

— 2 .574  0.356 2.828 ~
‘ 1.08 .31 — ,. “

—2.562 0.381 2 .9 1 3  3 .05 .37 - ‘. ‘~

— 2.49 5 0 .448 2 .922  1.11 .38 
— 

— 
0

— 2.519 “ 2.85 1 ~
‘ — .38 — “ 75

~2::~~ ::::: :: 10.90 
_

-- ---E--k---- ,
~~ 

-

—2 .506 0.479 2 .94 1 1.11 .36 — .. - __________ __________________

— 2 .5 46 1 2.89 3 — — 73 
—-

—2 .51 5 ‘
~ 2 .89 3 — .36 j 

— 
- 

.. 55

— 2 . 548 (3.509 2 .862 ‘~ 0.94 .38 — 
., 

45

— 2 . 6 1 2  2 . 922  ‘ 0.4 6 .21 
— 

— 
. .1............_ .~~? ..... __  — ______________

—2 .841 ‘~ 2. 144 “ — — —1. “ . ________

— 2 .6 12  0.5~0 2.99 1 “ — .36 0

Cont ’ d 

I 

---- .-- ~~~~~~ ~~~~-.- -.-- _ 
- ~~~~~~~~- ~~~~~~
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TABLE 5 (con t )

log u’ It 111m l o g  4 I In A.jA1 I In If / I a Fra c t u r e I Testin g GraIn Dio- Refer e nce
(sec ) (s8c - ) T y p e  - Mod e ( pm.)

6~~O 

J~~

S t I

~~~~~~~~~~~

iI S S

~~~~~ 

13 

~~3
4~~~~~~~~~

— 2 . 704 0.5 71 2 .95 0 “ — 40 I — 75 :1.- I t ’ d ,
I — —

— 2 . 7 1 9  0.601 4 . ’194 “ .48 — ‘ 3.5

:
2 8 3

~ 
2.8 3 9 

-- 
~~~~~~~~~~~~0~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

— 2 .972 3.045 ‘ — . 4 3  — I, 75 
-

___ ___- 

- ~ .46 - .‘

— 3 . 1 4 6  Q. 69~ 3
:

I
~~~~~_ ... — .  

“ 0 .94 
.~~ ±_ 

— “ 330

—3.1 6 3  “ 3,086 ‘ 0. 92 .5 /  —

— 3 . 0 7 2  0.1.93 2 . 5 7 2  “ — .13 — 0 75
-- —~~--- - - ---- - -- --t— ~~----4 - ------ -- ___- ___

— 3 . 46 4  0 . 7 2 6  ( . 1)52 “ 0.63 . Io — ° 110

- 3 . 3 7 3  ‘ 3.023 “ 0.62 I .48 — “

-3 .323 0.755 3.189 “ - .3.2 - ‘ 75 J

~~~~~~~~~ 
0.786 

—.  
3.135 “ 

— 
0.67 .56 - 

— 

‘

— 3 . 8 / ’ )  0 .831 3 .233  “ 1.90 .66 I — “ I

- 3 . 8 ( 9  —It ‘

~ 2±. .... ~~~~~~~~~~ j 166 .64 1 - 
________ ________ ________

— 2 . 5 4 5  
j~~~~~

l 2 .556 — I — — CREEP0 
— 

88

— 2.550  “ .3, 56 1.1 10~~ — — — ° I

— _ _

316 Sta inl eop 5t. tel  ( - . 1 1 
I , -

log lY FE T/T m log t1 - - In  Act/A i In 11 / 10 Fra ct ure ‘ T esti ng Gra in  Dia. - R e f e r e n c e
(sec .) j (scc . 1) Type Mode ‘ (pm.)

-2 .554 0.463 4 . 5 6 3  — - .36 - CREEP 
— 

38 Siueo’~ s anu

-2 .575 1. 748 I i .8 o. 1o 6 i _
~~~~~~~~.3o - 0 “ IVan Echo ( 1965)

2 .65 4 “ 5.614 7.2 x 10 8 — .26 — “ “ Cont ’d.

-2 . 700 ~~~~~ - 1 . 1 3  - ‘I

— 2 .  155 I 4 .613 5 .2  x 1o~~ — .10 —I. I —____ _ _ _ _  _ _ _ _ _ _ _

-2 .685 0.419 4 . 2 4 7  4.0 x 10 - .27 — “ 43

— 2 . 7 2 5  4.680 1.6 x ~~~ — .22 —

—2. 765 5.128 ~~~~~ — — ., ,, 

— —

—2.805 “ 
— 

5.577 1.6 x 10~~ — 
— 

.17 —

— 2 .845 “ 4 .201 5.4 x ~~~ — .2 1 —

— 2 .88 5 “ 6.799 1.1  x 10’~ — .17 — t  “

— 2 . 5 6 7 4 .238 2 .1  x 10~~’ — .33 — “ 62

— 2. 582 “ 4 .486 9. 1 x 10~~ — .22 — “

— 2.5 97 4 .62 3  8.0 x 30 ”
~ — .22~~~~~~~~~~ — “ “

2.6 13 ‘~ 4 .124  6 .0  u )0~~ .2) 
- 

— “ I 
_______ — -  _____________

— 2. 66 4 ‘ 5 .136 - - .16 - ‘I [
__________ _________ _________ _________ — — —— k

— 2 . 7 4 3  5 .768 3 .2 x 01 ’ — .11 — “ “ —

— 2. 789 6. 329 7. 1 x 1I)~~ 1.1 — 0 0

- In
—2 .94 7 ‘ . 7 .0 3 3  2 . 8  e I I) . — —

Con t ’ d 

23 

_ _ _ _ _ _ _
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TABLE 5 ( c o n t . )  

: 

-

~

:g

1t;l;~~ 

T/Tm log  t~ In ~~~A 1 1 n 1 1/10 Fro~ ture Test in g ~~rain Dia Re fe rence  

—

(s ee - )  ( Sec- 1) 
I 

T y p e  - Mo d e C jis~~ -

-2 .  7- . 1 .1 . 7 ’ ) ~~. ‘ - — . 3 2  — 4~ ri ~‘ I 31 S i ~~~~ ~n d
._ - _ -- - - - 9 

~~
-.- - -— —- ---—*-

~~~~~~~~~~
—

~~
- - _ _ _ _

- 
‘ 

~~~~~ - 
- I - j . 1 2  - “ “ v ..1. ~~~~ (i9t,,)

8 3 4  
— —— 

7 
— I — 

0 
__ —_ + — 

o c 2

— 2 . 3.” 11 .90’) 3 , 17) 1 .7 x — .30 — “ 3.1)

-2 . 750 ‘ . 2  9 x 1(1 ° — 3 7  —

- 
784 

- - 

I 
- —  - 

f

- 

:: ~~~~~~~~~~~~~~~~~~~~~~~~
-L 

I) 

_ _   

I

~~~~~~ J___ H~ ~~~ 
- 

-i 
—

- 2 I ”~~~~~~~~~~~~
_,. 7 ]~~~~~~~~~~~~- - J 3  -

~: 
-b--- 

:j~~~~~ 

-

~~~~~~ z 
_ _  _ _  

~~~~~~~~~~

-- --~~~~~~~

- 2 . 8 1 $  - 

- 

- ~~2 - 33- 
- “ 

—

i i ”__~~~1:~ L~~~~I_. -
_ _ _ _~~~~~~~ __ __~____:____r__1_ __

,. 

-___

- 3 . 12 8  “ 7.30..) — , — - .04 —
I : $

_____________ 
I I

116 Sta ,n1~~.1 S t , . 16) I

log lY/E I/T m log  t1 - : Irs A0/A f In If / I a Frccture Testing - Groin DIa Refe rence

(Sec.) (5cc- 1 ) I Type Mode (p m . )

— 2 . 8 7 2  0 509 ).— “9 - - - .12 — - CREEP — Siunons md

_ _ _  

5 9 - f l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Van F ho U96,)

-2 .98 1 i ’ ~ ~~~~ : - -  ~ 1 — — I
_______-- -I - 

I
—2. 999 0.525 1 5.715 , — — - . 2 3 — “ —

_ _ _ _ _  - - - - - - I
—2 .913 - 0 ,540 4 .5 .2  9.2 x 10 - - .60 — “ 43

I - . -
~~~~~~~~

*- --
~~~~~~~

-- - --- . --—  -
~~~~~~— 2 . 9 8 3  ‘ 5.038 I 2. . x 10 - .68 - —

~~~~~~~~~~~~ _ _  —__ ~L_:~~
______ __-I___ -

—

— 3 .1 23 “ o .087  - 4.9 x l0~~ — .7~ I — “

— 3 . 3 4 2  
.1— 

- 6.311 I 9.4 a 10 — 3,4 . — - “

— 3. 262 ‘ , , .8 ,2  
~~~~~~~~~~~~~~~ 

— .12 — “ “ 
—

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

~ 1 1 7 ,1~ 3 , 2 0  I0~~ - 
- -

-2.669 ‘ 
- 

2 . 93 8  
- 

~~~~~~~~ 
- “ ~~~~ 92

~~‘ ‘ ~ ‘~ 
“ ~~~~~~ — . 29 

- 
. I —

~~~~~~
- r t- 2 .808 

— 

“ ~...3I 
~~~~~~~~ -~~~~~~~~~~~~ --.- - -~~ 

- “ I - -

— 2 . 9 7 0  ‘ 6 ,139 — — .26 —

-1 . 13 16 5 .181 
- T - d 2 ~~~~~~~~~~~~~~- “ 

- 

“.: ;

~

i

~~
_hTT

~

_ i  -
~~

-

~~~

-

~~~~
-rir-

- --

~~ 
- f .  -

~~~ 

:“
~t 

-

Con t ’d 

_ _ _
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TABLE 5 (cont.)

- 
iii.. S i - I l I l l , - - .~~~~i ,- ,’ ), l -

log a-i t  T / T m lo g  4 In  A0/A 1 In l~/ b ~ Fracture Testing Groin Cia. 
- Re ference

(sec .) (se c - 1) 
-_______ 

Type Mode I pm-)

. :
7 .711 0.340 3.151. 1 III 

, 
— - L W ( EI’ 62 I Sin~~Inn 3i,d

L 5 ~~~~~1U 4 
-

•1 4 .3 .43 3. 3  ~ 3~~~
I t  

--  

~39 
-— - —  - .  - I. 1T~~ CouL d. 

—

— ‘ 933 5 5  3 x 1 0 ~~ 5 
— —

-3.012 “ 6.071 
- 

l
1.2 x 30

7

1 
- - “ I ”

—3 .04 9 0.555 5.529 
~~~~~

— 
— -  

.48 —

-2.804 0.571 3.475 
- - 

.35 — 52 

:-:--- ~~~~~~~
~ 3 354 

-— 
0 6:55O~~~~~~~~~~~~~~~~~~~~ ~~ 2I  

— 
- “ ~~~~~ 1 -

3 420 

~~~L~~1~ 1Ih~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _

-3,146 0.601 1..483 
~~~~~~~~~~~~~~ 

.71 - “ 1 44

~~~ 
ti~~ I 

I ii4i: :~~:1
~3J45 J 0  ~~~~0 S~~~ lO i

~~~~~~~~~ .)3 r~~~~~~~~~t 0 l ~~~ 

-.

- 

~~~~~~ 
,, - - -

516 Stai f l1cs~ St - .,) (8) I - I -

bog a- FE T11m , t og  
~1 tn A0/A 1 In If / l a i Froct ure I Testing Groin Dia. Reference

(sec .) (sec~~
1) , Type - ModC 

- 
C prn.) -

-3.746 0.601 7 .2 18 - - .31 - ICRF.RP : 44 Si~~~ns and

—2 . 879 5 . 125 I — — .44 — I 58 Van Echo (3 965 1

—2 .976 “ 1 3.855 — — .40 — I “ “ Cont ’d .

—3.0 73 3.354 — 
, 

— .39 — I “

_ _  -_ _ __ _  I -

— 3. 300 ‘ I 8.050 — — .29 — “ 
~
‘

—3.408 
J 

‘~ 6.469 - — . 19 — ‘ ‘ ‘ I
— 3 . 5 78 1.010 4.4  a 40~~ 9 — .17 — I ‘ “ I
_______— - 4~~~~~ 

I —

— 2 .897 “ 3.158 2.5 a 10 — .60 — 62

-2 .916 3.812 ~~~~0 a 10~~ I - 1.62 - ,.

- - - - - - —
~~
-.-- - 

-‘~~~~
- -

~~~~~~~
—

~~~
—----

—3.19 8 “ 5 .3 90 
I’ ’

~~ 

a 10 I — 65 — 
0

—3 .323 5.956 2.5 a 10 ’TT — : .54 —  
-- I — -

— 3 . 402 “ 6.427 5.9 a 10 — ‘ .22 — “ 0

5.003 ’ - - 1.29 - 
_ _ _ _  _ _

-3 . 323 f 5.30 4 - - 1. 29 “ -

-3 .4 32 1 5.823  - J - .25 - 1 ‘~ 
-

~~r H ~ 
~~~~~~~

-- 

_ _

-3,3 96 ‘ 6.81 0   .29 - T’• 
— - 1 - - — - -- — - — - -—- - - 6 — - - — -— - — — - -—  

— 3 . 40 7 11.632 1 5.71.6 — — — “ 52

:3. 632 
- —----H - 

- 

0-
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TABLE 5 (cont.)

3 1’, S3..i.ti, ~~. SI, - . )  ( 7 )

log a -/E I/Tm log 9 Ess In A0/A f In 1f ’1o Fracture Testing Grain 0:0. Referenc e
(se c .) (se c . ’t ) Type Mode C pm.) I

2.10.) 
— ~L47 8 . 7 9 ~ 

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

- .11 HC/.~~( iv ’ 
-. 

4 6

—2 .140 4 .68(1 1.6 a t.r” — .22  
— —— 

“ 

— 

“ 

- 
~~~~ 

( ) 9 6 l .~
)

— 2 . 780 “ 5.130 5 . 2  a IO~~ - .20 ~‘ 
0 ~l

— 2 . 820 ‘ 5.580 1.6 a 10 1 
- . 1 7

—2 .8(~0 6 .200 5.. a l0~~ — .2 1 ° ~‘

-2.900 ‘ 6.800 1.! a 10~~ - . 17 “ “ J
— 2 .86 0  0.540 3.890 3.5  a 10~~ — .53 CRC/v * r~~

°

—2.9.10 4 .540 8.2 a io 6 
— .60

—3.000 ‘ 5.090 2.3  a io 6 
— .67 “

-3.0 70 “ 3. 610 8.0 a 10~~ - .68

—3 .140 
—- 

6 .090 2 . 8  a 10
1 

— .73 “

— 3.210 “ 6.510 9.4 a 1o 8 — .63

— 3 .280 “ - 6.840 3.3 a 10
8 

— 52 ‘~ “ “ 
— ________

— 3 . 3 50 “ 7.130 1.2 a 117~~ — .35 ‘
~

—3 .060 0.601 3.840 4 . 3  a 10~~ — .70 “

— 3.160 4 .480 9.9 a ~~~~ — .70 ‘

— 3.260 “ 5.03,0 2.9 a 10 6 
— .67

—3.360 ‘ 5.600 6.9 a 10”
~~ — .55 “ “

___ ____  _____—- - -——- - - -  —~~~~~~~~~ ---

—3.440 “ 6 .000 2 .4 a 10 — .45 “ °

316 Staii lle Stee l (10) I I I Ilog a-/ E T/ Tm log 9 
I In A0/A 1 I In I

~
/ I

~ 
Fracture Testing Groin Dia. Reference

(sec .) (sec ~~
1) I 

I 
I T ype Mode Cum.)

— 3.560 0. 601 6. 370 ~~~ a 10 d — .33 CRC/v 0 CLC 44 Ga rofa l o  at

3.660 6.810 — .36 “ “ “ a t .  ( 4961 aj

— 3. 760 7.220 — — .31 f l’s  Cont ’d. 
—

— 2.660 0.479 4 .150 1. 1 a l0’~
’
~ .74 .43 — “ 5

’
~~ CaroCalo et

— 2 . 700 “ 5.080 — .23 .22 — a t .  ((96 1b)

— 2.750 5.730 1.2 a 10 8 .28 .18 — “

—2 . 800 ‘ 5.900 — .1 5 .10 —

—2 .850 6.530 — .23 .15 — ‘

—2.910 1.170 — .29 .14 —

— 2.810 0.540 3.820 4 . 1  a 10~~ .93 .31 —

-2. 920 4.860 2. 31 a 10 G 1.00 .57 
- 

- ‘ 
— ______

-3 020 
- 

5.610 
- 

3 9 a l o~~~ .97 63 
- 

“ 
— — —  — —

—3.040 
- — — 5.680 5.3 a )1r 1.33 .68 — “ ‘. 

-

-3.140 ~.290 t . 1 x t ~~~~ .70 ~~~~ 
— 

- 
- — - ‘ - - -

____— 
6 )  3 3 ~~~ 3fl~~ “ .1, 

-
- 

-

3.03() 0. 3,01 3.8)0 0 .4 a 1It~~ 1.134 ,3,7 — “

1.l7O 4.670 7 . 3 x 1 0 ” 1.06 .71 — 
., 0

— 3 .290 5 .4 13 ) — 1.17 . 7 3  — “

,flI,t ’d 

______________
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TABLE 5 (cont.)

33,. St.,iul. ,I, 9 1 .0 )  ( 3 )  
, I

log a FE T / T m log 4 ~~ In A0./A q In Ii/ l~ Fracture - Testing Groin Dia. ‘ Reference
(se c .) (se c .” ) Type Mode I (p in.)

-3.410 0.6.’l - .7.- 
— 

- 

~‘: ( 11r ,’t.,l., . 1

4 5 1 4 h  “-I -“
_  

-
~E:: : _

— 2.670 13 .4,0 — — I .69 .32 —

-2 .850  0 ,-il) - - 1 .56 .3) -

— -- - - - - __
~~3.~ -- 4_ -—_ .- — --. - -

—2 .610 0.479 3.60 5.’, a 1,) I . 9s . j ô  I TI? 0

--—— -—
~~~~~~~~~~~~~

—-- -
~~~~~~

- - ---- --- -- - - .-- - - - —  _ _

— 2 . 630 “ 4.22  1.8 a 1(I~~ .51. .33

-2~~ 60 “
~~~~~~~~~~~~~~~~~~~~~~~

9 x
~~~~~t ~(~~~~~~3 t II;

-

~~~~~~~

-- -- -- 
T~1— - 1-  

~~~~~~~~~ ~~~~~~~~~~
-2.700 4.760 5.2 a I .22 

‘ 
“ 0 0

- 
- 

-2.7)0 5.140 3. ? a 10 ’H_ J ~~ 

- -  — - — -

-2.810 “ 5.770 3.0 x 10~~I .25 
-[ 

.12 “ “ 

- -  ______

-2.860 6 . 5 xW ~~~~~~ !7  
_ _  

1 ”  i~iuirii ~~-2.760 0.530 3.360 - . 3 7  .43 Tv

-2 .7 70 “ 3.070 EL3 a 10~~ .89 .3 3

-2.840 4.660 3.2 a IO~~ ~ I .37 10
0 *

-~ 95o - -  

~~~~~~S.4 i0 I4.~
a 

~~~~~ 

- 

~__J_~ 
- 

1 1 

“ ‘ 
- - - - -

356 5t ai nl es ~ Stee l  (12) 1 I I - I -

log a-/E T”Tm 
I log t f I In A0/A 1 

I In l~/ I~ - 
Fracture Testing Groin Dio. I Referenc e

(s ec .) I (see ”1) I Type Mode C pm.)

—3 .070 0.540 J 6.460 1.7. a 10 1 .91 .58 - 
1C . CLC 44 Smith et al (1950)

-2~~00 L602 I 2.960 
-

~ 
-

~~~~~~~~~~~~~~~~ ~~8 TC° 
-- 

~ Cont d.

2 900 j 3 1 9 O ~~~~~~~~~~~~~ 1129

—2 .950 ‘ 3 .790 — 11.12 .59 
— 

0 
- -- - - -- - - - - l - - - - -

—3. 190 5.160 1.7 a tO 4 .18 .64 IC “

3. 330 “ 6.000 2.6 a ~~~~ .72 .51 “ j’
~ 

‘ 1
— 3 . 430 6.420 5.4 a I0~~ .38 .24 “ J “ “

— 2.183 
— 

0.013 — — — .44 — Jcna — ~~~ (1974)

—2. 261 
— 

~.o.o — — .96 .46 — 
,. —

— 2 . 3 2 8 0.06 8 — — 3.11 .48 — —

— 2 .396 0.096 — — 1.27 .49 — —

— 2 . 4 7 t  0.123 — — 1.39 .51 — ,. —

—2 .52 0 
- 

0.151 — — 1.42 .St — 0 —

—2 .5 56 
- 

0.165 — — 3 . 4 ? .51 — .. —

—2. 8 10 0 .453  7.560 — — — 
- 

- CRE EP 
- 

— iC-i (3 969 )

-2 .830 “ 8.030 - - - - 0 -

-2.870 8.260 — — — - 
- 

—
.

-2.830 (( .460 7.561) — — — — “ —

‘9 

27
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— ——- ——--— A



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

TABLE S ( con t .)  
0

333 , St. , j . , I , . I I  I ( 1  3 - -

log a /E r/Tm l o g  ~, 
I 

In  A,jA 1 In 1f~~o Frocture Testing Groin Dio- Reference
(se c .)  (seC ’t ) I Type - Mode C pm.)

-2.870 (I . .3,13 ‘I II II’ - - - 
‘1 

- ) N l i i ~ 
- 15,1 3 3 9,9)

-2 .900 8.2 ) 0 — — — — “ — Co,,t ’d .

-2.860 0. -7 (1 , 7. 53.0 - I . - - -
— 2.910 ~‘ 8.0313 — — — — “ — 

—

— 2 . 9 3 * )  
- 

‘~ 

- 
8.1)0 — - — - “ —

-1.890 0 .4 71  7.56 0 — — — — “ -

— 2. 93 ,1  ‘~ 
- 8.03.1 — — — — “ —

—2. 9 70 ‘ .260 — — — —

—3.050 - 8.560 — — — — “ -

-3.070 ‘ 8.7)0 - - - - “ -

— 3 .09 0 ‘~ 8. 841) — — — — “ 

- - 

—

—2. 9213 0 .4 77 7.560 — — — — ‘ —

- -2.961) 8.0 30 - - - - 0 -

—3.0 10 ‘~ 8.260 - - — - .. —

-3.090 ‘ 8.560 - - — - 

- 
-

-3.120 “ 8.730 — — — — —

—3.3 50 8.860 — - — — ‘~ —

-2.950 0.482 7.560 - - — - “ -

516 StainIeo5 ~ Steel ,13 ( ‘ I ‘log a /E T
~

Tm log t1 ‘ I In A0/A f In I
~”I0 , Fracture Testing ‘Grain Dio I Reference

_________ 
I I 

(sec.) (sec . 1) 1 Type Mode - C pm.)

—3 .020 I 0.382 8.030 — — — — CREEP — ISO (1969)

-3.050 
- 

“ 8.260 — — — — ‘. — Cont ’d.

-3.130 “ 8.560 - — — — —

-3. 170 ‘

~ I 

8. 7)0 — — — — 

. 

— 
-

3.190 ‘ 8.860 — - - - —

2.990 0.488 7.SnO — — — — .. —

3.060 ‘~ 8.030 - - - - ., -

3.100 
I ,, 8.260 — — — — .. —

3.180 8.560 — - — —

3.220 ‘
~ 8.730 — — — . 

~
‘ —

3.240 ‘ 8.860 — - . -

3.030 0. 4 93 7 .560 — — — - ~
. —

3.100 31.0)0 - - - - .. -

3. 140 8.260 — . — — 
I 

—

3. 220 8.56’’ — .
3.273) ‘~ 9. 713) — — — — —

-1.300 “ P.81.0 — . . — ., -

- 3.0’)) 0./,9’) 7 . 3 , 1 )  . — . — 0 —

( l , nI ’ ,I

________ _______
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TABLE 5 (cont.)

III , St...,.1, a. 51,’,. 1 ( 1 3 3  I
log a~/E T/T m log t9 In A.,/A f In ‘f ”o Fracture Testing -Grain Dia . Reference

(s ec .) (s ee .”1 ) Type Mode C pm.)

— 3 . 3 5 0  0.499 8.0 10 — — — — c~s;rr — 140 (l~ ’~~
).19() 8.260 — — — — Coot ’.).

-3.260 8.560 — — — — .. —

—1 .320 8.7 13) — — — — —

—3. 350 8.8(0 — — — — ., —

—3.1)0 0.504 7.560 — — — — .. —

-3.200 “ 8.030 - - - - ,. -

-3 .240 “ 8.260 — — — — “ —

— 3.310 8.560 — — — — “ —

—3. 36 0  ‘~ 8.73)) - — — — ‘~ —

-3.400 “ 8.860 — — — — 0 —

— 3 . 150 0. 510 7 .560 — — — — “ —

—3.240 8.0 30 — — — — —
-3 .290 8.260 — — — — .. —

-3.350 8.560 — — — — .. — 
—

3.410 ~
‘ 8.730 — — — — 

. 

—

—3. 440 8.830 — — — — “ —

-3.190 0.516 7.560 — — — — —

336 Stain1es~ St ,.et ( 1 0 1  I I
log a- ~E I I/T m log t31 I In A.,3/A t In ‘f~~o Fracture Testing Groin Die. Reference

(se e- ) (se c 1) I Type Mod e C pm.)

—3.290 0.516 8.030 — — — - CREEP — ISO (1)69)

-3.3)0 ‘~ 8.260 - - — — “ — Cent .).

— 3 .4 10 ‘~ 8.560 — - — - .. —

-3 .470  8.130 — — — - ,. —

-3.500 “ 8.8)0 - — — — 0 —

-3.2 40 0 .52 1 7.560 — — — — ,. —

- 3 . 3 3 0  8.030 - - - - 

-3 .390 8.260 - - - - ., -

-3. 460 “ C.560 - - - - .. -

—3.5 50 8.710 — — — — C —

- ‘5.550 “ 8.860 - — — - —

—3 .2 80 0.52 7 7.560 — — — . “ —

-3. 581) 0 8.010 - - - - “ -

3.440 8.260 — — - —

- 3 , 5 .’)) ~‘ 8.560 - — - - -

-1.570 8 .730 — — — • .. —

-3. 61*) “ 8.3160 . - - . ,. —

—1 , 3 3 0  0.512 1. 560 — — — —
C..,,t ‘ II

a 
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TABLE 5 (cont.)

336 St.,inl , I . . 5  1.’.’I I l l )  . 
- I

log a /E T/T m log 4 E~~ In A0/A f In lf / l~ Fractur e Testing Grai n Dia- - Reference
(sec .) (sec I) Type Mode Cj i in.)

3. 3)O 0. 532 8.030 — — — — C ItEEr — 150 ( 396 9)
— 3 .480 — 8.260 — — — — “ - Coat ,’.

— 3 .570 “ 8.560 — - — — “ —

—3 .3 10 0.5)8 7 .560 — — — — ‘~ —

3.410 “ 8.030 - - - - -

-3.5 20 ‘ 8.260 — — — — .‘ —

-3. 6 10 ‘~ 8.560 — — — — ,. —

3. 400 1) 543 7.560 — — — — “ —

3.510 “ 8.030 - - - -

3.580 ‘ 8.260 — — — — ‘~ —

3.660 8.560 — — — — ,. —

3.4 50 0.549 7.560 — — — — .. —

3.560 8.030 - - - - .. -

3.620 ‘ 8.260 — — — — —

3.690 “ 8.560 — — — — “ —

3.490 0.554 7.560 — — — — —

3.520 0.560 7.560 — — — — —

3.570 0.565 7.560 — — — — —

3)6 Sta(nlea Steel (18)

i39 a-FE I/Tm log t1 In A
~~

/A i In I~ / l~ Frocture I Testing Groin Dia. - Reference
(s ec .) 

I 
(sc c .~

1) Type Mode C pm.)

2 .4 83 0.510 
- - 

— ‘ 1. 1 x ~o 1 I 0.96 - TO 

- 

CUR 100 W ray (5969)

— 2 .457 ~‘ — 2.8 a 10 2 1.33 — ‘~

— 2 .470 — “ 1.34 - “ ‘~ 
,.

— 2. 4 70 “ — 1.1 a to ” 2 1.26 —

—2 .480 — 2.8 a 10”
~ 1.29 0.36 

- 

“ 
. 

“ 

-

— 2 . 4 7 2  “ — 8.3  a 10 ’ — — “ “ “ 
- — -

— 2.491 - 2.8 a 10~~ 1.09 — CBC~~
—2. 5 2 8  ‘ — 8. 3 a 10~~ 0.93 —

— 2 .58 5 ‘ — 2.1 a tO 5 0.63 —

— 2.523 0.538 — 1.7 a 10~~ 1.21 — IC

— 2 .496 — ‘ 1.46 — ‘ —

— 2.491 “ — 1.43 —
— 2 .5 3 6 — 8.3  a to ” 2 1.46 —

— 2 . 506 — ‘ 1.53 —

— 2 .493 — .8 a 10 2 1.47 — “

—2 .500 “ — 1.7 to
_ 2 

1.13) — —

‘ — 2 .50 7  ‘ — .1 a 10 2 I .23 — .
— 2. 5 13  ~‘ 

— “ 1.68, . —

Con( ’,I.
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TA1~LE 5 (cant.)

III, St ,jtt l 1’0I. S(~ , I ( I I )  I I I
log a- FE 111m lo g t 1 

I 

~ A0/A f ~ 1t ’1o Fracture 
I 

Testing Groi n Ojo . - Refe rence
Cse c . )  (se c . ” ’) Type Mode C pm.)

-2 .511 0 .558 - 
I. )  II)~~ 1.31 — IC CUR 300 Wta v (393 ,9 )

— 2. 525  “ — .1 a l1)~~ I .), , — CBC 35 ‘ “ Coot .).

— 2 . 542  “ — .1 10~~ 1 . 2 4  0.42 “ “ 
- -

—2 .58 4 “ — .9 0 10 ’ — — —

2.553 “ — .1 a 10~ ’ 1 .16 — CRC II

—2.602 ‘~ — “ 0.89 — — ‘ 
— — —  

0 
—

2 .60 7 ~‘ — .7 a 111 ’ 1.20 — — ‘ 
— —

2 .63 8 “ — .3  * 10~~ 1.14 — —

2. 702 ‘ — .3 a l0~~ 1.14  — CRC 53

— 2. 539 0.511 
— - 

— .7 a 10~~ 1.42 — .rc 
— —

— 2. 573 “ — .8 a io 2 
1.36 — “ 

— -

—2. 5 8 1 ‘ — .1 a 10 2 — — ,, ,, ., - -

—2.610 “ — .8 x IO~~ — 0.51 CRC (I “ 

--

— 2 . 6 2 2  “ — “ — —

2.72 1 ‘ — .8 a 10”’ — — ‘ ‘ “ 
— - - - —

—2.847 ‘~ — .8 a 1O~~ — — — “ ‘ 
-

2. 711 0.601 — 
r~

8 ~ 
- 

~~~~~ 

- 

I 

— . ‘ — - - —

— 0.632 - 11.7_a L0 1 1.24 - TO ‘
~ 

- ,, -

316 StIl inles St.107 ( 20) I .

log a FE 111m log Ej , 
‘ In A.~~~A q In ‘ f ” o - Fracture Testing -Groin Dia - Reference

(sec .) 1 (sec 1 ) I Type I Mode ( pm.)

—2.686 0.632 — 2 .5 a 10”” 1. 17  — IC CUR 100 Wray (1969)

—2 .802 — 2.8 a L0~~ 0.80 0. 5 7 Cont ’d .

—3.12 3 “ — 2.1 a 10 ‘ I — - — .,

-2 .516 0.560 ( - 1.1 a 1O~~ 1.36 0 .3 6  - csc~~ - 
“ 

- -

-2 .533 ‘ - 19.2 a LO~~ 1.13 0.40 - 
- -— -- — - 

- ko a 10~~ 1.15 0.32 -

—2 .58 3 ~
‘ — 2 .5 a 10 ’ 1.00 3 . 6  —

—2 .583 “ — 3. 9 a 10 1.19 0.4) —

2.625 - 1.6 a 10~~ 0.27 0.24 IC ~~ 
..

-2.625 ~
‘ - 1.5 a i0 0.25 

- 
0. 23 I ~ ~~

— 2 . 6 2 5  — — 0.40 0.14 “ —

— 2.630 — 1.6 a 10 ’ 0.79 0 4 3  . C

2.695 “ — 3 . 31 a 30 ’ 3 ,39 fl .s, C

-2. 760 “ - .3 a tO 6 0.39 0. 30 -

—2 .8 15 ‘
~ 

— .7 a 10 13 . 22 (3 .34 Ii , ~

-2 .3135 — . 7 a I0~~ 
. 0. 39 — ‘. “ 

-

- 7,313,1  “ - — 0 . )’ . 0 . 2 5  II

— — 0 . 73 0 . ) )  II? ~~ 
—

Cont~ d 

I
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TABLE 5 (cant.)

31” St.,,,. C , .~~,. I I!) I I
log Cr FE T /T m 1 

log 4 In A0/A f In I f / I 0 Fracture I Test i ng Groin Dia- 
I~ 

Re f e r e n c e
(sec . )  (s ec- ” ’) Type - Mode C pm.)

- 2 . 3 , 3*) 11 .4-,.) — “ 
- 

0.23 , (I . (4 ‘13 
— 

104 . Wr , -. (I’ , ) I

-1.6)0 ~‘ - I..7 a — 0 39 — Co ,iL ‘.1.

— 2. 121  ‘~ — I.,) a 10~~ — 0.15 —

— 2 . 7 77 ‘
~ — 1.2 a Ili~~ — 11.42 —

* CUR — constant disp laceI”ent r.ltC tens i le  te’ I t CLC — consta,lt load , uni aair. i cre ep te st ;

CSC — constant s t r e s s , un iax i a l  c re ”p t e s t ;  CRFEP — unspecif ied load,n4 nodc ,unhJOia l  ,~r eep test.

This s t r a i n — r a t e  ~~s ass.w ,ed for the,~e t/nOiJ ./ t e s t s  in order to ca lcu la te a t ,oc to”taLIUr,l

from the Iong itodiri.s l f ract ure  st ra in .
Grain boun dary cav it ,lt io n of  w t vpc .

I’S Gra in boundary cavita t ion of u— ~nd r—tvpe .

+4 TO (or IC) tronS~ ra’r,,1.~r(11 int ,rnrar.ul,ir 3 f r :icture inferred froc. posi tion in ut r e ss  and tame

relative to kink in creep rOo tu re Cu rse.
a. Deduced from rat io of ire, s t ra tn  t o ,,,cCttud.nal sc ra ,n .
I Gra in size est ima t ed from nicroer.ip”- .
II Grain bound ary cav i ta t i on  obse rved , but was not necesoaril y the cause of final f r..crure.

32

E:3 — _____  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- .- - - -  - - - i_ -



S —- 
.- - - - - —--- —-

~~ 

- - 

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

3.2 Fracture-Mechanism Maps for 304 and 316

Little can be learned from the engineering studies about the

mechanisms of fracture of these steels. The scientific study of 316

by Wray (1969) identified regimes of ductile fracture , of intergranular

creep fracture and of rupture . We have combined fractographic informa-

tion from Wray ’s (1969) work with observations and stress—rupture data

from Smith et al (1950), Dulis et al (1953) , Garofalo et al (1961 a. b .)

and Sanderson et al (1969), together with our own observations and data ,

to give the two sorts of map shown in Figs . 4 to 8.

The advantage of the maps with stress and temperature as axes

(Fig. 4 and 5) is that they cover the entire range of conditions for which
I

the material is solid.  The data of Tables 4 and 5 is plotted on theni , as

open symbols if the f rac ture  was transgranular and as full synibol.s if it was

intergranular .

We have identified the f ie ld boundary separating ductile transgranular

fracture from transgranular creep fracture with the U.T.S. of the steel in

normal tensile tests (tf < 102 s). If the initial stress is greater than

this, the material can be regarded as a (rate—independent) plastic solid

which fails more or less instantaneously, in a ductile manner . If the

initial stress is less than this 5 failure is not instantaneous, but re-

quires the accumulation of creep strain.  Though crude , this cri terion is

straight—forward and uses existing data : that of Sanderson et al (1969)

Simmons et al (1965) and our own observations. 
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are based on data from the sources listed on the figure. r -
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Fig. 7 A stress—rupture plot for 304 stainless steel. The field boun—
daries have been cross—plotted onto this figure from Fit. 4.
Changes of slope of the stress—rupture plot coincide with changes
in mechanism of fracture .
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have been cross—plotted onto this figure from Fig. 5. There is an
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The boundary separating intergranular from transgranular creep f racture

on the two f igures was positioned to be consistent with the observations of H

Smi th et al (1950). Some of their micrographs for 304 are shown in Fig. 6,

which i l lustrates the method . The uppermost group of pictures shows

transgranular creep fracture.  The samp le has necked extensively , and

internal cavities are elongated in the direction of tension. The central

and lower groups of micrographs show intergranular f rac ture , little or no

necking , and wedge cracks lying normal to the direction of tension. The

figure illustrates that — on the axes used for these map s — this  boundary is

a fa i r ly sharp one . Positioned in this way , the boundary coincides more or

less exactly with a pronounced kink in the s t ress—rupture  p lots presented by

Smith et al (1950) .

Above about 900°C (0.65 TM
) ,  intergranular fracture in both 304 and 316

is suppressed ; the steel necks extensively and fails by plastic rupture
/

(Nadai and Manjoine 1941: Wray , 1969). This behaviour is common among

commercially pure f.c.c. metals and alloys (Gandhi et al, 1977), where it

appears to be associated with dynamic recrystal lisat ion . In the stainless

steels this , in turn , may be tri gger ed by the solut ion of ce r ta in of t he

carbide precip itates: M23 C6 carbides in 18—8 stainless steels are known

to dissolve somewhere between 800 and 900 °C (Aborn and Bain , 1930) .

An alternative way of presenting the data is shown in Figs. 7 and 8.

Here the axes are those of the conventional stress—rupture p lo t :  log ( tensi le

stress) and log (time). Data obtained at one temperature is connected by a line

and labelled with the temperature. The field—boundaries from the fracture ma’ps

of Figs . 4 and 5 have been cross—plotted onto Figs. 7 and 8, dividing stress—

time space into fields in which (as before) a given mechanism of fracture is

dominant .

The plots emphasise the way in which a change of mechanism is associated

with a kink in the stress—rupture plot. That for 316 shows evidence for a new

change of mechanism : about 10~ seconds , the plots show unexplained kinks ,

~~~ through which we have drawn a heavy broken line. We have not yet been able !:‘
~~ 

- 
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to examine specimens which have failed at these long times, and do not know

whether it is the shape and distribution of the intergranular cracks which

— has changed (as they did in pure iron), or whether a change in precipitate

distribution, caused by long aging under stress , has caused a change in the

kinetics of intergranular cracking.

~
II
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4. CONCLUSIONS I
4.1 Fractur e maps for steels

Observations of the fracture in tension of round bars of iron , or of

a steel, can be summarised as a fracture mechanism map. The map shows the

region of stress , time and temperatures over which a given mechanism of

fracture is dominant. We have found that , although data was drawn from

many different sources , there is little ambiguity in defining the boundaries

of these regions or fields , and the resulting map gives a broad and

self—consistent picture of the way the material behaves .

4.2 .4pp lications : extrapolation of creep—fracture data

The law governing the creep life changes when the mechanism of fracture

changes. An extrapolation procedure which is satisfactory within one field

cannot be expected to properly describe the behaviour in an adjacent field.

The field boundaries define the limits of safe extrapolation.

4.3 App lications : guidance in scientific studies and in engineering desi gn

Each mechanism of fracture has its own ch ar acte ri s t i cs : each depe nds

in its own way on stress state , for example; and (in creep) the stress— and

temperature—dependence of the time to fracture differs for each. In

studying a particular mechanism, or in designing an engineering structure in

such a way as to avoid it , it is helpful to know its region of dominance , and

its characteristics . This study has attempted to provide this information

for pure iron and for 304 and 316 stainless steel.

.
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