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ABSTRACT

A method is proposed for measuring the Crack Tip Opening Displacement (CTOD) at physical crackin
initiation in ductile materials. The method requires a few precracked specimens to be loaded at differe
levels in order to involve various crack extensions. The total opening of the blunted prégrimkppening

of the tearing crackg,, and the ductile tearing extension are measured for each specimen. The unloade
CTOD at cracking initiation is equal to the differenie- o, extrapolated to zero crack extension. Simple
fracture mechanics arguments are used to model the reverse plasticity during unloading. The potential of 1
method is illustrated by a brief discussion of results obtained on cracked copper specimen. That study w
devoted to the analysis of the effect of the loading configuration on the cracking initiation toughness.

INTRODUCTION

The detection of cracking initiation is a remnant difficulty in fracture testing of ductile materials. Resistance
curve methods, like therJcurve method (ASTM [1], ESIS [2]), circumvent the problem by defining
engineering fracture toughness parameters. Although engineering fracture toughness measures someti
differs very much from the fracture toughness at physical cracking initiation, engineering values are adeque
in many instances of material properties characterization or structural integrity assessments. For instan
when the objective is only to compare the fracture toughness of similar materiajsctimeeJmethod is most
often adequate. Furthermore, in some very tough metals or in adhesive joints, the main issue is not crack
initiation but rather crack propagation, or sometimes solely the steady-state toughness. However, only t
fracture toughness at cracking initiatidfc(or K, G,c or G, Jic or J) is directly connected to the "intrinsic"
work per unit area spent in the fracture process zone. Indeed, during crack propagation, "extrinsic" effec
related to the plastic wake and non-proportional loading in the active plastic zone (and other possib
constraint effects) render very intricate the link with the micromechanisms of damage and cracking [3]. Alsc
in some applications, a more accurate estimate of the true fracture toughness is necessary because r
precision is required or because thecudrve technique is found too sensitive to the definition of the offset of
the blunting line (e.g. Li and Bakker [4]).

The analysis of the load-displacement curve does usually not allow detection of fracture initiation in ductil
materials. Several indirect methods can be used in order to detect cracking initiation (e.g. potential drc
technique, acoustic emissions, and resonance frequency), whose success varies from material to material
from geometry to geometry. Furthermore, all these methods rely on a preliminary assessment of the
sensibility by a comparison to an independent, accurate detection of cracking initiation. Theoretically,
stretch zone width measurement can be correlated to the value of the CTOD at cracking initiation. Stret
zone width measurement requires only one broken specimen and does not necessitate the detectior
cracking initiation. However, this method gives large experimental scatter, which depends on the way tf
measurement is performed (see Pluvinage and Lanvin [5]). When time is not a primary limitation, the mo:



pertinent way to evaluate fracture toughness at cracking initiation in ductile material remains the
metallographical observation of the crack tip in unloaded specimens (see also Ebrahimi and Seo [6]).
addition, this procedure gives insight into the micromechanisms of damage in front of the crack tip. Usually
one serious complication of such method is that the test must be precisely interrupted at cracking initiation
condition that can necessitate many experimental attempts. This difficulty is addressed in the first section
the paper by suggesting a new simple method which allows to determine the critical CTOD without requirin
to interrupt the test at cracking initiation (see also [7] for more details).

Unless the test is made in-situ in the microscope (giving then only a surface information), metallographic:
observation requires unloading of the specimen (allowing bulk analysis by grinding and polishing of the
specimens). During unloading, the crack partially closes as a result of reverse plastic yielding, a phenomen
which has been studied in much details in the "fatigue community” (Rice [8]) but which is generally not
addressed in works involving metallographical observation of monotonically loaded cracked specimer
When fracture testing of ductile materials are performed under large scale yielding (LSY) conditions, th
extension of reverse plasticity during unloading is small in comparison to the extension of plasticity durin
loading. Reverse plasticity then remains limited to the small-scale range and the plastic stretching of tl
crack face due to reverse plasticity remains a tiny fraction of the crack opening during loading. Howeve
when small-scale yielding (SSY) conditions dominate during loading, reverse plast|C|ty may, in low strain
hardening materials, cause a decrease of the CTOD by about half its value underio@Higgproblem of
reverse plasticity during unloading is addressed in the second section of this paper where a simple mot
based on fracture mechanics arguments is discussed.

This method has been used in an application in which precise values of fracture toughness at cracki
initiation were requested, namely an analysis of constraint effects at cracking initiation in copper specimer
through a comparison between Circumferentially Cracked Round Bars (CRB) and Single Edge Notche
Beam Specimens (SENB) (Pardaaral.[10]). The main results of that investigation are briefly described in
the third section for the sake of illustrating the method.

PRESENTATION OF THE METHOD

Fig. 1a shows a sketch of the evolution of the crack tip profile as a function of the loading, starting from th,
precracked, unloaded state to a situation with significant amount of ductile tearing. Cracking initiate:
between steps 3 and 4, which only differ by a slight increase of the remote loading. Crack extension is ma
of two parts: crack growth due to bluntimtgy,, and crack extension corresponding to the real ductile tearing,
Aayear (as depicted on Fig. 1a, step 6). The "unloaded CTOD at cracking initiadign€an be estimated

from the difference betweek andd,, whered, is the total opening of the blunted crack @nds the opening

of the tearing crack at the blunted crack tip (Fig. 1a, step 6). Fig. 1b show®iswbtained as the value of

O - & whenAa, tends toward 0. Several effects cause the differépeed,; to diverge fromd' when

Aaeqr INCreases: plastic rotation; large strain effects; variation of the unloading behavior as a function of th
amount of ductile tearing (especially, the extending crack tip may completely close before total unloading
which can prevent further closing of the crack mouths).

The method requires loading of a few precracked specimens in such a way as to obtain various crack leng
(as in the multiple-specimeng urve methodology). After unloading, the specimens are machined,
embedded in an edge-retention resin, ground and polished. Polished specimens are observed using an op
microscope and the parameté{sd andAair are measured on micrographs. Each specimen is ground and
polished several times in order to allow measuremedt o8, andAa,,r at various locations along the crack
front. In the CRB specimens, a elementary trigonometric correction was applied in order to calculate the re
crack advances from the projected values. Each specimen can thus be characterized by averagé, values of
O andAae,. A too large crack extension, typically larger than 2 mm, must be avoided because of the
increasing error 0B, - &, (difference of two large values). Too small crack extensions, typically smaller than
25 um, bring about large uncertainties in the measurememagf,. For specimens presenting crack
tunneling (i.e. larger crack extensions in the some regions of the specimen due to a higher constraint), it
important to perform measurements at the surface and at the center of the specimen in order to get a g
estimate of the average crack growth. A major advantage of this method is that it does not imply that tt

' During crack propagation, the CTOD at the advancing crack tip can decrease by more than 50% due to residu
strains in the crack wake and to non-proportional loading in the active plastic zone (Budiansky and Hutchinson [9])
These effects can involve contact of the crack faces.



specimens be unloaded exactly at cracking initiation, which may require many trials and errors. This methc
also avoids the problem of deciding whether or not the occurrence of small shear microcracks at the crack
(like those observed in Ref. [6]) should be considered as the initiation of cracking.
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Figure 1. (a) Sketch of the evolution of the crack tip profile and definition of the
crack opening®, - & and crack extensiom&ae,r andAay;
(b) presentation of the method for determining the unloaded CF©OD

CORRECTION FOR UNLOADING

The method described in the last section allows measurement of the unloaded value of the CTOD at crack
initiation, i.e. the opening of a blunted crack tip precisely before the first increment of ductile tearing. The
parameter characterizing the resistance of the material to cracking initiation is the CTOD when the specim
is under loading. It is thus important to have a means for evaluating the CTOD before unloading, or, at lea:
a means for guaranteeing that the correction to be made to the unloaded CTOD is negligible. We insist
that, the focus here is only on the unloading of a static, blunted crack tip before any ductile tearing, i.e. t
value of the CTOD obtained by the extrapolatiordpn &y, and not on the effect of the unloading on a crack

tip existing during crack propagation (as in Ref. [9]). Unloading can be analyzed in the following way [8].
The unloaded state is equivalent to the superposition of the two situations depicted in Fig. 2(a) and 2(b):

* the first situation is the specimen subjected to a tensileH¢&dy. 2a);

» the second situation is a specimen with an initially blunted crack tip subjected to a compressitke load -
(Fig. 2b);

» the unloaded state corresponds to the superposition of (a) and (b). Fig. 2c shows the resulting stress fie
A reverse plastic zone surrounded by the plastic zone due to the original loading thus develops, even {
incomplete unloading of the specimen.

Based on the assumptions (i) of a perfectly-plastic behavior with similar yield stress in tension an
compression (no Bauschinger effects, i.e. no difference between the behavior in tension and compressior
assumed), but with a flow stregs= (g, + 0y)/2 in order to approximately account for some degree of strain
hardening; (ii) of proportional plastic flow (which was already required for invoking the superposition of
situations (a) and (b)); (ii)) that the initial crack rounding of Fig. 2b is neglected; it will be shown that an
estimate of the correctiade, to be applied t& . can be obtained, such th@tis given by

O = ¢ +0rev 1)
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Figure 2. The superposition of (a) the stresses generated by & loa@ cracked specimen
with a yield stres®i, and (b) the stresses generated by a IPath-a cracked specimen
with a yield stress in compressiongy2gives (c) the unloaded solution.

Because of the assumed proportional loading and because no account is taken of the initial rounding of t
crack, the effect of unloading is to reverse the direction of stresses in the reversed flow region. The chanc
in stresses, strains, and displacements due to load reduction are thus given by a solution identical to that
the original loading, but with the loading parameter replaced by the load reduction and the yield strain ar
stress replaced by twice their values for original loading [8]. In other words, any point which undergoe:
reversed yield will have experienced a change in stress fogno+0, and the superposition of the changes
calculated with a yield streser2(or 207 to account for some degree of strain hardening) exactly represents
the behavior. Unloading is equivalent to imposing, in compression, a stress intensity factor équal to
whereK; is the stress intensity factor at cracking initiation during the original loading. The relationship
between the energy release r&eandK, is

K2 - v?
G= J—) (plane strain) (2)

E

The CTOD is related to J by the well-known relationship

5:dni , 3)

g,

whered, has been tabulated by Shih [11]. Assuming small-scale reverse plasticity during unlbéatitige
unloading is thus equal t&;, resulting in

(4)

KZ(L-v?
6. = =g G g KV
20 20 E20,



where, accordingly, the yield stress has been replaced by twice the approximate current yield stress in |
plastic zone at the end of the original loading;, 2

If cracking initiates under SSY conditions during the original loading (and thusl{H4fe = junoading
comparison of Eqg. (3) and (4) shows that the unloaded CTOD will be half the loaded CTOD in perfectly
plastic materials (i.e. witlwr = gy). In other words, if the method presented in the last section is used on
specimens presenting SSY at cracking initiation and low strain-hardening exponents, the correction given |
Eqg. (4) will be segnlflcant Conversely, in fully yielded specimens, the correctlon may be tiny because th
elastic part of], ¥ (= G) may be sometimes far smaller than the plastic JartConsequently, the relative
importance of the correction of. depends on the extension of yielding when cracking initiates.
Comparison of Eg. (3) and (4) also shows that hardening decreases the relative importance of the correct
to be applied ta¥.. It is worth noting that significant Bauschinger effect combined to SSY during loading
and low strain hardening could bring about a correction for the unloading of the blunted crack tip larger tha
half the loaded CTOD.

The use of Eq. (4) as such relies on SSY conditions during reverse y|eld|ng If the extension of revers
plasticity during unloading does not satisfies SSY, the use, in equation @5 6f Go) will lead to an
underestimation of the correction. Actually, the total J for unloading is required. The possibility for large-
scale reverse yielding in small specimens of very ductile materials is real as it will be shown in the
application of the next section. Many approaches have been proposed in the literature to evaluate t
departure from SSY conditions (see for instance Hutchinson [12] Anderson [13]). One very simple, bu
limited, way to extend SSY concepts is Irwin's method [14] which requires the use of an effective cracl
length located in the center of the reverse plastic zone. The reverse plastic zopg sizgven by

g__H 5
Mores =3 o, O (5)

where, again, the yield stress has been replaced by twice the approximate current yield stress in the pla
zone at the end of the original loading;.2 Using the effective crack length an adjustedan be computed
(requiring a few iterations) and which can be used in (4).

In order to apply relation (4) for the correction of the experimental valudg, &t at cracking initiationKc,

must be known. As the method presented in the last section is devoted to determine cracking Kitiation,
thus not known. However, it is possible to approximately estimate the load at cracking initiation (afd thus
after having applied the method for determindg- d,. Indeed, the loa#® at which each specimen was
unloaded can be plotted as a function of the crack advmggeand an approximate value Bfat cracking
initiation can be extrapolated to estimite This extrapolation brings about an error on the correction factor
to be applied o, Usually, for moderately to very LSY conditions, the load does not vary much after the
onset of cracking, meaning that the error on the extrapolated vatgenvilf be small.

The accuracy of Eg. (4) (accounting or not for possible non small-scale reverse yielding) can only be asses:
by comparison with more accurate numerical calculations. Large strain finite element simulations wer
performed in Ref. [7] and proved that (4) is accurate for low to moderate strain hardening.

APPLICATION TO THE CHARACTERIZATION OF THE CRACKING INITIATION
TOUGHNESS OF COPPER

The method described in the previous section has been adopted to evaluate the CTOD at cracking initiation
precracked Single Edge Notched Bend (SENB) specimens and Circumferentially Cracked Round Bars (CR
made of cold-drawn copper [10]. Precracking of the SENB specimens was made using a resonance mact
and the specimen were side-grooved (20% of the thickness). A rotative fatigue bending method w:e
employed for precracking of the CRB specimens [10,15]. alWeratio of each specimens was always close

to 0.5 (wherea is the crack length an@/ the specimen width). Table 1 presents the main mechanical
characteristics of copper. The Hollomon representation has been used:

o=K¢" (6)



wheren is the strain hardening exponent dfds a constant. Due to the succession of different hardening
stages in coppen varies with strain [16]. The value ofin Table I is thus an average value.

Fig. 3 shows a typical crack tip profile obtained on copper (for a small crack extension). Fig. 4 compares tl
variations ofd; - & as a function ofla,e, for the two types of specimens, SENB and CRB. Each specimen
was polished 6 times. Table 2 presents the extrapolated valdg®bfained using a linear regression.

TABLE 1

MAIN MECHANICAL CHARACTERISTICS OF COPPERYOUNG'S MODULUS E;
THE POISSON RATIQ V; YIELD STRESS Oy, STRAIN AT NECKING, &;; STRESS AT NECKING Oy
STRAIN-HARDENING EXPONENT IN AHOLLOMON POWER LAW REPRESENTATIONN; SHIH FACTOR, dp.

Material E v Oy &y Oy n an
(GPa) (MPa) (MPa)
Copper 121 0.35 312 0.008 325 =0.1 0.7 (pl. strain)

il gt S = [
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Figure 3. Micrograph of a typical crack tip zone corresponding
to a small crack advance in a SENB copper specimen.
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Figure 4. Variation ofd; - &, as a function of the crack advant@ea,



for the SENB and CRB copper specimens.

TABLE 2

CRACK TIP OPENING PARAMETERSUNLOADED CTOD AT CRACKING INITIATION, &¢; CRACK CLOSING DUE
TO REVERSE PLASTICITY &ey; CTOD AT CRACKING INITIATION, &; ENGINEERING CRITICALCTOD, &y 5.

Specimen  J¢ dev  OGevimproved using & %.2
type (um) (um)  Irwin's method im)  (um) (um)
SENB 106 6.8 7.8 114 185
CRB 160 8.4 10.1 170

The closing of the crack caused by reverse plasticity during unloagipdias been calculated using (4) and
the best estimate of the load at initiation. The valuedQfgiven in Table 2, are small with respectdtg
Indeed, cracking initiates while LSY conditions prevail in both specimerihe reverse plastic zone sizes
have been evaluated from (8)iev = 200pum and 275um in the SENB and CRB specimens, respectively.
The initial ligament lengths are equal to 3.5 mm and 2.5 mm in the SENB and CRB specimens, respective
Both specimens thus involve large-scale reverse yielding during unloading. Use has been made of Irwir
model to infer a more precise value d&f,. Table Il also presents the improvéd,. In [7], it has been
shown that, with this final improvement, the analytidal agrees closely with the more exagt, predicted

by finite element simulation. However, Table 2 also proves that this correction is of little importance with
respect to the total CTOD and could thus be omitted. Thediraak given in Table 2.

The fracture toughness at cracking initiation givendpyor by theJ which can be inferred from (3)) is
significantly lower with the SENB specimens. Geometry effects on cracking initiation toughness are rarel
mentioned in the literature. Typically, geometry effects are mainly observed during crack propagation (e.(
Joyce and Link [17]), caused by a loss of constraint (in [17] short crack or short ligament length effects
Here, the geometry effect is explained as resulting from a finite strain effect: the CRB specimen exhibits,
the same applied a finite strain zone 50% smaller than in the SENB specimen (see Ref. [10] for details). In
the CRB geometry, a 50% larger appliet thus required in order for a small representative element in the
fracture process zone to reach the critical strain for void coalescence. In othedwatdshysical cracking
initiation is not a truly "intrinsic" material parameter in this case. The connection belweern the work

spent per unit area in the fracture process zone depends on the loading configuration for the material of t
study.

Finally, engineering value of the fracture toughndgs,(which consists in the intersection of theclirve

with the 0.2 mm offset line parallel to the blunting line) have been measured for the SENB specimen in Re
[10]. The engineering CTO, 2 has been derived using (3). The valuedgsis given in Table Il. The
significant difference betweel andd, » demonstrates the interest of a robust method for predicting cracking
initiation when accurate values of the physical fracture toughness are demanded.

CONCLUSIONS

The method proposed in this paper for the measurement of the CTOD at cracking initiation can b
summarized as follows:

» A few precracked specimens are loaded in order to get crack extensions varying within the 0.05 mmto 1
mm range. The method requires a range of stable tearing in order to generate such crack advances.

« After unloading, the crack tip is observed at different locations along the crack front, by repetitive grinding
and polishing. Three lengths are measudgdd,, andAa4 (See Fig. 1). For specimens presenting crack
tunneling, it is important to perform measurements at the surface and at the center in order to get a go
estimation of the average crack advance.

? The elastic and plastic partsdbéan be compared in order to estimate the departure from SSY during the initial
loading:J%is roughly ten times smaller thafl in both CRB and SENB specimens.



* The value o, - & extrapolated foda,esr — O is the unloaded CTOD at cracking initiatidh, A linear
regression was found adequate in the various cases addressed until now (see Ref. [7,10]).

Equation (4) can be used in order to evaluate the partial crack closing during unloading and determine t
true CTOD at cracking initiation under load. The applied correction is significant when SSY or close to SSY
situations prevail during original loading until cracking initiation. LSY during loading and large strain-
hardening exponents decrease the importance of the correction. Bauschinger effects, low strain hardening
LSY during unloading increase the relative importance of the correction.
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