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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 with a large body of published observa-
tion and used to construct two sorts of fracture mechanism maps, which
summarise the behaviour.
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k. THE 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
1 is from work published in the open literature or in company reports

and data sheets.

1.1 Method of Construction

The procedure is as follows. We tabulate, for each test, the
homologous temperature (T/TM) and the normalised tensile stress (on/E;
where o, is the nominal stress in a creep or tensile test and E is
Young's modulus, adjusted to the temperature of the test), together
with the time-to~fracture (tr in secs) and strain-to-fracture (cf) and
the reduction in area at failure, The creep-fracture data refer to
tests at constant load; -8 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-

fields: ductile fracture, transgranular creep failure, intergranular creep
failure and rupture (necking to zero cross-section). Those for pure iron
~8 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.




There are difficulties and ambiguities in a study of this sort.
There is the influence of purity: strictly, a diagram applies to one
purity 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.
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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 can exhibit all the common 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

A S TR

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 summarises the fracture of round tensile specimens of pure

iron is shown as Fig. 1.

2.1 Data on which the Map s Based

We have assembled fracture data for a number of nominally pure irons:
Ferrovac-E, BISRA-AH grade iron, Electrolytic iron, zone refined (ZR) iron,
and Armco Iron. Chemical analyses are given in Table 1.

I 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 (cn) 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 :

i constants of Dever (1972) using the expressions L sia— -~“'l)?/

E =/EE" [ ‘1

2€;,2 \

)

' = -_— ’ Skl

where E C11 €11 * G2 ) N

‘ |
i {
{ Cuy(3C12 = 2Cuy) ‘ 1
| j and E" = } }

Ci12 + Cyy 4 1




TEMPERATURE . (C)
3 1 -200 (o] 200 400 600 800 1000 1200 1400
lO f T T T T gt 4 e g = 3 == e e | [
PURE IRON 4
‘ - 10
- i &5
0] e - ¢
< t— ——— FERRITE AUSTENITE et
- 2
w00 | o~
%)) CLEAVAGE £
w l 103 =
‘ E IELY % £ UTS- ARMCO IRON . s
1 wn 3 éﬁ' "TRANSGRANULAR e
L_j ! c : = DUC lkE FRACTURE o
s 50 R TRANSGRANULAR )
! Z UTS, ZONE - N2 CREEP FRACTURE \ RUPTURE > N
w | REFINED IRON 4, <10
- WEDGE CRACKS (44 p Z
‘ 8TV sow— \'\
(@] FINGER-LIKE VOIDS o3y 4OWK3] N8 ‘\0\0 ' B
% 4 eat __4 KIS i (7))
1o SMOOTH OR  {CSws3 ™ \4 = i &J
< FACETTED VOIDSL5 5@ =l ‘ e
2 INTERGRANULAR e
E O CREEP FRACTURE i | ﬂ
= |
% \— 2 o )
15| & SUEcowvK (19611 (99 701 %o . 4= 50un) IMN [ — s -
X SIMONSEN & DOSSIN(1965)(99 995 at °l° d= 37um) .- TP' X , L}i]
@@ M MAHON 8 COHEN(WOS;_QQ 9‘:)—0_( % . 4=25C um) 41 !
O TAPLIN & WINGROVE(1967)(99 6 at % . d=10C um)
0@ OWRAY (1975) (9997 at %. d=500um)
% GROSCHEL 11975) 199 98%, d =200 ym) J
¥ PRESENT WORK (99 6 at %, d = 100 um) J ‘
|o_° - SRR A SRR Sl st P | [ R e | B
(o} 02 04 06 o8 10
HOMOLOGOUS TEMPERATURE , (T/TM )
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 logjg t

£




*saljtuand Burze|ndjed jo sasodund 403 uouL 4O JeY]
Jeau s3ybLam JLwoje ARy UWN[OD SLY} UL SIUAWI|S eyl pawnsse St 3] °SILdads Burpasaud 3yl JO BALSN(OXd A((4@SSTIBU JOU SL UUN|OD SIYl «

1

o
= - - - f--1-1-1-1-1-1 -1lo8 fos [oc [0z | -~ |8L |02 |08 |86°66| L6°66] (SL6L) Aeum uzbobuﬂw
1<
s - -l - l- - -t - - -t e {8 [os | - (8 (£ |[SL P66°66(L66°66 (5L61) Keam uoJt "¥°Z
wn ~
m b/61) uiidey
= - 6 |6 |sozjoe |8 |ow |9 |1t |see| - [e8 |oc |oot|ee |9 ev |ece |z6v66 | savee PULECTTIEN | 3-oenoaas
< poom3sam
o
m Kpn3s jJuasaud
) . .. pue (£961) uodL K'Y
= = N R S (S [ S L R - | -t - | - |oo0zloLtl| 0c2 {06766 | €9°66 ancsbuin | v u'S I8
n.u pue ul|de}
a8
" ...(G961) utssoq | w04 D13K|
M - 2 SR SRR SRR RS e S e ] = N - |s |2 |02 PB66°66 L66°66[ pue uasuours Fouzdale ¥7
— wn
o - £ (9s61) uoaL
uw 5 5 i I e ¥ i % R 0 - S e 7 5 3 L3Y2S04Y | aund ¥ 86°66
& :
= - g8 | - | - - looz|{ - | ~| - (ovz{ocgfoL { - | - -~ |0S9]28°66 oh.mwsa::.oﬁ_sm uodL 0dWAY
= _ 1961) %AMs33 |
o
8 N £ & o : ..o (G961) U3U0) | 3-2BAOUIB4
028 - -1~ - - - I= - 8 0L [L2€ | 16766 | 8866 pie uoye,on | uogaed MOT

42430 NDIUS| IV| M [ OD| A|OW([JID[INUN| S |d[IS|H|[N|[O| D |7 W71V

25U24232Y | [DIJ2IDWN

(wd dy sa1d2ds A31ang

TABLE 1

T B S T e . e A

B S i e




SURRS——

TABLE 2 DATA USED TO CONSTRUCT THE MAP FOR NOMINALLY PURE IRON
) : T
log o /E TITy log ¢ty €gs In AjJAq | In lg/l, | Fracture . Testing |Grain Dia-  Reference
Csec.) tsec™D Type | Mode Cpmd
-3.993 0.545 5.26 - - - eact Creep 208" Groschel (1975)
-3.943 » 4.26 - - - . C . .
-3.785 C 3.4) 2 - - . . . "
-3.686 . 3.08 - - - ® C " .
-3.487 L 2.89 - = : " " 3 0
-2.540 0.043 0.829 5.0 x 10-* .05 .05 Cleavage CDRn 250 McMahon and Cohen
-2.662 0.051 0.827 . .05 .07 . » . Gl
-2.557 0.057 0.848 . a3 A3 e p = £
-2.634 0.062 0.949 . .51 .27 2 . . .
-2.694 0.073 0.998 . 1.04 .32 2 % Fibrou " s -
-2.724 0.085 1.034 # 1.56 .37 B0 % Fibroug . - .
-2.962 162 3.2 3.3 x 107 = .44 Rupture COR a7 Simonsen and Dossig
-2.995 .206 3.2 “ - .43 . " " )
-2.990 .267 3.0 = - .29 ¢ ) . .
-3.006 .322 3.0 » - .30 U 5 X
-3.121 N 3.2 ’ - .38 e . . .
]

-3.293 427 3.3 3.3 % 107 - .46 Rupture COR 37. . Simonsen and Dossik
-3.369 477 2.8 " - 8 " " " s
-2.481 .0425 3.0 | - .26 Fibrous g E s
-2.379 .018 - 1 x 10% - - Cleavage COR 43 Sleeswyk (1961)
-2.391 .026 - & - - . U - .
-2.404 .032 - . - - . » E .
-2.409 .034 - . - - » . 2 C
-2.420 .036 - » - - . . " .
-2.405 .041 - * - - . » U .
-2.439 .049 - & - - L J d "
-3.820 0.538 4.068 | 1.64 x 10° li - .27 GBC crett 100 Taplin and "}?SE‘;‘)’
-3.863 g 4.255 | 6.39 x )o-J6 - A7 Y e .
-3.91 . 4.971 | 6.94 x 1077 - 13 - . : :
-4.100 - 5.448 | 3.06 x 1077 - Al E " 8 s
-3.514 0.482 4.857 | 5.56 x 10°F - L U COR * .
-3.487 “ 4.051 | 4.48 x 1o-|s - ) . . . .
-3.744 0.538 4.369 | 5.56 x 10-° - .12 " " " .

+ Grain boundary cavitation was observed, but was not necessarily the cause of fracture.

* Inftial grain size.

** Constant displacement-rate, uniaxial tensile test.
++ Constant load, uniaxial creep test.
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TABLE 2

(cont.)

log o/E | T/Ty | log tg ‘l €gs t In Ay/Ag | In lg/lg Fracture | Testing |Grain Dia- ! Reference
Csec:) | C(sec™D) | { Type Mode | Cpumd |
-3.695 0.538 3.630 4.48 « |n-zk7 - i G8C COR 100" Taplin and Wingrove
-4.183 0.620 4.369 5.5 « 105 - 12 . . . §59871: Yeoat
-3.882 . 3.800  [4.44 x 10| - g " " " .
-3.9% 0.538 | 5.709 8.8 «10-7 .60 ) Teec | e 80"  |westwood (197%6) |
-3.916 . 5,168 |5 =706l .80 56 " T . 3
-3.789 " 4.267 3.9 x10°%| 1.20 54 0 " "
-3.9%4 # 5.279 3.9 x 1078 1.31 55 . “ 150" .
-3.916 “ 5.218 4.7 x107¢| 1.20 58 " . . .
-3.848 g 4.561 2.3 x 1075, 1.5 6 " " . "
-3.789 . 4.124 7.4 <1075 2.12 68 " " " “
-3.99¢ . 5.174 3.8 « 1078 76 .44 " . 300 <
-3.916 C 4.799 1.1 x 1075 .87 53 " “ - .
-3.848 « 4.183 4.9 x 1075 1.39 55 " " “ "
-3.789 - 4,021 6.7 x10-5| 1.27 53 . . ) .
-3.994 = 5.675 1.9 x 1078 2.12 63 ® 3 500 .
-3.916 " 5.131 6.7 x 107%| 2.30 64 " " “ "
-3.848 " | 4.575 25 x 10=>| 2.30 66 & " " "
-3.789 | S R 2.6 < 104 | 2030 7 . 0 " "
-3.919 0.538 4.857 |7.8 < 108 1.39 6¢ GBC cLe 80 Westwood and Taplis
— - (1974)
-4.156 * 4.954 3.3 x 1078 51 .26 5 COR 75
-3.316 676 1.11 2.3 x 1073  3.51 .2 Fibrous COR 500 Wray (1975) and
Wray (1975 a) and
-3.508 # 2.66 6.7 =104 1.27 .27 GBC i b Wray (1977)
-3.649 g 3.92 2.8 x 1079 .69 .21 z g & .
-3.439 .703 - 2.3 x 10-2 - - - . & ‘
-3.550 " 2.67 6.7 = 1074 2,53 .27 GBC . . .
-3.700 - 3.95 2.8 = 1075 1.61 22 " w " .
-3.452 731 ] 1.28 2.3 x 1072 ® .36 Rupture . % .
-3.606 . ?445.62 6.7 =107  4.61 .25 GBC 4 - 4
-3.79) T 409 2.8 x 109 2.53 .29 " " . =
-3.477 .759 1.30 2.3 x 1072 - 237 Rupture ! . .
-3.653 5 2.1 6.7 x 1074 ® .29 o i W .
-3.820 - 4.20 2.8 x 109 2.30 37 GBC o . 5
-3.511 .786 1.32 2.3 x107% - .39 - . : $
-3.694 s 2.72 6.7 x 107" - .30 Rupture L " o
-3.932 X 4.12 2.8 x 10" - i " . " 5
-3.564 B | = 2.3 = 1674 - - - ¥ ; | %
-3.768 814 2.65 6.7 x lo-i - .26 Rupture COR 500" Tmy (1975) and
Wray (197> &) and
-4.04) . - !2.8 x 10‘1 - - - i g __-‘_Hray (1977)/cont.
n [ ! I
+ Grain boundary cavitation was observed, but wis not necessarily the cause of fracture.

* [nitial grain size,
** Constant displacoment-rate, uniaxial tensile test
+¢ Constant load, uniavial creep test,




TABLE 2 (cont.)

|
!

| J
log o /E T/Ty log t¢ €gs In Ay/A¢ E In Ig/ly | Fractire | Testing Grain Dia- | Reference
Csec.) (sec™D i i . Type | Mode | Cpmd | ’ |
-3.443 427 4,374 la3x107 | .59 .18 B cLe | 100 Present Work
-3.461 = 4.948 O P T .28 | ~ " - i
-3.499 " 5,412 5.1x 10" | .5 .23 l g a et @
~3.554 i $.737 1.5 x 10=7 | .45 | I = o Gy w
' gee 1
=3.580 483 53 I .21 |~ telxe i | R il
-3.605 | W g T .08 F~ic/te 4 " v
-3.626 E [ .07 | I6/1¢e i [ i
-3.648 o 1 .08 T Ic o L g
-3.716 A i ] - T Ay i 1 |
> -3.30 539 I ] - . TG 4 3 i I 9
I -3.678 b2 x R T I 1¢/T6 i ) T |
=3.712 & x 1 .20 IC/TC B 0 i |
-3. 232 . 4 (2.3 & ) L : 11 Ic o i -
-3.857 5 5,603 11.6 x 1077 254 .OR 1c TH g —ir
-3.980 = >6. 256 3.y jo .03 1>.04 ! I 0 "
= - 300 5,08 4.8 x 10-° | 3.16 e [ 1C__| cpR 3 i
-2.923 L164 3.05 5.8 x 107 | 1.98 W aah % TG R S i 3
-2.413 051 T - |00 T .00 | CLFAVACE " = Smithells (1967)
-2.577 U85 - - L .16 | B B = D ‘ 3
-2.630 .096 - - 1.20 .24 | - A - 4
-2.659 <112 = = 1.27 .32 - & - i
=2.673 <123 - = 1.35 .36 = g = 7
| =2.722 L1430 = S 1.39 35 = o = i
| -2.503 .162 - - T.a% 5 - & - z
=2.761 162 - - ) 37 - e = o
-2.612 261 - - .78 .24 - " = D
j_=2:135 .372 - - 1.11 4 - u = " 3
-3.135 .482 B - 7 ) . = 4 = 3 E
-3.334% 538 - - .50 TE L = v = i
i
IE
|
—
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(This is a statement of E for an untextured polycrystal. At room tempera-
ture, it predicts 1.98 x 10° MN/m?, compared with the average of several
polycrystal studies of 1.97 (+ .04) x 10° MN/m? (A.S.M., 1961)).

Young's modulus for austenite was derived from the measurements

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

E=2.16 x 105 (1 - (T - 300) 4.7 x 10-%) MN/m?

2.2 20 Measurements on lron

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
10”5 torr. The mechanism of fracture was examined by optical and scanning
microscopy. Samples were then cooled to -196 OC 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 for Nominally Pure Iron (Fig. 1)

The data of Table 2 appear on the map as symbols (identifying 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 observed mode of fracture was by cleavage; elsewhere
E ‘ they mean that one of a variety of intergranular creep~fracture mecha-

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




was transgranular. Half-filled symbols indicate that rupture was observed.

The fractographic information was used to divide the maps into fZelds
in which a given mode of fracture is dominant. Below about 0.1 TM (- 100 °c)
failure of iron of Ferrovac E or Armco 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 Ty

As the temperature is raised, the fracture surface changes from 100 7

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

fibrous dimples, (half-filled square) and then to 100 7 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 Armco 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 precipitation.
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 103 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;

Groschel, 1975; and our present work), from which the lower boundary of the

transgranular creep fracture field was deduced.

et e o i
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The magnetic phase change at the Curie temperature, 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 small to be observable. The a to y phase
transformation at 0.65 TM’ on the other hand, causes a large increase in
tes and a discontinuity in the field boundary, as the figure shows.

Above the a to y phase transformation, Wray (1975) found that zone
refined (99.997 at %) iron recrystallised as it deformed and failed by j
rupture. Wher he examined electrolytic (99.97 at %) iron, with a purity
comparable with the other irons listed in Table 2, he found transgranular ‘4
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 fractured 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 rather 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 later studied by
Fields and Ashby (1976). At still lower stresses, the cavities are more nearly

spherical or lens-like, and are frequently facetted.




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 typical 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/m?) the cavities are roughly equiaxed and facetted. At higher
stresses (18-26 MN/m?) 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 extensive
. plastic flow, and the creep fracture itself becomes transgranular.
These subdivisions of the intergranular fracture field are shown on
the map (Fig. 1). Although 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 steels.
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% 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-—
peratures, and so can be used in superconducting 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 oC, making them attractive for high-temperature load bearing components.

Type 304 and type 316 are typical of this series of alloys.

There is some variation in the mechanical properties of different
heats of these steels. One reason is the variation in their composition:
their specifications permits a certain latitude 1in 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. Typically, carbides of the
M23Cg¢ type appear first, and while they slowly coarsen, a grain-boun-
dary sigma-phase (an intermetallic of FeCr type) and a chi-phase
(approximating Fe3gCioMojg) 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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Tor all these reasons, the field 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 time-

contours may vary, though as the figures 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 7

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 |max |max
e 18.26 | 9.51 .05 .29/1.42].031|.012 bal

this investigation

316 16-18 | 10-14 | -08 [1.0 | 2.0 ].045}.03

2 * 2 -
Permitted Range max |max |max |max |max o ael

316

R 3 ; 16.82 |11.15 .06] .25/1.68].035{.015] 2.43|bal
this investigation

* Parr and Hanson (1965)

3.1 Data for Type 304 and 316 Stainless Steels

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

assembled in Tablas 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 105 (1 = 4.7 x 10”% (T-300)) MN/m?

VT L—.




TABLE 4 DATA USED TO CONSTRUCT THE MAPS FOR 304 STAINLESS STEEL

0% Stain! t 1
3 | | | ! 5
log o /E T/ T log t¢ | és_s U AQ/Ag L In 1/l | Fracture | Testing Gruain Uia Peference : L |
| Csec) | Gsec ™D | i I Type | Mode Cpumd i 1
! = - { !
aa i s o bransteraon ot }
(AR » S0 l U \\_h\ ! LR g i < SRR .’ _‘lt‘ PR -““-"r‘ "\,;”" 2
0y 4.10 J 2 | [P V4 35 o - = '
—— - -—-»-}—..—.- ..... SEDSSRSSESEES S S ——‘_-__A..-.T R s ———p—— -‘ - -
e 3. k2 . J {5 v i - “ - |I ! ]
3 SN el AN S e Rt SN Vit PRNCA T e e
123 410 o 124 I = " - | " |
—t e ] e l
S 4.2 ¢ 1.1 .44 - ’ T | H
¥ T e S e T —
.151 4.20 ik 1.39 250 - i s o
e Rl S SR o | ST R [ S S i) il s
162 4.34 it 1.49 54 = " . "
s 9 ALY @ U TR
] 206 4.25 X 1.54 .46 - o1 |- ! b :
— = — = e
261 4.17 i 1.39 40 - " | = i " ;
= . il EE e .
-2.63 nz 4.13 = 1.19 37 - e - r i ’
I
-2.60 372 4.15 u 1.27 38 - L - I L :
-2.61 A2 4.10 “ 1.19 .35 - ¢ - i 2 |
E e = T i ]
-2.64 482 4.10 o 94 35 b= = 1 = g j
-2.19 538 4,16 Al 94 39 - i - | g ;
i SIS
-3.02 .591 4.28 C .94 .49 - b A i “ ; 1
. e E
-2.550 164 - - 1.51 .49 - it | 62 Smith et 4l 119500 §
= 1 o
-2.650 .479 - - 1.02 .30 - 2t L & | ‘ i
=-2.770 +540 - - .69 Y = " | " %
304 Stainless Steel (2)
{ { { | ]
log o /E T/ Ty log t4 €ss In Aj/A¢ l In I/l ? Fracture Testing Grain Dia-  Reference
Csec.) tsec™b [ | I Type = Mode ' Cumd |
' ' i ]
22,93 602 -~ | - .54 .32 ! - CDR | 52 CSmith er al.(1330)
-2.66 .479 3.76 1.7x107° .68 [ .28 [T e o GG e i "
-2.73 " 4.36 4.05107° 37 lpetee L™ f w T I g
-2.84 s 5.29 Ga5%l0 ] oA 15 | v " " B
-2.93 f 6.19 9.9x1078 .26 4% p it o ! u
~3.00 o 6.76 2. ixl0® .23 12 " ! " | " i F
-2.87 540 3.22 = .53 Ry e s i "
: -2.91 " a.76 3.7x107° .43 .32 N “ ‘ " |
' ~3.03 i 4.52 5.3x107° .30 .25 " e " | "
b ‘ | B
~3.15 " 5.24 4.2x10°" .24 3 oo L " | "
~3.29 " 6.09 | 1.6x1077 1 25 o n z "
& -
~3.35 " 6.72 3.7x10 8 .30 .28 " " " " i
~3.12 .602 3.39 - .55 .45 6" “ " "
(o
i ~3.18 " 3.89 - .42 .35 i JEs n "
-3.29 « 4,76 5.4x10° .39 .35 # | " " | "
~3.43 o 5.47 5. 7510 .30 .30 (e " " | "
=3.56 " 6.12 2,5210°" 32 [ .28 " [ = " [
3.66 " 6.66 1.5x107° .20 25 " o " W
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TABLE 4 (cont.)

T y
: | h f i

log o /E ’ T/ Ty €.q In A/Ag | In 1g/1 ' Fracturc  Testing (Grain Dia-  Reference

(sec™h Type Mode | Cpm)

—=2.570 . - mit "

-2.640 )4 x 10-8

-2.670 1.6 x 10=8

=2.100 5.6 «10-9 |

ESE R

=2.650 1.3 % 1O=S

-2.680 4 .2 x 10-€

=2.750 - 1 x10-6

-2.880 7 4 x 108

x 10-8

x 10-6

x 10-6

x

[ INCO_ (1974)

"

304 Stainless Steel (4)

| | |
T/Th ¢ [ Fracture = Testing Groin Dia-  Reference

log o /E
Type Mode Cum

CDR INCO (197%)

.
|

"

(1969)

WU S (RS S
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TABLE 4

(cont.)

i i i
log o /E TI/T lo te | € In A/ZA In 1,71, | Fracture Testing Grain Dia Reference H
9 m 9¢ iy ss f t'lo | 2 !
Csec.) ‘ (secD | Type Mode Cpumd !
|
~3.320 515 T N [ S - ‘ = COREE - Po1s0 (toum
2 T e P SRLION bepcgr TIREN Sihut REM Avese ikt
-3.440 1 8.030 - - | - | = “ = | "
e e e e e { LD ————— = | s
=-3.35%0 B D) 7.560 i - ! - - " i "
b=t toe I A G | _.___.# b B N S S .
=3.480 * 3.030 - - i - T - | " - | "
——————— e e R B s S
-3.390 527 7.560 - - - | - R i L { "
L b2 VI .1otel SO WO A= e,
-3.430 .532 " = - K i 7 i
-3.490 538 " = . i & , ‘ TR
H .
=2.16 .0 - - " 1' ) | — 1 _ | Sinenons and
2.161 012 06 N f P ! | Van Echo (1965)
=2.226 .043 - - .60 .36 | - | " ' ] F3
) —— 4 — e e S ————————— et et e i
-2.220 .049 - = .86 | .37 | - [ e - | "
i 1 1 ! .
-2.589 164 - - 1.51 ¥ RS l - T 2 - "
-2.637 202 - - 1.41 T " 3 ‘ "
== 4
-2.656 .264 - - 1.22 .36 i - & | - | 24
e SIS T T
-2.646 294 - - 1.26 l 39 - i " | - "
e TR | e | ARG
-2.639 .325 - - 1.19 S i i % ] " ]
S . ! S | SRS SRR S
-2.619 .356 - - 1.18 f 15439 - b i - [ = i
-2.634 2371 - - - [ a8 | - [ T « ;
— 1 - S e
-2.614 .387 - B 1.19 ' .37 l - , o i - | J ‘
¥ | i
204 Stainless Stcel (A)
; | . '
P i H
log o /E TET, log t € In A In Ig/71, | Fracturz Testing Grain Dia- Reference i
m t ss f fi¢lo ‘ 9
Csec.) (sec™D | ; | Type Mode Cpmd ’
- = P - H e 5. Sicmons and
2.627 417 ' | 36 CDR Van Echo (19u3)
-2.624 .448 = - 112 s iy - L - ; "
d
-2.647 479 - - B 3 - “ = i "
i : , BAGRITR  a i
-2.692 .509 - - .65 ) .29 | - i = ! N
-2.783 .540 - - - .30 = " 74 .. g
-2.867 .571 = = 3 .29 = " " w b,
-2.976 .601 - - 18 | .29 - fi o " | RS
-3.031 .632 - - - 27 - = 61 R e
-3.255 .693 = - < 39 = | " b N y
-2.613 417 5.90 - - .34 - CREEP - i "
-2.628 U 6.27 - = 31 = " i " AT
=2.651 N 6.50 - - 23 > " i " ~ﬁ
-2.659 " 6.56 - - = g " i W
~2.675 g 6.96 = - .24 % " < " '
-2.97 448 6.195 - = - 5 o n w
-2.756 463 5.80 - ~ 13 - i 74 "
-2.767 " 5.40 - - - - v - "
-2.807 w 6.26 - - 14 - " 74 o
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TABLE 4

(cont.)

In AO/A' I In l'/'o

Testing ‘Gm:n Dig- Refcrence
Mode | Cpmd
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TABLE 4 (cont.) ‘ b

W Seainless Uteel (9)
| | \ | i
log o /E € In Ag/Aq | In lg/lg | Fracture Testing (Grain Dia- ‘ Reference
Csec™D | Type ' Mode | Cum)d
-3.067 o = e 2 CRITP 2 | 51 x‘-rll:—_r.-'.'.m l_lL_L
- . 0%) - - . R - * 74 cont'd
| =3, 115 = - 17 = " P 1 i
=3.128 - - A = il 74 | e
=3. 141 - - A - b w2 { o
=3, 169 = 5 % = i 74 e i
-3.199 - - 14 - i 74 =i a
=3.2bb - - 15 = W 7% T T
-3.016 - - - - = - 2l S
=2.857 = - 30 - e 65 L
_l_(),l - - 3l = S he s W
-2.987 - - 237 - =4 72 i gl
[ -3.028 - - 226 - i 62 3 i
-3.074 - - .38 - K A e '
-3.15) = = 30 = 0 — — -
=3.215 W = = 53 = — = .
-3.232 X 6.1 - - .62 - L - =il E
-3.250 e 5.55 = = 18 - i [ 72 ) J
-3.268 » 5.5k - - - - > - i w
-3.288 L h.43 B - 33 - e 62 o
-3.329 ” | 6.59 - - 17 - e 65 & o
-3.375 " R -~ - 21 - i h2 Te) B
-3.020 <333 ] 4.33 2 = - = Bl = i o
-3.145 8 T 5.4 = - 31 - y - H
=3.207 1 5.69 - - .49 = i - B il
=3,242 o 6.1 - - 39 - 4 72 B 7
-3.321 X 6.ar - - 25 - T - o
-3.356 b 7.37 - = 35 - U 72 L
=3, 366 s R - - 36 = " 72 4
-3.418 i 7.65 - - 26 - I ~ f
-3, 446 L 7.56 - - A z T t T
-2.970 571 3.23 - - .28 - w 72 "
=3.011 B 4.16 - - - - 7 - 4
-3.082 L 3.92 = - .23 = g 72 ¥
-3.166 L 4.35 - - 523 = < 2 N
-3.467 ' 6.43 - - 17 - Q 72 ks
304 Stainlocs  Srpel (1Y)
: N
|
log o /E TiTy log ¢4 €gs | In AJAg | In g2y chturcg Testing ‘Gmin Dia- | Reference
Csec.) Csec™D Type | Mode | Cupmd |
- 1 516mo!
3.534 .571 6.60 - - .34 - CREEP 72 | 3Rt Tee) cone'd
=3.613 e T 7.09 - - 13 - " 72 I i
-3.303 . 586 £ 5,57 - - - - N - 1 *
-3.604 = ] 7.18 - - - - 1 - ke =
-3.118 601 F 3.29 - - L34 - PR 67 ol bl
-3.181 T 1 3.83 - - .34 - R 62 1 3
=3.215 = ) - - .68 = i = 1 "
-3.253 X 4,20 - - 22 - T 72 [ !
-3.295 73 | 4.38 = - 49 - e 62 ] v
-3.317 ® 1 4.3 - - 217 - y 72 f i
=3.381 e R - - 21 = e 72 ] L
=3.391 s D) - - .54 - W B 1 ) !
Kl -3.449 i 5.5 - = .43 = b 62 ] =
-3.516 ki 5.0l - - .23 - N 67 | Ly
=3.546 = e 6.0 - - - - L = 1 v
=3.570 . f.08 - = 26 = T 3 W
-3.596 L 5.18 - - 28 - A 7 w
-3.671 S 1 6.82 - = 725 = e 6 =
-3.692 il L 5.63 - “ 17 - s 6 " 4
-3.285 .617 | 4, aw - - - = 0 - T 0
=3. 640 m 1 8,42 e = 3 = ™ = T W
-3.577 632 5.91 - - - - s - i 3
=3.422 647 ) - - - - i - o
-3.558 .663 1_3:03 - - - - ] - =
=3.65 ™ I ©.4%8 s - & o ALl == w
=3.548 678 T <.%9 - = - = =t - &
=3.538 693 ok - - - - W = g
-3.615 2 PRET - = = = ™ — -
=3. 360 .Bl4 0.0 S ix 101 = 5) PUPTURE CDR = Nadai et al (1941)
=3.492 703 2.80 8.5 x 10-%] - .43 = i - 5
|
|
| {
4 CDR = constant displacement=rate tensile test; CLC = constant load, uniaxial creep test;

CREEP = unspecified loading mode, uniaxial creep test.

® This strain-rate was assumed for these tensile tests in order to calculate a time-to-failure
from the longitudinal fracture strain.

4+ TG (orlIG) transgranular (or intergranular) fracture inferred from position in stress and time
relative to kink in creep rupture curve.

PENSIEY SEVEEEPE S P .

21 - —




TABLE 5 DATA USED TO CONSTRUCT THE MAPS FOR 316 STAINLESS STEEL

1
; <
6 Stainless Swecl (1Y It | ‘ ] 4 T i 1
log o /E T/ T log tg €gg lin A/A¢ | In Ig/ly | Fracture Testing Grain Dia- | Reference 1
Csec.) Csec™h ! ! | Type | Mode | Cpmd
| H
¢ ' % 1 1 1
-2.24 043 J 4.23 3.3 x 10 112 .44 { ~ | COK* 100 Sanderson ’ |
= — — — e e e e e e e e e e —— |
-2.31 073 425 " .20 47 ' . [ " “ lee at. (1v69) |
-2, 096 403 " 1.39 51 - " "
s & aore e B e Tt el s S el et ) I il L S I e R R [ (S e
-2.43 IRE 4,40 i 1.35 .61 - |
-2.49 140 4,42 " 1.35 .63 - L &
i — -ﬁ = e et
-2.51 251 4.38 i 97 59 - " 4
-2.57 .162 4,26 4 .29 .47 - -« L
i —— e oo |
-2.62 206 4.21 i 1.44 43 - L n
-2.64 .261 4.16 i 1.39 39 - " "
= ) 1
-2.61 7 4.4 " 1.15 38 - 1 "
-2.58 372 4.4 o 1.19 38 - A d
-2.56 427 4.13 o 1.07 37 S (i “
-2.60 482 4.08 Lo 1.15 34 - o i 3
-2.72 538 4.15 o 76 19 = “ "
-2.92 .593 4.21 L 1.07 43 - “ 3
-2.465 0.165 3.030 5.5 x 107° iu; .45 - N 45 Simmons and
-2.553 L 3.073 L 1.3 .49 - s - Van Echo (1965)
-2.56! L y i 2 .49 - 4 -
568 3.008 1.28 4 L
-2.580 < 3.086 i 2 =57 51 | - i 65
316 Stainlesp Steel (2) ‘ ; | i i 5 l
‘ |
log o/E T/Ty | log t¢ €gs { In Ag/A¢ ! In lg/l, | Fracture ' Testing !Grain Dia- | Reference
l Csec.) tsec™) . : | Type : Mode | Cumd
-2.584 0.165 l 3.016 [s.s x 107 - I.46 ! - | cor 75 Isimmons and
-2.591 i ‘Lz.os: [ S .50 - " 55 [van Echio (1965)
T
-2.594 . 3.063 i - .48 - ) 130 Cont'd.
-2.602 o 3.060 $ - L4k - i -
~2.605 0.295 ! 2.903 u 1.17 .36 - i 45
-2.574 0.356 2.828 " 1.08 .31 - | » "
4
o
-2.562 0.387 2.913 i 1.05 .37 - b "
-2.495 0.448 2.922 ks 1.11 .38 - 4! w
~2.5%9 y 2.851 & - .38 - " 75
-2.558 ks 2.922 o - .33 - " -
-2.5% 0.463 2.898 " 0.90 .36 - " 65
-2.506 0.479 2.941 " [1.11 .36 = 7 J %
— ife
~2.546 b 2.893 " - .39 - " 75
~2.575 e 2.893 ¥ - .36 - " 55
~2.548 0.509 2.862 Ly 0.9 .38 - > 45
~2.612 L: 2.922 " 0.46 .27 - o 65
~2.643 o 2,764 b - ) - " 75
~2.612 0.540 2.89) " - 6 - ui L
: Cont'd. . . .
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TABLE 5

(cont.)

316 Stainlesp sweel (B |

| 1
,
|
log o /E T/ Ty log tg €gs In AjJA¢ | In Ig/), | Fracture ! Testing Grain Dia- | Reference
| ;
Csec:) (sec™D) ! Type | Mode Cpmd |
-2.650 0.540 2.839 S50 partrl o £33 - | CDR {55 Simmons and
S e T e e T ek SR IR o L WY
=2.779 0,955 2.976 A 1.05 42 - o 65 Van Echo (1965)
et e Bl o e SR R L et G TR [ o AL A
-2.704 0.571 2.950 " : .40 z " | 75 Cont'd.
Faaceuuie U o SIRUEN Coegs T oo R A S T i T e e |
-2.719 0.601 2.992 " 1.18 48 z : 65
L. —— _—_—— e —— e =} —— - — S— e ———,— — e
-2.8% " 2.8%9 " z ) X " 55 g
P~ — — e — S—— 1
-2.972 " 3.045 " . 43 2 " [ s ‘
-2.868 0.632 3,030 “ 2 .46 ~ " " |
;l.!_&b 0.663 3.086 d 0.94 51 - - 110 L 4
-3.163 " rz.osa " 0.92 353 = " " |
-3.072 0.693 2.872 " = 234 S " I 75
-3.464 0.724 3.052 10.63 46 - g 110
i
-3.473 B 3.023 il 10.62 48 - e "
: e
-3.323 0.755 3.189 G s 162 - " 75
! " 2
=3.673 0.786 3.135 [ " j0.67 56 - " 110
-3.819 10.847 1.233 [ " 1.90 66 5 " f
et sie? doul TRt i ’
-3.819 " 3.214 " 1.66 .64 < " |
T
-2.545 0.417 2.556 i - - 235 - | crep+ | 88
) £ I £
-2.550 " 46.56 o " = 2 L " i "
1
316 Stainless Steel (4) | i \
log o/E | T/Th log t¢ €ss ' In AJAg | In I/l | Fracture' Testing Grain Dia-  Reference
i
Csecd) | Csec™D) | . Type | Mode | Cpumd
~2.554 0.463 | 4.565 — = 1.3 - oreee | 38 Simmons and
p , -6 ‘ ‘ iz
~2.575 w8 l18x10°] - b0 . " [van Echo (1965)
~2.654 " 5.614 o3 xiloi | .26 S " 1Cont'd.
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~2.755 § o 615 [s-2x 1077 [ - 10 - G e '
. T
~2.685 0.479 4.247 Boxie = {.27 - " 43
~2.725 “ 4.680 Eeixio | = 22 = " "
<2.765 E 5.128 SR 10 - .20 = " "
o
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—e
-2.845 * €.201 5.4 x108] - 21 - X "
-2.885 " 6.799 L1xw0®| - i S £
-2.567 ) 4.238 21 x10°%| - .35 - 2 62
-2.582 " 4.486 Gelim 107 | = 2 - " "
-2.597 " 4.621 goxt1o’ | - 22 - " "
-2.613 " 6.724 soxl0’ | = 23 - " "
~2.664 U 5.1%6 - - .16 g [ 4% # i
-2.743 " 5.768 Niwto | = Rt e " “
-2.789 g 6.329 L R 1 % " "
-2.947 e »7.033 2.8 x 10" - - - = 4 |

Cont'd. .




(cont.)

Lo Staanlesg Steod | A
log o /E : In lg71, Frocture | Testing Grain Dia- = Reference
Type Mode | Cpmd |
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TABLE 5

(cont.)

log o /E

3o Seainleds Steel (D)

T/ Ty

Fracture
Type

‘ f

Testing :_Gmm Dia-
Mode

!

Cpmd |

Reference

0.540
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log o /E
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In "/'0
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TABLE 5 (cont.)

iy b

3o Stainlaes Steel (1 y | | i |
log o /E T/ T, log ¢4 € In A/Ag | In Ig/l, | Fracture ' Testing !Grain Dia- ' Reference
!

(sec:) Csec™D Type | Mode I Cpmd
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= e S Sl LR (0 e at OO
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TABLE 5 (cont.)
316 Stainlesy steel (1)) ! i | | i
log o/E LY log tg (P In Ay/Aq | In Ig/lg | Fracture Testing Grain Dia-  Reference
Csec.) (sec™D i | Type '~ Mode Cum)
-2.870 0.460 8.050 - - = o | crbvp - | 180 §1969)
-2.900 9 8.260 = L 5 " " e AR A ’
~2.860 0.466 7.560 = £ & A " y T
-2.910 a8 8.030 - = k- o " e e
-2.9% e 8.260 E d - X .- "
-2.890 0.471 7.560 - - - - " 7= 9
-2.940 L 8.030 - - = = " =
-2.970 i g - 260 - - - ~ " o
-3.050 " 8.560 = z 5 o " s
-3.070 " 8.730 = = & x " -
-3.090 " 8.860 2 5 = g " i .
-2.920 0.477 7.560 = = g N " = 3
-2.980 " 8.030 - = - & " : i
-3.010 - 8.260 2 - z - " S g R
-3.090 " 8.560 - E . - - 5 EAT
S < P R (O S
-3.120 o 8.730 = = = £ " ”
3150 & " | 8.800 - ! % - X e e o o e
-2.950 o682 | 1.560 - e = - L e : SET Oy
316 Stainless Steel (14) | REar | | i : |
log o/E TITh log ty €gs | In A/Ag | In 4/l | Fracture  Testing :(Grain Dia- = Reference
sec) | (sec™h | : | Type | Mode | Cpmd !
-3.020 0.482 8.030 - - - - CREEP - | £SO (1969)
-3.050 i 8.260 - - - - . - Cont'd. i
-3.1% " 8.560 < % " 2 " < ‘
-3.170 i 8.730 - = & 5 " - i
3. 190 i 8.860 - - - 5 " & S
-2.990 0.488 7.560 = & = 4 " =
L 3.060 . 3.00 - - - a " 9
-3.100 " 8.260 - - = = " 5 3
-3.180 - 8.560 - - - = " a
-3.220 . 3.730 - - - = " w
3. 240 " 8.860 . - 5 " " "
-3.0%0 0.493 7.560 - . - 5 " ~
-3. 100 L 8.010 - “ - . " . E
3. 140 . 8.260 - - - - " 3 .
-1.220 = 8.560 - - - = " e
L1.270 " 8.710 - = . a " .
-3, 300 % £LR60 - ~ - - " &
- 3,060 0.499 7.560 - - - " " _
Cont'de o« o o o
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TABLE 5 (cont.)

3o Stainless Stecl (1Y) 1 ! i i
log o /E T/ Ty log tg €gg In Ag/Ag | In 1g/1, Frqcturei Testing |Grain Dig- , Reference
1 Csec:) (sec™D Type | Mode ! Cpmd |
=3.150 0.499 8.0% - - - - CREEP - IS0 (1969) ’
-3.190 » 8.260 - - - - L - Cont'd.
-3.260 " 8.560 = = % L " 3
-3.320 " 8.7%0 - - - = " o,
-3.350 o 8.860 - - = - " -
-3.110 0.504 7.560 - - - - " =
-3.200 L 8.030 - - - = " =
-3.240 { 8.260 - - = = " 2
-3.310 » 8.560 - - o - " =
-3. 360 " 8.730 - - - = " =
-3.400 » 8.860 - - - = " =
-3.150 0.510 7.560 - - = = " = .
-3.240 o 8.030 - - - = “ = ‘
-3.290 [ 8.260 - - = - " =
-3.350 - 8.560 - = e £ .o P
-3.410 # 8.730 - - = = i | =
-3.440 » 8.830 - - = = " <
-3.190 0.516 7.560 - - - - " o r

316 Stainlesq Steel (16) | ! : ! i | | i i
log o /E T/Ty log t¢ | €¢s | In AJ/A¢ ' In I/l  Frocture Testing Grain Dia- ' Reference
Csec) | Csec™D | 1 ' Type Mode | Cpmd
-3.290 0.516 8.03%0 - - = = | creep | - 150 (1969)
-3.3% - 8.260 - - - - " = Cont"d,
-3.410 " 8.560 P S| R “ T
-3.470 " 8.7% - - - - " =
-3.500 o 8.8% - - - - “ =
-3.240 0.521 7.560 - - - - " -
-3.3% " 8.030 " = » - i % (a8
-3.390 - 8.260 - - - - " -
-3.460 . 8.560 - - - - " &
-3.510 2 8.7% - - - “ " -
-3.550 » 8.860 - - - - " -
-3.280 0.527 7.560 - - - - " -
-1,380 " 8.0% - - - - " -
- 3. 440 » 8.260 - - - - " -
-3.520 > 8.560 - - - - " -
- -3.570 s 8.730 - - - = " %
-3.600 ® 8.860 - - - - " -
} -1.310 0.532 7.560 - - - . " -
Cont'd.
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(cont.)

TABLE 5

N6 Stainlesy Steel (17) . i ;
log o /E T/Th log t¢ €gs In A/A¢ | In lg/ly | Fracture | Testing '!Grain Dia- | Reference
Csec-) Csec™ D l Type | Mode | Cpum ! ’
-3.4% 0.532 8.030 - - - - CREEP - 1S0 (1969)
-3.480 “ 8.260 - s = > " 4 Conca.
-3.570 ¥ 8.560 - = - = " s
-3.370 0.538 7.560 - = = 3 " i
-3.470 * 8.030 - = = £ " Al
-3.520 & 8.260 - = -3 - " -
-3.610 s 8.560 - = = & " .
-3.400 0.543 7.560 - - = = " I
H3.510 o 8.030 - = = = " -
-3.580 " 8.260 - = < - " =
-3.660 U 8.560 - = < - " i
-3.450 0.549 7.560 - s = = " A ‘ .
-3.560 " 8.030 - 2 = 1 " 1 |
3,620 " 8.260 = - = o " A
L1.690 " 8.560 = = 5 X " - ]
3,490 0.554 7.560 - = = B " X g ?
3,520 0.560 7.560 - - - 2 " - & ,1‘
3.570 0.565 7.560 - - c & " = \
|5 3 {

316 Stainlesg Steel (18)'

; y i i | i
iog o /E T/ T log tg | €gs l In A/Ag | In lg71g ! Fracture | Testing Grain Dia- | Reference
Csec-) ! Csec™D ! ! Type | Mode | Cumd |
-2.483 0.510 - 1.2x10! | o9 - | 16 COR 100 Wray (1969)
-2.457 " - 28x1072 | 1.3 & " " "

-2.470 " % " 1.3% " " "

S e =
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TABLE 5 (cont.)

16 Stainless) Steel (19) I | i ]
log o/E | T/T, | log ¢t €ss | In AfAq (| In les1y Fracture = Testing ‘Grain Dia- ' Reference
Csec.) (sec™h | Type | Mode E Cumd |
i
-2.511 0.538 - B.3 x 1073 [1.31 - Tc CDR 100 Wray (1969) ’
-2.525 " = b3 107> 1.3 = GBC 35 " " Cout'd.
-2.542 ke - 0.7 x 1077 [1.24 0.42 " " “
~2.584 " - .9 x 10 - ¥y 7 " "
-2.584 w - B.1 x 1004 [1.16 - GBC §§ L #
-2.602 '8 - " 0.89 = i G " ]
Fi 607 & - 1.7 x 10 1.20 = AT e w o A0
-2.638 L - B.3 x 107° |1.14 - = " "
L2702 " = b1 x 107 1.4 = CBC 8% " “
-2.539 0.5711 - 1.7 x 1070 [1.42 = 16 w "
-2.573 % - b.8 x 1072 1.3 - " " "
-2.581 " = Tl rare i = = “ “ " .
-2.610 A - p.8 x 107> | - 0.57 GBC §5 " " - } 4
-2.622 " 2 “ - 5 - - “ :
~2.721 3 - 2.8 x 107 = v - i " " e
-2.847 e - b - = = . s ;
L2711 0.601 e bgx10? | - e R AT R e
= 0.632 ~ [ 7 x 1071 1.24 & G " i " i ¥
316 Stainlesy steel (20) | i _ | i i i e
log o /E T/Ty | log t¢ €gg In AJJAg | In 1g/l, | Fracture ' Testing ‘Grum Dia-  Reference
{ Csec.) | Csec)y ! | Type | Mode | Cumd
-2.686 0.632 ‘ ialwio - | Lt - . CDR 100 Wray (1969)
-2.802 " & 2.8 x 1077 | 0.80 l 0.57 | " " Cont'd.
-3.123 " ~ Zax 100 | - = " " o
-2.516 0.540 = 1.1 x107° | 1.3 | 0.3 - csce i
-2.513 e - 9.2 x 107* | 1.13 ’ 0.40 - " 1 SR
255t | v o ‘a.o x10% ]1.15 0.32 - o L )
-2.583 " . 2.5 x 10 | 1.00 0.46 - " " i
-2.585 " - 3.9 x 107 [ 1.19 0.43 b - " "
-2.625 " - 1.6 x 10°° {0.27 0.2 ‘ 1G #* " " 1
-2.625 U - 1.8 x 10 |o.28 ' 0.2 t 16 ** " "
-2.625 “ - - 0,40 0.2 ' - “ !
-2.6% " - 1.6 x 10°¢ [o0.79 0.44 R " " : ‘
-2.695 s - 1.8 x 1070 | 1,19 0.45 : . " "
-2.760 " - 5.1 x 107% [ 0.1 0.30 ' . " "
-2.815 " . k.2 2 10" ¢ |0.22 0.% l 1 " "
-2.815 " - hr 0™ | - 0.1 - “ f
-2.6%0 " . - 0.1h 0.25 ‘ 1 " "
-2.6%0 o - - 0.2 0.133 i » b
| Cont'd: ¢« ¢ &« & & !
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TABLE 5 (cont.)

3o Stanlesyd Seecd (20 i i T —
| -
log o /E b 7 lo | ' 1 |
9 m ) 9 ;f w ‘ssl) In A/Ag | In lg/lg | Fracture | Testing IGmin Dia- Reference
sec- e { i
b aec | | l Type | Mode | Cpmd |
|
=630 0.540 - - [T v
.26 y ; Ba
5 j ‘s | G 8l 100 Wrav (1969)
-2.630 . - 6.7 x 10
o g 0. - " "
A i - Cont'd.
=2.727 " 5 =
(L 1.0 x 10 - 0.5 = " "
- " _s
2,721 - 1.2 x 10 = 0.42 - " "
4+ CDR ~ constant displacement-rate tensile test; CLC - constant load, uniaxial creep test:
CSC ~ constant stress, uniaxial creep test; CREEP - unspecified loadinz mode,uniaxial creep test.
% This strain-rate was assumed for these tensile tests in order to calculate a time-to-failure
from the longitudinal fracture strain.
+ Crain boundary cavitation of w-tvpe.
++ Grain boundary cavitation of w=- and r-tvpe.
4+ 16 (or IG) transsranular(cr interzranular ) fracture inferred from position in stress and time
relative to kink in creep rupture curve.
#% Deduced from ratio of area strain to tongitudinal straan.
§ Crain size estimated from microsraph.
§§ Crain boundary cavitation observed, but was not necess<arily the cause of final fracture.
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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 intorma-
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
the material is solid. The data of Tables 4 and 5 is plotted on them, as
open symbols if the fracture was transgranular and as full symbols if it was
intergranular.

We have identified the field 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, failure is not instantaneous, but re-
quires the accumulation of creep strain. Though crude, this criterion 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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 MINUTES DAYS YEARS
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2 3007 CREEP FRACTURE |

——&a .

R0 0-42Ty,
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210"

NORMALISED TENSILE STRESS,

o
, |
' J , \g B ~0-48T),
: -+ RUPTURE RS
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| | i
{ - = IS
| 3x10
I P | -0-54T,,
2xI0°*t @ sMiTH et ot 11950) &\\ jT
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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 Fi;. 4.

{ Changes of slope of the stress-rupture plot coincide with changes
| in mechanism of fracture.
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Fig. 8 A stress-rupture plot for 316 stainless steel. The field boundaries
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The boundary separating intergranular from transgranular creep fracture
on the two figures was positioned to be consistent with the observations of
Smith et al (1950). Some of their micrographs for 304 are shown in Fig. 6,
which illustrates the method. The uppermost group of pictures shows
transgranular creep fracture. The sample has necked extensively, and
internal cavities are elongated in the direction of tension. The central
and lower groups of micrographs show intergranular fracture, little or no
necking, and wedge cracks lying normal to the direction of tension. The
figure illustrates that - on the axes used for these maps - this boundarv is
a fairly sharp one. Positioned in this way, the boundary coincides more or
less exactly with a pronounced kink in the stress-rupture plots 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 assdciated with dynamic recrystallisation. In the stainless
steels this, in turn, may bé triggered by the solution of certain of the
carbide precipitates: Mp3Cg 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 plot: log (tensile
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 maps
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 107 seconds, the plots show unexplained kinks,

through which we have drawn a heavy broken line. We have not yet been able

e ’ . i o e : &

e
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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.




4. CONCLUSIONS

4.1 Fracture 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 Applications : 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 Applications : guidance in scientific studies and in engineering design

Each mechanism of fracture has its own characteristics: each depends
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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