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ABSTRACT

This paper discusses analytical and experimental results which
show that plastic zone size in a precracked body with given
aspect ratio, is mildly dependent on thickness and decreases as
the width increases. The import of these results in the deter-—
mination of fracture toughness and in the studies related to
fatigue crack growth are discussed. A new procedure for the
determination of size—independent fracture toughness is propo-
sed and verified. The problems relating to a reliable charact-
erization of size- and geometry-independent fatigue crack growth
rate are briefly discussed.
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INTLODUCTION

The effect of size and gecmetry on fracture and fatigue of pre-
cracked bodies is important due to two obvious reasons. First,
211 fracture mechanics based tests, analyses and design are fo-
unded on the premise that the fracture or the fatigue behaviour
of a specimen tested in the laboratory simulates the correspon-—
ding behaviour of a real world structure even though (i) the
size of a structure is, often, orders of magnitude larger than
the specimen, and (ii) the geometries of {the two are entirely
gifferent. Thus, the effect of size and geometry should be su-
itably characterized in order to nrocuce a reliable tracture oOr
fatique safe design. Secondly, a meaningful fracture or fati-
gue behaviour of a material shoula be independent of size and
geometry and shoulc depend only on the material with a given
microstructure. This aspect is important in order to understand
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the origin of toughness and to develop materials with higher
fracture and fatigue resistance.

The various fracture events like the start of crack extension,
stable crack growth or unstable crack extension, and the fati-
gue crack growth are controlled by the stresses or strains very
near to the crack tip. The near-tip stresses or strains are, in
turn, predominantly determined by the singularity. Fracture me-
chanics parameter, the stress intensity factor, K, represents
only the 1/A/T type sinqular stress term and the contribution
of the non-singular stresses are assumed to be negligible. How-
ever, the non-singular stress is not always insignificant and
its magnitucde depends on dimensions such as crack length, the
ligament and also the geometry of the precracked body. Accordi-
ngly, the actual stresses at the crack tip could depend on the-
se factors. Therefore, in order that K faithfully represents
the stresses or strains near the crack tip and thereby correct-
ly characterizes the various fracture and fatigue events, the
differences between the actual stresses and the stresses as re-
presented by K in the neighbourhood of the crack tip, should be
less than a permissible maximum. This maximum is assumed to be
5*/. (Chona, Irwin and Sanford, 1983). The difference between
the actual stresses and the stresses represented by K in any
given geometry decreases with increasing size of crack length
and ligament.

An appraisal of this difference at various points ahead of the
crack tip was made using boundary collocation (wWilson, 1967).
This difference for the CT is more than that for the CCT geome-
try. At small values of r/a, that is at large 'a' and small va-
lues of r, the difference decreases and, therefore, K characte-
rizes the stresses near the crack tip with a better accuracy.
If one considers r as the fracture prccess size, then r is the
distance over which the fracture event is loccalized ; in a bri-
ttle material, obvicusly r is smalljless than few tens of micr-
ons. Therefore, in such a material, K can satisfactorily chara-
cterize a fracture or fatigue event, even when 'a' and (W-a) of
the specimen are small. The other fracture mechanics parameters
such as J or COD are related to K in the linear elastic regime
and they too would exhibit similar behaviour.

Recently, photoelastic technique (Chona, Irwin and Sanford,
1983) have been used to determine the contribution of non-sing-
ular terms to the actual stresses, and the size of the singula-
rity-dominated region in different fracture test specimen aeom-
etries. The study shows that the size of the singularity domin-
ated region and the contribution of the non-singular terms to
the actual crack tip stresses during fracture toughness testing
varies with geometry and also dimensions such as W and a. In
order that K yields a satisfactory approximation of the exact
elastic stress field, the authors suggest that plasticity crack
size adjustment should be less than the size of singularity
dominated region during fracture toughness testing.

The situation discussed above is complicated by the ineviatable
formation of plastic zone at the crack tip. It is conventionally
argued using reasons similar to that stated above that as long
as the plastic zone is small compared to the dimensions of a
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precracked body, the plastic zone size is hardly ivfluenced by
the far field stresses or in other words, by the size and geng
otrv of the precracked body. This is referreq to as small sca
Qieidinq sitvwation and the plastic zone, R, in such a case 1S
riven b
’ £ )2 (1)
s
Y
i i i iel i stant which

wi e O is uniaxial yield strength and m is a con
z:egssuﬁ%d to be equal to 1 for plane stress and 3 for planeK
strain. However, as shown later in this paper, R at a given &
and o, can depend on w, a and specimen geometry even whenvm is
smaller than the plastic zones normally permitted in the Kic
E399 or the fatigue crack growth ra:e N

i i ASTia E ni sult has importan

termination procedure of ASTH E647. This resu

ginseqnences in the opractical problems of fatigue and fractuie.
The objective of this paper is to present these rgsulys an? fo _
examine the import of these results in the determ}natlon 0k ra
cture toughness and in the studies related to fatigue crac

growth.

1
R =—5 ¢

test procedures of ASTi.

AMALYTICAL RESULTS ON SIZE AND GEOMETRY DEPENDENT
PLASTICITY

T icity in a precracked body can be evaluated in Eerms
é?ep§é2i§2 znze size or in terms of the displacemen? procucgg
by qrowth of plastic zone. The measurement of plastic innnnlbe
not easy. Cn the other hand, the resultant d%splacemen_ C? i
measured with less difficulty oand compared with analytica

sults.

The formatiecn of plastic zone in finite precrgc&ec bodles ;iie
been studied by several! investigators using extqe; ??e Duqs:me—
(196¢0) model or the finite element method. In acd1§}:nlig tygn
shat unconventional procedure based on the strgss distri udl;0
irn the lirvament of a precracked sppci?en has also bren uselt;
calci:late the nlastic zone size and d}splacement. The reiu S
based on these three apnroaches are discussed subsequently.

Dugdale ilodel

Heald, Spink and worthington (1972) noted that the Dugdalﬁ mZiii
does not account for the effect of qeometry or sﬁape of tde z
ucture on the plastic zone size and accordingly %nthdu%egeg)
suitable correction factor to modify the model. ue_wnt lth R
has used this modified model to def%no the boundaries of fgs_
cifferent categories of failure : linear elastic, e%astlc—p.te_
tic and collavse; and corre.ated them with cther failure cril

ria which are verified by experimental data.

Recently, Terada (1983) and Mall and Hewm§n \%984) appi%eo
Duadale model to calculate plastic zcne size in CT specimigese
neémetry using the collocation technique. The res:lts of >
two investigations are in excellent agreement.

Terada has ccntended that the plastic zone size calcu;atgg in
the CT specimen, agrees reasonably well with the predictions
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of equation (1) for plane strain condition where value of m is
assumec¢ tc be eg:al to 3. However, as discussed below, the
observecd acgreement may be fortuitous. :or, :jugcale solution
is essentially a plane stress solution and therefore it would
be more anpropriate to compare the results of Luadale analysis
with the prediction of equation (1), wherein the value of m is
l. There is a more important voint, Terada's (1983) results
on C1 specimen using Dugdale's plasticity give displacement
values which are unusually larje compared to the experimentally
measured displacement values. «while only a few exrerimenal
displacement values are rerorted in the literature, the 5 Y.
secant KQ values of AJ1a E399 for CT specimen have bcen deter=
mined in situation where crack extension is abhsent. These ex-
perimental values are twice as larce as that nredicted by
Teraca's (1983) results of Dugdale's analysis; this is expect-
ed, since Duadale's analysis is for plane stress situation.
Therefore, these results of Ducdale's analysis on Ci specimen
can 71ive qualitative guidelines but they cannot be directly
usec to predict the effect anc role of size ce-endent nlasti-
city in tre determination of fractures toughness and characteri-
zation of fatigue crack qgrovth,

Fuhrina and Seenqer (1979) have revrorted solution for Dugdale's
plastic zone for an infinite array of collinear cracks. Plas-
tic zone cetermined from this solntion differs from that ohta-
ined from Teraca's solution for CT snecimen. The difference

in plastic zone size is significant even when the oplastic zones
are rather small.

Calculaticns from the sclution (Fuhring and Seeger, 1979), also
show that plastic zone size is significantly size derendent.
For example, :or a K/o, value as low as O.1 m and a/W = 0.1,
an orcder of magnitude 1increzsse in W, decreases the pnlastic zone
size by about 2.5 times. Thus, the usual Jdifference in size
between the specimen and structure may produce significant di-
fference in crack tip plastic zone even when the plastic zones
are relatively small. -t higher K/oY vilues, the difference
could be significantly larger.

I'inite Element

Finite element analysis (Larsson and Carlsson, 1973) shows that
there is a significant difference in the plastic zone of a CT
and CCT specimen. In an unpublished work, similar difference
has also been observed between CCT anc SENT srecimen, wherein
the plastie 7one in (T specimen is larger than that observed in
SENT specimen (FRajendran and Banerjee, 1984). 1In this investi-
gation, finite element analysis has alsc been used to determine
plastic zone in two CCT specimens with identical a/vi and mesh
configuration, but the width and other related dimensions of
one are five times those of the other. The results show that
in case of a CCT specimen, an increase in W, decreases plastic
zone size.,

Small scale yielding plastic zone size and shape determined
through finite element and other methods has earlier been com-
pared with the experimentally determined plastic zone size and
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shape (Broek, 1978). The agreement is not satisfactory a?.gz—
qards the plastic zone shave. This i= ngt surrrising in (i W b
of the results discussed above and also 1in view ?r tbe*%nn_i
difficulties in the exrerimental determinatlgp OT‘DJJSHIC zl:e
size. It is more cinvenient to comp:re the disnlicement values
nrocduced by plasticity.

The displacement nroduced by the growth of nlastic zone h;i‘:een
obtained from finite 2lement. The results on@alned for ;lzl
strain concition yield cisnlacement values-“h}cb are smi. ir
(Banerjee, 1981) and K values wihich are 51gn1chagtlyB>1grg£é
{han those observed by experiments (idunz, 1977, 1979, TQ% gbtl
1981). oun the other hand, it is expected‘Fhét the rosu.£\ obt
ained for plane stress concition would exﬁlhlt an opposite -
end. The reason is that the actual exnorlmental value iorre
ponds to a three dimensional elastic-plast19 state of s rei§s_
and tco the author's knowledge this nroblem is yet to be sati
factorily solved.

An Approximate And Simple Me thod

As a-ainst the LDugdale's analysis and the finite elemgn: mthod
discussed above, an approximate but simple methodLof de efmlna—
tion of plastic zone has been develqped and ronQr\eq 615?38i§e
(Paranjoe, 1977, Paranjoe and Banerjec, %977, Banergge,fh fn;m
The result obtained from this analysis 1is reported in t ? e
of nlots : (i) rlastic fliow curve and (}1) derendence n‘u? s
tic'zone size. Fig. 1 rerortis the nlastic flow curve fo; d,
TFs and SENT geometry. 5Such results have also heen oﬁtalne .
for other a/w values., The plastic flow curve revorted heret‘ir
the CT specimer is compared suhsequently"-‘lth the exverimen T
miastic flev curve. On the other hand, :iq._? repo;ts tbefo a-
stic zcne size as denendent on « for CT srecimens with differ—
ent a/W values.

The analyticnai results discussed thus far, refer to'fhe ?gowté
of oplastic zone under moce I loading, ilowever, A circumberen _
tiaily cracked round bar subjected to torsion anc wh}ch correi
soncs te mode II1 loacing nroduces a nlastic zone:wnlch.depenc
on the crack depth and the diameter of the bar. At a q;anzone
aspect ratio, the larger the diameter, smal{cr tae olas 111 B
Plastic flow cirves cenerated analytically for the moﬁill e
loading have becn comparec later, with the ex;;cerimentally dete
mined plastic flow curves.

EXPERLMENTAL CboeaVatllUh 0F 5122 UePENDelT PLASTICITY
The evidence of size dependent plasticity is obtained from four
exnerimental onservations :

1. Piastic flow curve
2. MNear tip contraction
3 Ku valves

4, Plastic zone size determined throiah the obser-—
vation of out of nlane ccntracticn.
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Fig. 1. Plastic fiow curves Fig. 2. Denendence of plastic
for specimens of different zone size, Rp,on vi and 'a' of

geometries. CT specimen ¢

Plastic Flow Curve

The load versi'is load—line displacement test records were dete-
rmined in CT specimen of differert width and thicknesses -- all
with a/W of C.9 and in tests where crack extension is absent.
Due precaution was taken to ensure specimen alignment and min-
imize friction at the clip gauge supports and the pins during
these tests. The plastic flow curves are reported in Fig. 3,
where aVp is the displacement produced by growth of plastic
zone and V_ is the elastic component of the displacement. In
Fig. 3 the specimens are designated by their dimensions - the
numbers following the letters B and W respectively indicate
the thickness and the width in inches. The reason for the
difference in the plastic flow curve of the specimens BlW2 and
BO.1W2 and the observed scatter is discussed elsewhere (Banerj-
ee, 1981). The results show that thickness has a small effect
on the plastic flow curve. On the other hand, the plastic flow
curve when plotted in terms of the parameters KI/OY‘V'W and
aV_/V_is practically independent of W even for large scale
yielding as reported elsewhere (Banerjee, 1981). The agreement
between the analytical and experimental plastic flow curves is
good. In addition, Fig. 3 gives another important result : the
5°/. secant is eguivalent to avV_/V_ = 0.05, and, the correspo-
nding value of K* = K . This reBu1% would be used subsequently
in the new procedure ¢f determination of fracture toughness.

The analytical and experimental plastic flow curve for mode 111
loading of a circumferentially cracked round bar is reported

in Fig. 4. (Gupte and Banerjee, 1984). The experimental plastic
flow Turve is determined in specimens of 6, 12 and 22 mms dia-
meter bars, all with a/D = 0.2. All the experimental plastic
flow curves fall within the band shown in Fig. 4. Here T, is
the shear yield strength; and D the diameter of. the bar iX
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analoqus to the "idth dimencion of mode I 3 ecrack is the twist
anagle producea due to the introduction of the crack, and Aen
is the twist angle produced by the growth of vrlastic zone. " The
reasons [or the sc-tter in the experimental results is discuss-—
et elsewhere (upte and Banerjee, 19¢4), The gcod agreement
hetveen the analytical and the experimental plastic flow curves
in rig. 4 coniirm the genecral trend of size derencent plasti-
city observed in the case of mode I loading.

" o T T T T T T 'J
L LY o
1.0 %?9“1
oSt 4
o R ! " SCATTER BAND OF
Ky XPERIMENTA E
o W
v W6l T—Yl}bl PLASTIC FLOW CURVES
a3 ]
— — — ANALYTICAL LINE |
0.4}, - T |
CT SPECIMEN ! S
a f D a
02 w oS o1 ¢ - a = CRACK DEPTH 1
a/D=02
D= DIAMETER
L L L n 1 L 1 L L 1 1 e
0 01 0.2 0.3 0.4 05 06 0 04 08 1.2 1.6 2.0 24 2.8
avp a8
N 8CRACK
Fig. 3. Comparison of the Fiq. 4, Comparison of experi-

exmerimental plastic flow mental and analytical plastic

curves from srecimens of diff- flow curves obtained from cir-

erent sizes and the analytical cumferentially cracked round

nlastic flow curve. bars subjected to mode III
loading.

Near Tip Contraction

The on=load contraction at points near the crack tip has bheen
measured using LVLT in specimens of different thickness and
wicth. Fioures 5 and 6 (Banerjee, 1981) revort the K versus
on—load contraction measured at 1.5 mm ahead of the crack with
a straiqght crack front. as shown in Fig. % at values of K < KQ
the thickness has only a marginal effect or the contraction

per unit thickness. However, at hicher K values, the contrac-—
tion per unii thickness increases as thickness decreases. /nd
finally, at higher K values, the ccniraction per unit thickness
is larger in thinner specimen (B = 2.5 mm) as compared to that
in the thicker one (B = 25 mm).

On the other hand, as shown in Fig. 6, the effect of wicdth on
contraction is quite dramatic. 1In general, at higher K-values,
the contractior is much less in a wider specimen (W = 304 mm)
compared tc that ir the narrow one (.. = 50 mm)., The contrac-—
tion measurements confirm the qeneral trend of results as re-
gards the effect of B and w on the plasticity as measured from
the load-displacement test record. a lower contraction in a
wider specimen indicates a small nlastic zone and a higher

AFR VOL 1-L*
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constraint. These asrects are also related to the reversible
contraction which is discussed elsewhere (Banerjee 1981).

165 CT SPECIMEN B1W2 & BIW12

= 25mm 2
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1 .LLD = 1.50mm 99 £
[ o9 |- 25mm max Ka
K. Ma /% K MPafmy
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Ka
33t
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CONTRACTION, W, mm—e

1 4.
0.10 015 020
CONTRACTION, w, mm —

Fig. 5. Effect of thickness Fig. 6. Effect of width on con-
on contraction at l.29mm ahead traction at 1.5 mm ahead of the
of the crack front. crack front.

K., Values

g 2,2
Fig. 7 reports KQ/GY W versus B for two different steels. It

is obvious from Fig. 7 that even a ten fold change in thickness
produces only a small decrease (less than 10 °/A ) in the

2,2

Kw/c W values and for all practical purpose it can be presum-
eé that K, is independent of thickness. The K, values revort-

ed in rig. 7, are all determined in the absence of crack exten-
sion, and the value of K‘—/dY Wois 0.25 for the two steels with

w%ceéy differing yield strengths. As would be ciscussed below,
KQ/OY W = 0,25 for all materials.

From the plastic flow curve reported in rigs. 1 and 3, it can
be seen that for a AVp/Ve = ,05, the corresponding K*/QFJW=0.5,

or in other words K2/o$ W = .,25. Since Avp/ve= .05 corresponds

to 5°/. secant, therefore, k* = K. and so 2/03 W = .25. Thus
for a CT specimen with a/w = 0.5, the plot of K%/c$ versus W

should yield a straight line, which passes through the origin
and has a slope equal to 0,25 (see Fig. 8). This straight line
is referred to as line A in the subsequent discussion and it
reoresents the growth of plastic zone in the absence of crack
extension.

Figure 8 shows the experimental KQ values obtained from CT
specimens with a/w = 0.5 prepared~from different materials,
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where crack extension is absent at K < K,. The agreement bet-—
ween the analytically predicted line & and the experimental K(‘_2
values is good. This confirms that the width derendence of
plastic zone and plastic constraint as predicted by ihe analy-
sis, is essentially correct and aprlies to all materials.

EXPERIMENTAL DATA
o_Ni-Cr-Mo STEEL (Munz)
075 T o_SAE 1020 STEEL (Banerjee)
). | x- ASTM 516-Gr 70 STEEL ( Banerjee)
CT SPECIMEN 2009 0_15CDV6 STEEL (Putatunda & Banerjee)
a .05 K «.2024 Al ALLOY  (Munz & Coworkers)
w:o [_O}m \
w2 0.50 -, ASTMS516,Gr 70, 0y = 328 MPa o ) 006} .
a _15CDV6 STEEL =1040MPa
mw|° -
025 T — 003+ o ~ LINE A,SLOPE=0.25
AL : 1 1 1 1 I 1 1
0005 0010 0015 0020 Q 0.06 012 018 024 030
B, m W, m
Fig. 7. Effect of thickness Fig. 8. Effect of width on
on experimental KQ values. exverimental K5 values - gives a

unique line A for all materials.

Plastic Zone Size

The plastic zone size was measured by observing the out of
plane contracticn with the help of microscopes on the surface
of both sides of 4 mm thick specimens, 25 and 200 mm wide -

all with a/w = 0.5. The measurements were macde with a preci-
sion of better than + .02 mm. Even though such plastic zone
size measurements are relative and are confined to the surface,
the main ccnclusions drawn are not affected by these limita-
tions as discussed below.

Figure 9 shows that a change in thickness from 1 to 4 mm has
little effect on the plastic zone. However, one can arque that
at the surface of both 1 and 4 mm thick specimens, plane stre-
ss condition exists and, therefore, plastic zone is expected

to be identical; whereas the plastic zone at the interior of
the 1 and 4 mm thick specimens could be substantially differ—
ent. On the other hand, such an argument is incecnsistent with
the experimental observaticn that K. is independent of B, as

reported in Fig. 7. This is explained helow.

In the absence of crack extension, K determined on the basis
of 5°/. secant deviation, corresponds tc a displacement which
is produced by the growth of plastic zone. A simple manipula-—
tion of the compliance function together with Irwins concept
of plastic zone correction factor show that, if K., W, a/W and
the secant deviation are constant, then the plastic zone size
should also be constant (Putatunda and Banerjee, 1984). Since
KQ represents the average behaviour of pboth 1 and 4 mm thick
specimen across their respective thicknesses, a constant K
indicates that the overall nlastic zone size across the whole
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thickness of 1 and 4 mm thick specimens should be almost the
same., It thus appears that at least in case of (T specimens,
the effect of thickness on plas*ic zone is too small to be det-
ected, as long as the plastic zones are small. These results
are also suprorted hy the effect of thickness on plastic flow
curve as reported in rFig. 3.

The investigaticns con the effect of wicth on plastic zone are
very limited and they are discussed elsewhere (Putatunda and
Banerjee, 1984a). Figure 1lC showis that at a given KI’ Oy and

a/vi, plastic zone size, i, decreases as « increases. This obs-
ervation is suprorted by the measurement of on-load contraction
reported in Fig. 6. In addition, it is also supported by the
observation that in the absence of crack extension, K. increa-
ses with width at a rate higher than one would expect from a
simple calculation hased on the compliance relationship and
Irwin's plane strain plastic zone correction factor.

Since thickness has a relatively small effect on plastic zone
ancd since plastic zone size decreases with increasing width,
brittle crack initiation can occur in a wide plate even if the
plate is thin. This explains why brittle fracture is of en
ohserved in thin but wide structures made of mazerials which
are relatively ductile. Accordinaly, this point should be
taken into account in designing against hrittle fracture and
also in fracture toughness testina.

T T T T T T T 1 —— T T T T T .
060 |15 CDV6 STEEL,CT, W ~ 25mm 060F 15CDV6 STEEL,CT, B ~4mm |
a-B =4mm + W =200mm
L a-B =2mm a | o_W =25mm
ad ]
0-B =1mm a g
040 4 ° 4 0.40 o o5~
o
&o Rx 103 -
R x 105 L. o m 7.
m ab A
7 /
ap6e,
0.20 — 020 & Se
B, %}' & //‘
AAAOO o U/é}% P
L y ;s §
od 3P PET o
a 09 o _ ¥
" o2 "y L [ 1 1 I L | . |
o] 0.020 Q040 0.060 0.080 0 0.020 0.040 s 0.060 0.080
1
KL L
U-Y , m Oy

F¥ig. 9. Effect of thickness Fig. 1C., cifect of width on
on plastic zone size, R. plastic zone size, R.

DETERMINATION CF FunAUTI RE TOUGHNESS

In recent years scme anomalies have surfaced which questiion
the very basis of AULTh £399, the stancard nrocedure for the

determination of KIu‘ For example, K._2 is ohserved *to systema-
tically increase with width whereas contrary to expectation,
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K depends albeit miidly on the thickness of a 1 spec%men.. .
Rese anomalirs n-rtly originate from the very @anner in whic
IS is ceiined anc determined and partly from ihe questicns

concernina the aniclicability of small sca‘g yiﬁj§inq assumpti-
on in fractire tonghness testins as ailven In  wolin £399.

.s ciscussed e rlier, thickness has only a small effect on.péi—
stic zone size. iherefore, the assumntion that tthkh?SS in
reases nlastic constraint and congecuvently nromotes brittle
‘ ot . 2 3 A Eepes ¥ s = (5
crack initiation in LT specimen 1in Ao im E399 tyre oOf tost{ is
questinnable., ihickness may iniluence stable crack arow 1for
nnstahle crack extension but these are outside the scone Ot
= y L e) [

A5TW E399. If fracture touthness were to, truely represen h
n-terial behaviour, it must be indemendent of size; or, in Q.k—
er words, K srould be independent of cimension such as thick-—
Rk ~ 1
ress, crack length and wicth. The fact that Kf depends oq 21
and ‘'a', raises serious doubts if cne c=n obtaln KIU 1? sie
mens which have . and 'a' values laraer than that reauired to

‘ . ' ; - 3 . 3 2] 1 j z
ohtain valid measurements as ner ST 13993 pmrtnpwaar%yi ]P':h
material which exhibits tyve 1 load-clisnlacement Hehaviour wit
A risin~ R-curve.

There is another important asnect. olil =399 gerinQS irnctu{o
toughness nased on ©°/. secant ceviaticn Kq, which correcnonds
to é'/. effective crack extension in a LT §pecimon with R/T=O'5'
The effeactive crack extension is the sum ot half the Qlastlc
zone and physical crack extenticn., Thus KQ co??csponcs to;an
arbitrary amount of nhysical crack extension winich rngqes trim
U to 2°/. 3 the actual amount of ohysica% crncg extenglon at e
de-ends on the size, gecmetry oand material ano.thorQTOre cou :
vary from one test situation to anothcr.renQerlnq the.very1me*—
inition of toughness in .1l 2399 questionahle. ~nc 1n !
tively tougher material where K rises ;Ather sharply with 1?cr—
easing physical crack extension, KqunQ thereforo: lq.i?me lzs—
tances Klb measured according to ASTiL 2399 would he different

for different size and geometry.

A riew Procedure of Determination of ‘'racture iouqghness

In order to overcome the ahove ifficulties, a new nrocedure

0f determination of K; . has been described in a recent huh;l—

cation (Banerjee, 1981). Tnis approach c¢iffers :rom_AoTth399
3 1 g

in tvo resnects. First, it is based on the owsorv?tlon t.a@

the cons Taint tc vieidinag increases and the nlastic zone s1ize

cecreases as the width of a T specimen inCrP?SFS anc §econd—
ly, Ky 1is defined as the stress intensity factor at which

crack extension starts. In the new procodur?, the §tart of
phycical crack extensioen is identified by usina a simnle ara-—
phical censtruction.

The new aprroach to KIC aetermin=tion concists of findinco cut
the intersection of plactic [low and crack arowth re;Lstance'
curves. Both these curves are analytically generated g?anoruee,
1981). <Jor a CT specimen with afi = 0,5, the olastic flow

curve whic'' represents grovwth oi tihe plastic zone nnly, aives



328

rise to line A (Fig. 8). The line A is uniquely defined since
it passes through the origin and has a slope of 025 in a plot
of KQ /0Y versus W. The crack growth resistance curve which
represents the simultaneous growth of the plastic zone and the
crack, gives rise to line 3. The line B gor S CT specimen with
a/W = 0.5, has a slope of 0,05 in the K, /oY versus W plot
but this line could lie anywhere depending upon the K., value
at which crack extension starts. The position of line B, there-
fore, is fixed by the experimental determination of K. in a
specimen of adequate width, where crack extension occurs at
stress intensity less than Kq. The intersection of line A and
line B obviously gives the siress intensity factor at which
crack extension starts. And, this gives the fracture touchness
of the material according to the new procedure. The details of
the new procedure are described elsewhere (Banerjee, 1981).

Verification of The New Procedure

The new procedure is verified by the validation of line A and
line B using experimental results. Line A had been validated

earlier in Fig. 8. Line B has been verified (Banerjee, 1981)

from the reported K. data on aluminium alloy (Kauffman and

Nelson; 1974, Kauffman; 1977) and titanium alloy (Munz, 1976).
However, further investigation (Putatunda and Banerjee, 1984b)
on 15CDV6 steel was carried out to validate line B and ascerta-
in if the procedure can (i) give true fracture toughness of the
material, (ii) be used to determine toughness with very thin
and wide specimen (W/B®255) and (iii) be used to determine fra-
cture toughness in a material which exhibits pop-in crack exte-
nsion (Type II load-displacement test record in ASTM E399).

The true fracture toughness of the 15 CDV6 steel in two heat
treated conditions - designated as condition A and condition B,
was determined by a laborious but unambiguous procedure. The
fracture toughness specimen of various sizes were prepared from
a given material and loaded to progressively higher stress in-
tensity levels, fractured open in liquid nitrogen and subsequ-
ently their fractured surfaces were examined for evidence of
crack extension. The minimum K; value at which crack extension
starts could then be identified and this gives true fracture
toughness of this material. Special precaution and specimen
modifications were used by Putatunda and Banerjee (1984a), to
prevent out of plane bending during the loading of specimens
with high W/B values. The plate was too thin to obtain valid
ASTM E399 KIC' And since pop-in crack extension occurred, J

KR—curve standard test procedures are also not applicable.

The investigation of the applicability of the new test proced-
ure to this material is, therefore, interesting.

Ic

The K, values reported in Figs. 1l and 12 are in excellent agr-
eement with the analytically predicted line B and indeed vali-
date the new procedure. Also, the new procedure gives K val-

ues which agree quite well with the true fracture toughnéss
value of the materials (Putatunda and Banerjee, 1984b).
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asccording to the analytical results (Banerjee, 1981) on plastic

flow and crack growth, the line B in a plot of Ku /K%g V?ESU;.
/v, should have a slope of 0.21, for <T specimen wi a/w= 53
hess #_ 3 344 vidth at which K, = K;~. The analytic-
wheTe #_ is the critical widtl at whi ) 1c e A e
al resnits predict that :ine B in sucb 2 3Jot, shogl f_d'ffe—
pendent of the material and the experimental Kq daua.o ld'ct—
rent materials olotted in Fig. 13 indeeq confT¥rm this pﬁetio
ion. Eac» K data reported in Fin. 13 is the average © 5o
tn five test? and the reported K values are ohtained from ES -
cimens of widely varyina thickne¥ses. rart of the scatt?r Snéf
rved in Fig. 13 originates from the fact that a/f_of i?ggro—
cimens tested are not enual to U.5 in all cases. Figure 13 1
ves that the new procedure aprlies to all materials.

15CDV6 STEEL CONDITION B
r 28tcT,8~ 4 mm

26—

———
|l 15CDV6 STEEL,CONDITION A o = 1040 MN/ m2
CT,B=4mm 2 L
Oy - 980MN/m
f o T 20+
2 LINE AOZS
Ka 3L LINE A, 2 SLOPE=0.
(TY‘)"O’ SLOPE - 0.25 (j‘g i3
m Y
2 T m 12+
LINE B, LNE, (8
L SLOPE =0.056 1 L SLOPE =0.056
-3/2
- H K ¢ = 81 MNm Y 1 -yz
W/ R s /1 Kic=8s.2MNm
i !
U B
r's 1 i | " 1 1 al 1 1 025
0 005 010 0.15 0.20 000  0.05 0.10 0.15
Wm-— W,m —=
Fig. 41 cffect of width Fig. 12 Effect of width on

i < i i c < condition 3
on experinental hu for condi- e;gg;igintal <y for
tion A material maie .

An Appraisal of the tew Procedure

From the above discussion, one can make a few im?ortant points
aktout the new procedure of K;~. determination. Elrst,_the.new
procedure aives fracture tou%ﬁness of the materjial which is 1in-—
dependent of specimen width. Second, the new ngﬁ proseduri is
identical to and, therefore, is as simple as J§Tm E39¢ tgs
orocedure, where a single specimen is te§ted w1§bout }a%:nggfe-
course to elaborate instrumentation. Third, uniike ASTiA §3h-,
K... could be determined according to new nrocedure even wit
th%n specimen. Fourth, unlike ASTid £E399 whe;e KEq corresconds
to an arbitrary amount of crack cxtensirn Whucb ‘anld ranqih
anywhere from O to 2*/. depencing on the material testod,., e
new procedure determines K C at the start of crack extension.

Thus, K;,. cdetermined according to the new procedure 1is consis—
tent with the fundamental definition of fracture toughness and
operational definition of J and 6.. Fifth, the new prccedu-—

re determines the true frac%kre toughness of a material,wherein
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the start of crack extension is identified by using a simple
graphical construction. This is unlike the J.,. or R-—curve
approaches, where the start of crack extension is identified

by either multiple specimen technique or through elaborate ins-
trumentation. GSixth, the new procedure can give true fracture
toughness of a material which exhibits pop-in behaviour and to
which other procedures of fracture toughness determination are
inapplicable. Finally, the procedure establishes the scope of
applicability of K-based fracture mechanics to predict linear
elastic crack initiation in thin and wide structures.

Notwithstanding the points made above, the new procedure requ-
ires verification through tests with specimens of a/W other
than 0.5 and geometries other than CT.

2.4
LINE A — REPRESENTS
THE GROWTH OF
PLASTIC ZONE DNLY
2ol (SLOPE=1)
1)
+ LINE B — REPRESENTS
T 1.6 e GROWTH OF PLASTIC
o ® ZONE AND CRACK
(KQT (SLOPE =0821)
. ,
12f v
H
. —A
©0-2219-7851 At ALLCQY (Kauftman)
0.8 ©-Ti-6A1-4V PLATE A(Munz & Coworkers)

T o -Ti-6AI-4V PLAIE E (Munz & Coworkers) ORIGINAL SPECIMEN
®-15CDV6 STEEL CONDITION B }(Puhmndn A SURFACE
+-15CDV6 STEEL CONDITION AfBanerjee) {//// . @

(RARTHEN < .
L \ \\(/07/. S
o4 §§§§§§§§ §§m&w&®§ RN
Y ST
b > %
4 ,/7/44/7/
0-0% = et 5 = PLASTIC REGION ELASTIC REGION
(a) (b) (c)
W/we —
Fige 13 Experimental and Fig. 14 Fracture surface pro-

predicteg results on the file as influence? ?y specimen
w1 _ size and loading (a) symmetric

(KQ/KIC) versus f/“c pLode bg non-symmetric profile and

gives an unique line B for c) out of plane sliding in

all materials thin specimens with non—symmet-

ric profile, relaxes compressive

force.

The results discussed thus far, concern the problems relating
to the determination of a meaningful K and the initiation of
brittle fracture in thin and wide structures. In the subseque-
nt part of the paper, the import of size and geometry dependent
plasticity on studies related to fatigue crack growth rate
(FCGR) is briefly discussed.

FATISUE CRACK 3ROWTH RATE

The problems relating to a reliable qharacterizatiqp oz.Cfigk
dréw{h rate are briefly discussed under two subheT01ngé.(ii
'n examination of fatigue crack growth rate and closur
plastic energy dissipation.

.n Examination of FCGR and Closure

i irical laws which
r redict life of a component, several empiri :
cgagacterize fatigue crack growth rat? have been propozegari_
However, most of these are either derived from or are
ation of the Paris convention which states that
da_ n (2)

EN-—AAK . ) o
The above relationship is considered to ?e independezt i S;;g_
and geometry. Therefore, A gn? n detgrmlngg {gozaicuizte pee
imen made from a given material, can Dbe us 5

i i de from the material.
fatique life of a precracked structure ma
The gbove relationship, however, holds true only fortcogitant
amplitude loading and fails to accougt for the effecls 9 ;eta—
Joad ratio, R, the short crack behaviour or the_overTga el
rdation produced during vaﬁiible ampl%t¥gi tgzd;¥%;ct gf oy

f closure has been use o accoun :
?zc:ors on fatigue life. Accordingly, one deglgezaigoiffggtize
aK which is given by AKeff = (Kmax- Kop)’ an q
modified to

da _ n (3)
aN = A Kers '
where, K is the minimum stress intensity factor at which a

i i i S i stigators
igue crack is fully open during loading. Some 1inves
zagigthat equation (3¥ satisfactorily accounts for thecgfgzg;_
of R, the variable amplitude loading and the short cEa Nl ol
viour, whereas the results of others do pot do so. o mee
related to account for the effect of re§1dual Strizsée ipects
ment and change in microstructure, on ECGR. All e

are examined in a recent review (Banerjee, 1984a).

t

ral mechanisms of closure have been.proPosed and amongs 3
iEZ§e plasticity induced closure @echanlsm is bett?i es:ibiae
shed. According to such 3 mechaniem, tac, Bi2ching the crack

ck tip leaves a strip of yielded ma
ii:.kThig is referred to as the plastic wake. Extgnsign ggsthe
material within the plastic wake is accommodatgd Yy : ges S
of the precracked body which is eiﬁ:ti;aiadfsgéz p§ae:e ® oo

i compressive stresses over 3 . -
Zi?ﬁlestregses keep the crack closed which is called czagﬁdclo
sure. The introduction of residual compressive strisszs e
displacement in the wake of the crack alters theis igat & b
ahead of the crack. The rationale for Paris law is hat a/an
racterizes the stress field and, therefore, relatesth: da/dN.
However, since stress field is altered by closure,
should relate to AKeff, rather than to aK.

f a/W, width, thick-
A f observations as regards the effect o ’ E 1
neszwand specimen geometry on Kgp and FCGR would be appropriate
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in this context.

I1f one takes into account results prescnted earlier that plas-
tic zone size increases with increasing a/ii and decreasing ./,
K should corresnondingly exhibit a dependence on . and a/u.
Indeed, it has been observed that K is independent of a/«

at intermediate a/.i values; but at higher a/i, KOO decreases

(Paris and Hermann, 1981, Banerjee, 1984b). The effect of W
on Kop has not been systematically investigated.

As usually assumed, if plastic zone size were to be independe-
nt of a/w anc ., the plastic zone size and the spread of the
plastic wake in the direction perpendicular to crack plane,
would be same for all a/. and » values. Thus, at constant QR
and K , the spread of the plastic wake remains constant but
its length increases with & anc a/w. Since closure originates
primarily from the wedging action of the plastic wake, a cha-
nge in the ratio of the soread and the lenath of the wake wou=-
1d affect K . In addition, the rinite element analysis of
closure (No%%an, 1982) takes intc account the significant con-
tact stress which are distributed along the crack line. The
distribution of these contact stresses shculd change with a/w
and % and this in turn can influence K__. Further analytical
and experimental investigations are necessary to ascertain the
effect of a/ii and W on closure. It must be recalled that K

has been observed to cepencd rather sensitively on the histcory
of loading (Banerjee 1984b); by history of loading, one means
the variation of K with a/., even in a constant amplitude
FCGR test. Such deggﬁdence is often ignored in closure studi-
es and must be taken into account in all experimental investi-
gation of the effect of a/W and w on closure and FCGR.

The effect of thickness on K requires three-dimensional ela-
stic-plastic analysis since, (i) fatigue crack front is curv-
ed, (ii) fatigue crack in the micd=thickness region of the spe-—
cimen is in the plane of crack but near the surface layers

the fatigue crack extends out of the plane of crack - both
above and below it and (iii) the yielding of the specimen ccc-—
urs preferentially in the surface layers. Inceed, the true
nature of the three dimensional crack front is quite compvlica-
ted as evident from Fig. 14, (ilarci and Packman, 1980). As
a result, some out of plane bending (see Fiq. 1l4c), as also
moce II ancd mode 111, are often produced at the crack front
and the magnitude of these can vary, not only with size and
gecometry but even between two identical specimens, or bet::een
one set of cycles to another in the same srecimen. To what ex-
tent, this has produced the inconsistencies, contradictions,
and scatter customerily observed in FCGR data, is hard to say.

Closure depends on formation of plastic zcone and as has been
shown, this derencs on size and «aeometry. Therefore, closure
and consequently, FC3R could be influenced by size and rteome-
try. Thus, AKef in case of two specimens with different size
or Jgeometry cou{d be different even though they are loadecd
identicaily in terms of Kmax and Kmin' This gives rise to an
inconsistency. For examplie, previcusiy renorted experimental
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i is i t of size and cec=—
results show that equation (2) is independen .An -
mZtrv. Therefore, if equation (3) were tq hbe really 1@oepe:?_
ent of size and geometry, then this equation would be incon
stent with previously reported experimental results.

he usual log-loq representation of FC3R data as per Paris
égnsention, a sgatter band of 2 is often obseryed and }saﬁig—
sidered customary. Such a large scattgr band 1is und651{_f
since it increases the uncertainities in the cgmponent i etr
predicted from such data. It is likely that size ang_geggit_y
has a systematic effect on FCGR due to closure and t lsdﬁta'
ributes to the observed scatter band. [Accordingly, theth“ cas
when reported in terms of equation (3) would dgcr?ase..te itu—
tter. However, some of the evidences reported in the liters
re is quite the contrary.

For example, there is evidence in the literature that Ko in

CCT is higher than that in a CT specimen (Tanaka, Maﬁsuo i&
Schimdt and Kuna, 1981). This is indirectly supported by ng
observations : (i) the plasticity induced closure can produce
entirely different patterns of residual stresso§ (Banergee;
1984a) and (ii) as discussed earlier, the plastic_zone };e;
CCT specimen is expected to be larger tban in a u? speQéT ;
On the other hand, da/di at a given aK is higher 1in a « a
compared to that observed in a CT specimen (Rhodes agd.Raig?%S
1982). Thus, if the FCGR data were to be represented in 4
of equation (3) instead of (2), the scatter would increases.

he basis of the above discussion, one can surmise that
gse: ihouqh Paris convention is an excellent means of.ipprgé:
imately representing FCGR data it may not satls{actorl yqi,A
resent the effects of secondary variables on FCGR, even ™ eno_
one takes into account crack closure. Severa} altp;natlve nz
cedures of representation of FCGR are being_lnveatnqatnd an
one of these is the plastic erergy dissipation.

Plastic bnerqy Uissipation

When a precracked body is loaded and thgn unloaded, tbo~i;35f_
ic energy is fully recovered. The plastic energy d;s§iﬁ“:icu_
(PED) durinc such loading is represented by up’ anc is calcu
lated in the following manner.

Uy = Ug = Uy s
where _ 1
Ut-—B J P.av

PV, KZuf(a/w)
u = = s,
8 28 2E[F(a/u)]?

f(a/w) = compliance function = E.VeB/P
F(a/w) = K caliberation factor = Ka/vi/P

i i i i f elastic
and V is the load line displacement and consists ©
displacement, Ve’ and the displacement nroduced by the growth
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of plastic zone, aV_. The procedure for calculation of V is
reported elsewhere ' (Banerjee, 1981). Apart from PED one can
also compute the parameter, plastic energy dissipation rate
(PECR) which is given by Up, where

o]
U = —p

p da

Fatigue crack growth rate should relate to PED and PEDR. How-
ever, calculations show that both PED and PEDR depend on the
size and geometry. Figure 15 reports the effect of W, and 'a',
in addition to the effects of K, Oy and E on PED in CT speci-
mens.

PED can be experimentally determined using a simple operational
amplifier circuit (Srikanth, 1983) or by processing numerically
the digitized load-displacement test record in a computer. A
typical P-V plot and the corresponding P-aV plot obtained thro-
ugh the amplifier circuit, is reported in Fig. 16 (Srikanth,
1983), where aV =V - Ve. PED can be conveniently determined
from the loop area of the experimental P - aV plot. The magn-
ification of aV is 6 times that of V. It should be noted that
the P - aV plot also yields Kop data. Eventhough,there are
inherent uncertainities in the determination of PED from the
loop area, these uncertainities decrease substantially at high

Knax / 0y and low R values.

Table 1 reports the experimental u_ values. Table 1 also repo-
rts the analytical u_ values calcuPated from the results Trepo-

rted in Fig. 15, where K is assumed to be equal to (Kmax‘Kop)'
This assumption is justified on the premise that plastic ener-
gy dissipates only when the crack is fully open. Also while
calculating u_ from Fig. 15, o, is assumed to be equal to twice
the tensile y?eld strength of Xhe material investigated, since
the material at the crack tip undergoes reversed yielding.

The agreement between the experimental and the analytical res-
ults are good to a first approximation and are encouraging.
However, if PED or PEDR were to control FCGR, then one would
expect da/dN to depend on W and a. Experimental investigation
of W and a on the FCGR does indicate some trends (Gupta, 1982)
but it is difficult to determine the operational relationship
between da/dN and u_ (or U_ ), due to the usual scatter in the

experimentally determined da/dN from one specimen to another.

It is unlikely that such scatter originates entirely from a
variation in the microstructure or material behaviour. It is
rather likely that the local conditions around the crack tip
change from one set of cycle to another due to the complex th-
ree—dimensional loading and nature of the fatigue crack front
(see Fig. 1l4c) and this may contribute significantly to the
scatter observed. The local conditions near the crack tip may
change due to misalignment and out of plane bending during loa-
ding and also due to friction at the clevis pins. Use of ball-
bearing in the clevis and special fixtures which prevent out

of plane bending near the crack tip, may mitigate the problem.
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Up=PLASTIC ENERGY DISSIPATED
ue =ELASTIC ENERGY DISSIPATED
I K =STRESS INTENSITY FACTOR

oy =YIELD STRENGTH 15CDV6 STEEL , oy = 1040 MPa
E = YOUNG'S MODULUS CT SPECIMEN a/W= 0.625
0-44 1= (W-a) =LIGAMENT Kmax=67.7MNm™¥2, R=01,f=0.2Hz
N=1 N=2 N=20
up 1 P-AV TEST
T 110 r RECORD
? FovN=ﬁ
0.22} P
0.006 < oy /E < 0.018
‘?OGPa<E<200GPa 0.5 KN
—_—
0.00 032 068 == cLosure__(/ V=44um
: > ,
—_— %10 —
g;ﬂwﬂ)
. -
Fin. 15 Dependence cof plas- Fiqg. 16 Load versus oi.s?;r
tic energy dissipation on Oy displacement (P-aV) plots
. ; f‘CT specimens. Cycles, N = 1,2 2n¢ 20 after
2; e KBRS . A Be precracking at K__ = 20 MPaA/m.

Further investigation should be undertaken to resolve the pol-
nts made above.

CONCLUDING REMARKS
ecracked body has significantheff—
ici i into account, e

t on plasticity. By taking these effects 1int _
ggse;veg anomalies in fracture toughness testing has ?eei'reso
lved and a new procedure of fracture togghness determina ;02_
has been developed. Plastic energy dissivated at.the crac t_lp
is size and geometry dependent; the effect of this observation
on FUGR needs further examination.

The size and geometry of a pr
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Table 1, Comnarison of analytical and experimental nlastic
energy dissiration, U, for i = 2 cycles after
precracking at K . = 2C.iFaVMmeLT svecimen,
= % mm, k¥ = 0.l and f = 2.1 - 0,2 Hz.
.aterial a/w Knax Kon Experimen- Analyti-
; tal u cal u
p p
paANm LpaNT J/m J/m
15C0LVG steel Je 6 4C.1 10.4 .38 Q32
Iy = 1040 .iPa J.625% 67,7 8.5 262 3 ls
dlaracing steel 0.4 40.5 5.6 C.41 .37
oy = 780 ..Pa 3.7 42.0 5.4 Ol Q.65
slaraaing steel 0.4 40,0 6.0 0,09 0«13
oy = 1720 1lFa 0.7 41.5 4,6 0.13 0.21
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