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A: STRACT

The theory of ‘rittle fracturc of Strch and Cottrell
~ives nn unstalle crack lenrth of alout 1/17 of the
rrain sizo, whilst sta 1¢ crnck lenrths of 2t least sne
rrain sizoe - pc visirved, Murthermore the calculated
surfacc “herey is atout 1/50 of that cvaluated fronm

KIC valucs, [y an nprovenunt ~f the theory the first

ir‘lczgnsistv:nuy TLcomes removed ~nd oth surfoce cnergics
recome cqual., Thos. results, ~llowing for the evaluation
iy ‘L:Ic frem neasurioonts in the macroscrplce “rittle

turc ronec, are in “ecordance with the cop concept,

nad cle w phyis:l it riptan b ation of thi: ccnee pt
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1, Introduction

The dislocation theory of the btrittle fracture [1,2] at first &

enabled to describe quantﬁ

size 4 on the emhrittlement transigtion terperature Tt‘ Qualitatively

ta,

ﬁively correct the influence of the grain

’I't increases with increasing d. The "classical® description has

predicted the opposed dependence of Tt(dt)[3}'

The dislocation theory has, however, some consequences not

in accordance with experimental results or to be consldered hitherto

so. This concerns the fracture stress

Gf'oft at T = Tt in

dependence of 4 = dt[U]. Sut the results of recent investipations

LS] indicate that at an accurate measurement of the test temperature

and therefore at an accurate destin

ation of Tt the experimental

results agree with the thecretical conclusions, and that the results

obtained in [4] are not in

scattering of the pcints (

contradiction to these conclusions 1f the

oft,dt) 1s taken Intc account, Tut the

fact that the theoretically predicted stable crack lengths are

smaller by one order of maenitude than the ohsepved ~nes, cover-

iag one or several grain sizes [‘1 » 1s an inccnsequence of the

theory.

In this paper shall he shown that this inconsistency can e

removed by an unconstrained improvement o5f the theory. At the same

time results an (effective
magni

specific) surface cnerpy Yof the sane

“tule as obtained frem the measured values of the fracture toughness

KIc' These results are shown to ke

concept,
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in accordance with the COD

?, Fundamentals ané results of the existing theory

a8

The characteristic features of the theory and the conditions
f applyineg them are discussed in [}q}. It 1s assumed that the dis-
fieations coming from a scurce plle-up at a prain houndary and that
“he hijh stress field in the neighhorhond of the pile-up either
rwtivates a source in this neighhcrhond by 1ts shear stress component
P overcemes the cohesive forces and generates a crack Fy 1ts normal
stress compenent. In the first case gliding continues and an equation
for the yileld stress gy results, in the second cese a brittle
fracture 1s initiated if the crack 1s unsta-le and an equatiocn for
the fracturc stress Op resulgi. Doth possiliilities are at first
tonsldered independly and thenVis verified at which temperature
r = Tt the transition fronm hrittle fracturineg to plastic yielding,
‘otermined Ly O = oy » dccurs for a glven rrain size d = dt. It
a 1s consicered tc 'e the macroscopic yleld stress, at which
full scale yieldinr has Just taken place, Tt is thc macroscopic
‘rittle to ductile fracture transition temperature. In this paper
111 quantities and numcrical values relate to this temperature, “ut
for simplicity of denci&én the index t is omitted. As far as it
conecerns the problems to “e treated the conditions are the same for
unnotched and nctched specimens. Therefore the cquations are only
~lven for unnctched tecnsilc specimens and the numerical values for
1 mild structural steel, As the equations are ottained for distinct
models which not necessary nust e true exactly the numerical
values ottained hy them are uncertain within a factor of the order
f 1. For this reason the calculated numerical values are rounced,
According to Stroh [1! the cnerepy U? af a crack with
length 2 1 senerated 1y a piled-up rroup of n dislocations is
"esldes an additive constant
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herefore under the comtined action of dislocations ana tensile

itress:

- l('v
21°==5_ _ 5

Atettionally the shear stress 71 in the
the conditicn

o~ ey

‘f = (fi + nb G/ I

1) )

fr1ide plane must fulfill

(52)

that the piled-up Eroup with n dislocations anc of the length L

can be formed.

As this happens in a faveorahle crientated rrain for

which 7 ™ 0/2 equation (5a) may te written as

‘¢cording to the discussions 1n L 7c]:
L =4 a/3,

therefore

r*,,:ﬁ.+7)£';’l,:=}/2d

¥ climination of n in the equations (2h)

Cf( ;f - le‘:i/ < s wpo= ¥

(5v)

and (7):

(f, "a)

according to the measurements in [ 9] ang [103 for a mild steel:

-2

750107 mm, Ty = 90 K, gy = 7.50102

il independent of temperature

ke = 90 N mm™2/2 - 5.40"

The following numerical values are ortaine

1
v/ n= 0.94 «107* N/mm = g4 erp'/cm2
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2 9
H/mm® = 7,50 dyn/cm

Jyn em”

2
(9a,5e)

- N/mm2 = 2.5-109 dyn/cm2
(9a)

3/2 (9¢)

d: From equation (2h).

(10a)



-6 -
from equation (7):
n = 420 (10%)
from equation (Ca)
Yy = 4+107% N/mm = 4 -101l erg/cm2 (10c)

from equaticns (4) and (3a) cr (3h):

21° = 3.4077 mm = a/16 (104)

The value (10c) of y follows also from the equati-ns (10a,b),

The value of n depends somewhat cn the grain size, approximatively
as Va, but kf 1s independent of d and therefore v and 2 lc/ﬂ.
According to (10d) each crack lonser than about (/10 should he
unstable. Tetelman pﬂ] assumes that such a crack proparates to the
next grain hLoundary at which it is arrested hecause the surface
cnergy hecomes higher. aurich bZ] points out that such a crack
could grow hy dislocations coming from glide bands in the grain
flowing into the crack as proposed Iy Orowan, Dut the equation of
Griffith type for the fracture stress resultine in “oth cases 1is
not 1n accordance with the experimental results {5]. Furthermore
it has to Ye taken into account that the condition o U / é1 =0
has also stable solutions for stresses lowcr than the fracture
stress and of lengths smaller than 2 1c. Such cracks should re
observed at least in some rrains. This is, however, not the case,
also if a specimen 1s loaded for some time Just relow the fracture
stress and then unloaded [5]. For this reason the ohservation of
cracks only with lenrths of the grain size is not consistent with
the consequences of the thecry. It shall now "e shown that the
theory can he improved in such a way that 1t accounts for the
"r'served crack lengths.,
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3, Improvement of the theory

3,1. Generation of a crack

One viewpoint 1s alreacdy re--=rded 1n the theory of Stroh Llj
who has shown that a crack can ounly he generated hy a plled-up
sroup of dislocaticns 1f the shear stress has at least a value

“iven by the equation

7 = T .+ 12y /1w (112)
g 51 g 8
which Ly introducing the tensile stress may be written as
= b
o, Ty * 24 / oy b (11b)

The 1index g shall refer to the generation process. Equations

(3a) and (7) are likewise valid for this proccss:

. n°rlac 34 b6
21l s i} -
YT AT Sy, 0 % T Tt (11c,d)
g 2a

From equations (11h,d,c):

anG/yg=16d,2l=d (12a,»)

8

n

aa

If therefore with increasing stress this has reached the value at

which a crack can he generated,the crack has a length of the

i;rain slze, smaller cracks are not possitle. This result, hitherto

not taken ints consideration, acccunts for the fact that smaller

cracks have not heen otserved and removes the inconsistency (10d).

If a2 crack has become generated the pile-up disappears and

Its back stress on the dislccation source relaxes. Thercfore

't 2 stress lower than Op further dislocntions can he injected

in the crack leading to a larper width than nﬁ? and a larger
length than 2 lﬂ of 1t until it rcecomes unstalle under the action
f the tensile stress o . The actuzl unstalle length depends on
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the surface energy yp for the propasaticn and this itself on the
plastic zone forming at the crack tip. For a sufficiently : .11 Yp
the crack 1s unstable immediately with its meneratlon, fcr a
sufficiently high yp further dislocations must "¢ injected in

the crack until it reaches the unstarle length, Defore discussing

b
=)

this preblem the values of v and 1, shall be estimated., It may
o

be assumed that the fracture stress o is not essentially higher

I

than the generation stress o, . Putting o = O in equation

=] =)

(11d) with the values (9a,1):

n = 420 = n (132)
i
and from equation (122):
-3 3 2 N
Y, = 1.14107° N/mm® = 1. 1.10° erp/en (13-)
Therefore Y. Just asrees with the intrinsic surface enerey, This

o . PP
i3 a reascnabic¢ result then the cracking of the crystal lattice
can occur only 'y overcoming of *the cohesive feorces and nceds
IS8 > 0 i Slels ad
plastic deformations, These set in not 'fefore the ernck is mencrated

; the assumpticn « = ¢ is Justified
~t 1ts tip, With this rcsult the assunpticn JH = 7. is Just

i 1 ety o 3 ller value f
then for a smaller o equation (110) weuld sive » smeller v

o 0 ny - e £y hie io 't
wnd then cquaticn (122) a smaller value Y which i
417 e T Wi bt as
cssille., Therefore equaticn (11¢) may ¢ written a
Jo. = O.. + % 1 b /2 4 (14)
B i1

3.2, Propagétion cf the crack

Under the influence of the tension stress o the crack become
unatable. At this moment it shall contain np dislocations and the
turface energy shall he Yp‘ The course of the calculation 1s at
rirst the same as in section 2, 1in the equations (1a-c) Yy 1s to

replace by yp » however, Accordine to equations (2a,:) is now:

c 217 Y, G 2y
2 lD = 2P N ¢ = y Op = — D (15a,b
- -y ) O'f np »

"0, Las a Tixed experimental value,from equations (2h) and (15b):

/ = LT o — _ .
Tﬁ/np = e or yp/; = np/n =z (18a,b

#ith the +umerical value (103) or ~/n - Equation (7) cannot “e

1wed for n  then it 45 valid only as long as the rile-up exists,
t.c. for n = n. according to cquation (14), From the cquations (14)
to (16b) result the ¢iuations (7)) and (8h), The latter may re

aritten as

=V 3y G/z = VIS vn ¢
o Yy 07 p {17)
‘his result Indicates also that =~ = g, must bLe put within the
L

‘ccuracy of the equations then otherwise contradiction would
‘rise. As no lonper eXists an indcpendent equation for the separate
:valuation of np and Yﬁ , the chservation of the starle cracks

ln fractured specimens must e used for this evaluatilon, Assuming

that the meost frequently slcerve: cracks with lenpgths of A and ¢ d

<

'we stable ones 'ut that cracks with lengths 2 3a - “lready

mstable and in a few cases only chserved Leocause of the unlcacing
ifter the rrazture » Lt may re rut
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—
o o
[}
N
fon
1}

0.15 mm (18a)

i.e. - z = 48 (18b)

From equatiors (10b,c) then follows

n, = 24107, =2 Num = 2410Perg/cn® (18¢,d)
This value of Yp is equal te the value YIe evaluated frerm KIc'

For a steel cf the kind considered here is K = 0.9-105Nmm"3/2

Ic
for the grain size (8a) and at temperatures in the neighborhood

of the transition temperature (9b) [15] . It follows

K 5
Yr. = _Ic  _ oN/mm = 2.10° erg/cm 19
Ie ™ 2&E

Therefore within the accuracy of the numerical values:

= YIC (20)

4. Dizussion

No doubt,by the present improvegent of the theory the incon-
sistency between the predicted and observed stable crack length
is removed. The reason for this inconsistency is that the crack
has been considered as one with an arbitrary length whilst the
shertest length to be generated is one grain size. A further
satisfactory result is the equality of Yp and Yio* “With regsrd to
this an obJjection could be madef As the length 21; of the zene-
rated crack is small compared witﬁ the length 2a of the slit +
fatigue crack of fracture toughness speclizens, e.g. 2a3=25mm for

D
1 CT speciwens, it mi.nt bte thought thuat the length leg or the

Q

plastic zone at the tip of the former crack shculd be small com—

n
I

pared with tnat length & llc of the latter. This assumption Tgiy

however, not correct.The linear elastic fracture mechanics appraoch

(LEFMA) is only applicable if L)l?c < 2z and theais Cp< cy. But
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"or the fracture at the macroscopic brittle frature transition
it -

teaperature for which Op = oy Ymay be Ql;"v,? l;. Indeed,by use

" the COD concept this can be verified. The crack opening dis-

ploceanent 6% is according to equation (15b) if O is replaced

oy a
y
[
- » =2 218
6p n, yp/ Iy (21a)
e LEFMA gives [7b]
- -5
810 = K1o/E 0y = 2 v1o/ o (219}

It nccording to the COD concept the initiation of the fracture
by the instability of the crack shall be determined by a fixed

vnlue of 6,1t follows
Yp = YIg o 6% = B, = 5 sm (22a,b)

Fjuavion (22a) expresses just the result (20). If the COD concept
beginning
“ould have ®een put at thé¥wp,fhé values (18a,») would have

resulted. Applying ‘the LEFMA the length of the plastic zone
Yo cemes

P

ol - ¥

p =11 +v)g/ 2 o) = 21; = 34 (23)

Urider the macroscopic brittle fracture coanditions the length ef
the plastic zone 1s therefore approrimately e.ual to the unstable
:rack length.

Finally it can be said tihat the prescnt condiderations are in
tccordance with the COD concept and that they cnable to evaluate
/ith o high accuracy the fracture toughness of a material from
wnsurements in the macroscopic brittle fracture range.This is
secause the propagation of an existing crack in KIC specimens does
it occur by a contineous fracturin_ of the crystal lattice

Luwediately at the the tip of the crack but by a subsequent gene-

ration of ned cracks by slide bands originsted at the tip.Then

weaning of the 70D concept is clear: it states that st the
"idured opening mode I und for u olven Cruin size the _caerated
II-61



CrAck hecoyeg Unstable gt 4 Certain riyeq Openin npb 4ad lengtp

2 1;, independent of the SPecimen and aotcey, geometry, lie. or the
Local Stresg State. Tpe 3€ouetry dettrmincs the Critica) value of

the applieqg stress, l.oe.the fractypre stress, Tnis Varies fpop a

value €qual opr higher than tine dnlavig) Jield Stress ay for 4
brittle fracture with prcccedinD full 3Cale yigl:iné AT value

lower than oy Lor 3 brittle fracture With prtﬁecdiﬂé small Gcale
yielding, i.e. under KIc Conditions, &engrally np and 1; depeng

on the Surface “IPrgy ang thercfope 01 the ttnperaturc. For the

Steel Considerq here, however, yp is inqcpcndent of the tempera.

ture Within the brittle fractype tcmycrature fange |9, 10, 13].

The plastic Zone COuwbineg vith the Propa atioy, of g Crack,jetep_

ming Y5 13 then Te€presenteq »y th. _LEidge Pand hy Which the

follouing microorack isg Sellerute, Tow, » 15 the Jorce acting

on the unit depth op a iiﬁlocutiun and

JevVe gyerp distance‘”d.ﬂu 2t the

SEME  {hpe the lensth of the
Craci incrtasaﬂ by “d, the Vork one durini the propges

unit of e, CTACE Surface is Liven

-
Vo=n_op T/ 2 24)
; o : (24
According to ejuation (15b) ig
AP y =S Vaa (25)
: o *lc Igt~

dS should pe SECordiny o the aboye :Oﬂsiieration;.?hcwe fepresent

tnersrore 4 bhysical imtefpret:tion of the C0D Concept and of the
fracture tou¢hncsu.
Thege ideas have Yeen used tgq €Valuute ype elain jipe depen_

dence Of the “racture tou;unc:x A ) wOre detaileq Lnversti_

Zation of the fractype behavion L the fan ¢ froy the macroscopic

britte fracture to the Lracture unde p ATr Conditiong is presen.

ted in fﬂoj » These investicatign: Shall pe continugeg with cp
specimens.
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ZUSAmmENFASSUNG
T LASSUNG

Die Theorie des Sprédbrucns von Btroh ypg Cottre1; ergi
Instabile Riﬁlanbe von etwg 1/1€ dep Korngréqe,wéhrend Stabile
U dmgen von Windesteng €lner Korngrs e beobaohtet Werden,
erfl&chenenrgie nar etyg 1/50
der ayg den KIC—LLrten trhaltenen, burch €ine Vcrbesserung der
Theorje wird gje erste Unstinmidkeit beseitigt und beide Ober-
FlAchenenergien €rieben sich sleich &TO0B. Diegs

o lne Bestimmung von KIc aus Messungen im Bereich des hakrosik
iproden Bruchg

ermdélicnen,sind i Einklano it deg COD-Konzept
und €rgeben €ine physikalische Interpretation dies

es Konzepts
und dep Bruchzahiékeit.

- s
RESULE

La théorie de 1g Tupture fragije degd Stroh €t de Cot
des longueurs des fissureg instables de 1/16 de
Zraing tandis que desg fissures IR%E stap
randeyp des drains sont observées.

rell donneg
la 8randeyp des

En Outre l'energie de sup—
tace Calculee n'esgt Plus que 1/50 d'elle Sbtenue ge KIC.P@r un

+ N . . .
la DPreujere contradiction devient

% % ~

dles deg Surface Obtient la gepme vValeur,
. \

ant de determiner KIc a iles mesures dans

agile nacroscopique, sont ¢p daccord
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