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BLASTIC-PLASTIC CRACK TIP CHARACTERIZATION
IN RELATTON TO R-CURVES
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ABSTRACT

timates of ons raeture 1n service structures,
wes provide move help ¢ wished by single measurement point
varture te LONS Dyzaey anal tlues of K (and G)
sop the erack tip pluastic zone, as wsed in terminations, «
snstvalent to st a characterization of t ty tuype, for
A-curves ol od during geneval yi 2 or § for charae

on, appear to be as would be ith Lc spesimens
w the erack tip plas zome enclosed by an elastic td. For
ctural cteels at temperatures and strain such that substaniial
ous erack extenston coours prior o rapid frasture, an
sughness evaluation s ] : teal

sivtion
stunate.

{WTRODUCTION

3

cognition that significant amounts of slow-stable crack extension may
weompany the loading of a fracture toughness test specimen became of
interest during efforts to develop suitable toughne evaluations ot the

te type [1,2 inements of crack extension resistance measurements
wing slow-stable crack extension, introduced by Heyer and McCabe {4,517,

d standard method for resistance curve (R-curve)

}. Re

o eventually to a propos
dererminations |[6].  The ideas which pertain to R-curves have assisted

sneral understanding of fracture toughness measurements. A review of
se ideas is of value in relation to current interest in the J-integral
crack (tip) opening displacement methods of characterization.

#elative to apalysis and testing, the main ildeas bas
follows:

¢ to R-curves are as

;. When the characterization factor is G or K, computed using linear-
elastic assumptions, the crack size used in such computations is the
effective crack size. The effective crack size is the physical (visual)

crack size increased by a computed plasticity adjustment factor, ry.
Alternatively, in less arbitrary treatments, the effective crack size
is estimated from observations of a compliance or a displacement vatio
using a prior crack size calibration.
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2. The crack extensi sis e i
Va]u;r:;ihczfenblontreo;stance is expected to increase toward a maximum
wrements of progressive crack i i
Al : > extension in a manne:
depends only upon crack extensi ke
1 ¥ 3 5 xtension and the "shar 55! 5 i “
e moa o o sharpness' severity of the
4 E e-C3 . ien the "sharpness' conditi i B
£ -Crac @ S¢ 5 ition is fixed i
fluence of initial crack si i ot DidRnses
> £ initial crack size, specimen dim i 3
£ € C Z imensions {(except thickness
and specimen shape are assumed to be small enough to be regarde as »
negligible. RpEiat w

3. R-~cu i stigati 5 he

rh;gi;i :ige;;;gitlona hav: employed only two-dimensional analyses of

3 th-the~thickness cracks. With this restricti Tof
through-tha thickne c Wi his striction, the goal of the

urve -ho s to provide information sucl at it {
; ! ) ; : i that conditions f r

e : ‘ ik ‘ i 5 Lt s for rapi
i;zn;lgn of a prior crack of given size and location in a service cgmg
ponent can be estimated. The preceding critical conditions are esti-

mate “indi -he sitd ¢
ted by finding the position on the R-curve where (assuming appropriate

i;:é;n% cond}tlons) the characterization factor computed for the pre-
cked serv%ce component begins to show a larger increase, per incre-
ment of crack extemsion, than pertains to the R-curve '

The 1 rmati rovide : i
nformation provided by the R-curve is more complete than that furnished

by a uneAparameter fracture toughness evaluation method As with most

23 Pl ol -3 3 i - ’ . )

;2&33?;1125 mgthods, thelba51c ideas are oversimplified and imperfect
ever, he R-curve method has provided satisfe ¢
eV ; - E: § >d satisfactor redictions of

critical load for onset of rapid £ i i e o o0

’ set of rapid fracturing in a number tri >

: 1 lopad onse cturing i er of trials [5,7

;giq the usefulness of the R-curve viewpoint for purposes of per;péééiie

;&{étpot appear to be questioned. The role of elastic-plastic aspects in
lation to the R-curve method is of special interest in this di;cdé%ion

THE CRACK SIZE PLASTICITY ADJUSTMENT

The fir e v opios PR 3
C?;Qi:zjz ?iliie %hreg basic R-curve ideas noted above concerns use of the
“fective crack size in computations of the resist er, K .
&) Very oheiy ] L1ons he resistance parameter, Kg (or
. ) » v in the development of linear f fes. in
v 3 2 ear fracture mechanics
vecognized that testing methods w . eci "oF minimm
eCog g E 2 ould prefer use of speci ini
size. Thus methods For sdiusti g ke se specimens of minimum
size % s for sting the linear analysis in ¢ i B
Siine s monhods Ton BC t analysis in compensation for
e size the crack tip plastic zone receid i i i :
£ z ] ) Lastic zone eived investigat 3
fhe practice of this kind i i e i
ke ce s kind which remained of pe: i 1
kb ctice : 3 ma i " permanent interest consis
in a positioning adjustment, r 3 kot ' g
s . nt, ry, of the crack tip which would ace
crack tip for lineax analysis 3 e e eeach o
] : inea purposes near the centroid of the crack ti
plastic zone when the plastic zone i i ; e
] zone is relatively small Trials w
PLBS - Hhgn the | sti 0 ) 5 . als were
;g;éseiozxiendad to ﬁxgerlments in which conditions of general yield;n:f
>ve closely approache In the case of tl ’ -
Y % - X > se e center-cracked and d ]
adge~notched tensile specimens ] B
: o C imens, frequently used pri
o " -he 3 L 4 prior to 1965, measured
éizeh of &? remained essentially constant when the average nér qectizi
stress was less than 80 percent of the i i ngth [10].
i e tensile yield str th 1
decrease of K. usuall bse ime bl s L o
o usually observed when the experiments cl {
’ : c 1all he e s closely approache
izzeral ylelglng was regarded as more likely due to R—curveyef;f t ehed
iy ; " ] ffects
Eoro;iitug wit?‘slny—stnble cracking than to inadequacy of the aaiu%tmcnt
he crack tip plastic zone The experi : 3 i - th ste
! t : < 5 iments used high stre
and aluminum alloy sheet materis i vl
Lumi. lloy s >t materials for which variatic o f adi
had Iittle or no influence on test results. o B Snesii Fpe

The rtes T3 -he T LHCCEeS E i
r:;géu:izgciig“the 5;LL%55 of the crack size plasticity adjustment in the
AT ¥ ¢ the crack tip plastic zones had subs i i7 s ,
ange ¥ ) Lones substantial size was

i sl & ; p pl i S S not ob-
- t;eazhgﬁjttzlma.tlBegLnnlng in 1960, attention was given to(developmont

> racterization concept termed crack (ti ni i SeemE »
‘ ‘ g on e ) ‘tip) opening displaceme
:gfwyf?reSLnted in this discussion by the symbol, & ?11].g Ytégwqgiﬂzgt
é ;215 ?ntzeigﬁej?n?iytlcal cogparisons of plasticity adjusted v;lﬁe% of

i rms o ‘he expecte ionshi = Figur ’ '
pe relationship G = Ty §. Figure 1 shows
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[12] assuming a center-cracked

uits of this nature computed by Tada
i Similarx

e
ile specimen and strip plastic zomes of the Dugdale type.
sl had been found for the same specimen configuration using Mode 3

the development of interest in use of J as the crack tip characteriza-

parameter, the above results indicated that, for a wide range of
sizes, an yy plasticity adjustment method could be used to estimate
of J prior to general vielding. J estimates obtained in this way

compared to experimental J determinations in reference [13]. The

imen types used were center-crack tension, compact tension, and notch~

The results were generally in support of the above conclusion.

(14

is well-known, the value of J can be interpreted as an energy release
sing force for crack extension only when the material behavior is

Using comparisons between R-curves with specimens of different
concluded that use of a plasticity
order to obtain
extension. In
adjusted value of

stic.
ral dimensions, Heyer and McCabe [4]
stment in computations of K (or G) was necessary in
surves which were nearly invarient functions of crack
o« of the close relation between J and the plasticity
is equivalent to saying that R-curves plotted in terms
invarient functions of crack extension. This idea

the amount of crack extension during a typical

comparable to the nominal plastic zone size, 2ry.

¢, this conclusion
4 7 would be nearly
serves thought because

surve determination is

S10W-STABLE CRACK GROWTH

“or the center-cracked and single-edge notched tensile specimens used in
sarly fracture toughness testing, K tended to increase with increase of

she crack size. Since observations of slow-stable crack growth prior to
pid fracturing were commonly observed, it was clear that the resistance
vo crack extension increased with forward motion of the crack. Tt was
yevognized that natural roughening of the fracture surface beyond the fati~
s 'sharpened' initial crack would increase resistance to crack extension
eyen in the flat tensile mode of separation. In addition there were the
<ide boundary shear lips. Load transfer from the central tongue of flat
tensile separation to side obundary regions which would sever later by
ablique shear, tended to delay onset of rapid fracturing. With high yield
strength steel and aluminum alloys, slow- able crack growth and continued
increase of Kp could often be observed after the separation process be-
came entirvely oblique shear. Clear demonstrations that a sufficient amount
«f slow-stable growth would reveal a maximum limiting value of Kg were not
svailable for metallic plates prior to the ~areful investigations by Heyer
and McCabe [2,3]. In these observations, an extension imcrement, Aap, of
the physical (visual) crack size by an amount roughly equal to the nominal
{astic zone size, 2ry, during increase of Kg to 95 percent of the maximum

;,

value seemed to be typical.

in subsequent research, McCabe [14] bhas extended R-curve studies into the
region of general yielding of the net ligament. A compact-tension specimen
sodified for wedge loading near the crack line was used. Preliminary load-
ings of identical specimens into the general yield range were used to
sbtain hinge-point data fox purposes of 8 calculations and load vs load-
displacement data tor purposes of J determinations. The comparisons of
principal interest here employed a 6.4 mm thick plate of 2024-T351 aluminum
and a 2 mm thick plate of medium strength structural steel. For the alum-
inum alloy, it was possible to compare R-curves obtained prior to general
yvielding (using large specimens) to substantial portions of small specimen
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R-curves obtaine £t @ . .
o :zilggd after general yielding using § and J methods of charact
C 8 and J cb(.)uldt’bzofszllmtslc ?teel specimens only the R-curves in te;md
- - . ’ compared. To assist comparisons % ] .
in terms of Ky using th retatiocs parisons, the data was plotte

J o= g, §
Y (13

where oy is e avers . R
. 7‘&"*1&{1:}\1 the \1v§;14ge between the yield strength and the ultimate tensil
stier - | 4 : ate $id
rom the § esiimqr; (S‘SOWS theddmmuulm alloy results. The two low \/'11uc;"i
) LS R ate rrespond to a ne i M o g ©
between 25 & and 50 & E net ligament size which is intermediat

For the 2 mm tols et 5 .
ior to Vén";:;L%'iit?l.bheet (345 MPa yield strength) the R-curve regic
e éqw "]‘ié.u)n;l;td“‘m was not large enough for usefulness W]’thingfg;
% i gament size greater than about 35 & oot E 1
cant differences between the : an about 35 §, there were no signifi.
based mpon z?‘;ia §?(,:L\«‘/<.>u\ Lhe‘ R-curves based upon § calculat Lons al’deflrx‘;fi
oo ‘:mah . »,1‘).:1?11‘1;11.10n5 of J. Two specimen sizes were used A Both we;‘!v
-+ tO show the approach of Kg to a limiting maximum value -

During initis ey N . X
irlc-x~<\§)<éx1‘§¥1§j. portions of the R-curve when /\ap is relatively small, th
aivd Tewiri “r)fll w;fh L,‘rjic,l\ve,}tenm('m 1s rapid. From comments hyv ::’I(~(»~]"j11t:>
not equal t"h;V ‘;01: :L p;{dsr"-’hcj:y adjusted value of G, for this J"Ug‘ion. de(;
na : ‘he - plastic flow work rate ) this re . o
equal J and AR rate, lowever, the adjusted G s t
I{uni S md the relative smallness of ap is :de'mt")écouq 1‘3}’*‘.1:%.(/&1 (17 stmh
Joand & concepts A : b2 oadvantageous for use of e
seems pos l:“)‘l“‘it;f}-ut/\s Adg becomes substantial in comparison to ":‘ry -j:_ ¢
. » BEOSLAU 46 at residual stress influe ; ) L ERY e
format i ! PO 1l stress Sluences due to prior plastic _
From t‘j”‘-‘z“,fi""‘ reglons behind the crack tip may have izlnxmkrt 1;)i bffl'(' e
-he Cormat i P -~ , ) & rtant effects.
s+ :’1(;u<;xlnml...mn available, influences of this kind may C’(i;t ‘It‘:
v At ¢ appear that such influences, if s gnificant . ,!;,(,'d“'“nm:::[
T o4 HRk inatec
k tip Sill‘Fi”J(‘ICIT{‘Iy s0 that
speci-

by t,he region of largest strains near the ("I"l’C

a substantia 08 o ot F ; e s

o .;“d 1’1' {)(f:f,l?,l.()“n of the R-curve can be determined using small
S plasticity methods of characteri ation e

The informat i e "

L‘tmditim]s‘:i‘(],?.nw]iru;n reference [14] discussed above pertains to testing
itions ich strain rate does 1 : . et W TR

» Texs - s not have a 1 o

cleavage-fibrous s oo . ¢ i a large influence :

iy ;hdt.:;ums transition is not involved. For wugh Ebardd o ; and the

s leax at the re ; ) - ' < : Ltions it is

usefully in terms ;ft:f?cl‘e 130 A:J()_w stable crack extension can be etk entod

TP L alues of .J computed without allowance For :

reglons of prior plastic strain - ance For by-passed

ONSET OF RAPID FRACTURING

From the above discussion, it is clear .
interpretation of the c)msx‘)~zu~te 5 thtl(xnf; tfm.t some questions of physical
amounts of s L erererization pavameter develop during substantial
fluences of‘j';ggizﬁi‘ib;; Lrﬁ“‘}t exkension. These .aie dus }YO pos inl t-’} il’%-mth”
the crack. Aside from 5}“0] Plastic strain behind the advancing t ip of
search, it is 17.0551}719 t*c;dl»;(:vfr a‘nswe-y:.»; may be provided from fu{u‘r@ e
estimates of the c.‘()ndjti‘.( imri (?y.d model type viewpoint with regard to
prior crack in a service e for onset of rapid fracturing for a viven
o ; sService component.  From this viewpoint, an Oxu}ri"
s Xact

ation of the crack ti o : yhysica
369 nob Fe Lone 3:1 crack tip stress-strain field implied by a \"1’111; ofd .
\"i:l:l for Lh" q lred. One can assume that the crack tip stress <;rv i

& : Hep € crack T bt o B 2B Swatiral

e o o “;i:;; ;;1 the service component will respond to slow t-:hrl‘e
G . arly the same manmer as occeiirae = 2O 8 st @
mination., manner as occurred during the R-curve deter-

When - S eSS
noan R-curve testing method is not avai lable

fact 5 the i AT LGS - 2
fact on toughness evaluations is important » the implications of this

A familiar example is furnished

Q6
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measurements of plane-strain fracture toughness. It is not easy
: sribe a feasible technique for plane-strain R-curve determinations.
svarion of K (or J) during the first stages of development of a crescent

fiar-tensile separation ahead of a straight fatigue pre-crack represents
@ ¢ st approach to such measurements as is visible at the present time.

. result, Kpe measuvements center attention on the start of crack ex-
{on rather than ouset of rapid fracturing. Of course, concepts such
siane-strain at the crack tip' and "start of crack extemnsion" cannot
sben literally and must be defined by somewhat arbitrary rules for test-
control purposes.  Oxamples of such rules ave furnished by ASTM method
oo Jie testing methods also center attention on start of crack extension.
shongh investigations toward development of a standard Jy. testing method
sv¢ srill in progress, it is apparvent that a literal interpretation of
i ¢ of crack extension' will again be avoided.

i}
28
3 teels with a vield strength

{ specimen methods based upon elastic-plastic analysis are of consid-

te interest for application to structural

than 700 MNm %,  The strain rate sensitivity and cleavage-fibrous
isition properties of such materials wmust be considered in making

svacture toughness evaluations. In addition, for heavy section applications,
sesiuation of the relevant fracture toughness should simalate conditions
siane-strain at the crack tip. The testing problem is simplified if
start of crack extension is dominated by cleavage. Beginning with
pioneering trials by Begley and Landes [16], a number of favorable
clations have been shown between Jye test results using small speci-
and Ky test results from large specimens at Cing temperatures
the amount of fibrous crack extension was quite small prior to de-

cetopment of rapid cleavage fracturing.

pite the high levels of fracture toughness involved, extension of
sushness evaluations into a tomperature range where significant amounts
S fibrous separation occur prior to onset of rapid fracturing is desirable
for a number of reas . Two of the difficulties in accomplishing this
with fracture mechanics type testing are (1) the probable importance of
degree of plane-strain constraint upon onset of cleavage fracturing and
:2) the plane-strain R-curve behavior. These two aspects are in the
“future research' arvea at present. A vough guess at the magnitude of the
sotential plane-strain R-curve effect can be made bused upon observations
Shoemaker and Rolfe [17]. Using 25 mm thickness notched-bend specimens
A302-B steel and a slow loading speed, they observed two instances of
7 wm of sudden cleavage crack extension. The
{ttustration of the crack arrest event ut -158°C shown in Reference [17]
indicated no significant difference in crack front curvature between the
fatigue pre-crack and the arrested crack. The K necessary to restart the
arrested crack was 24 percent largey than the K for the start of the run-
arrest sepment.  This was due to natural roughening of the Fracture sur-
ce during an o timate of the plastic zone
steel at

srack arrest after about

ctension much larger than any o

Tf one assumes 200 MParm as a toughness level for ALSZ3B
enough to permit 2ry of fibrous crack extension prior
the plane-strain value of 2ry would be about
tance during this crack

size.
a temperature high
to onset of rapid fracturing,
11 mm and the increase of crack extension resi

srowth seems likely to be larger rather than less than 24 percent. In
cvaluating anuclear vessel integrity safety factors for various imagined
accidents, the R-curve increase of fracture toughness could be rather large
and of considerable practical importance.

Currently, it is evident that elastic-plastic methods of characterization
in terms of J are soundly established and provide large advontages over the

a7
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characterization parameters associated with linear analysis. Successful -4 { |
trials of J and &, using ductile sheet materials, lead one to consider
extension of R-curve work so as to include certain plane-strain, high-
toughness situations which are of practical interest.y There seems to be
a need for inventive ideas as to how this might be done.
L2
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1 g N sy o & g 2 E
fatio of oyd to the Ty adjusted value of (: as a .It}unfgtlonc‘?wves
*rl'xe“'rvcc:vx;ve nat section stress, o(net), dl\:’ld@d '>Y/;Ny.at;li'n_
che average net rie F pelative crack si 2a/W, as -
shown for a series of rela 4 e 2a/W, ]
where 2a is the length of the cent al crack and W 1:;?
¢ the Redrawn from reference f127.

Figure 1

are
dicated, C angth
the width of the tensile specimen.
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Figure 2 Solid curve shows values of Kp from a crack-line loaded
compact tension specimen (W = 356 mm). Also shown are
values of Kp from & and J determinations using small
specimens (W = 102 mm). Redrawn from reference [147.
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