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ABSTRACT

The search for a criterion of ductile fracture initiation at a notch-root is quite complex. Notch-root
strains are often measured by means of indirect methods or on unloaded specimens. In addition, the
existence of large strain gradients calls for very localized measurements. Finally, the definitions of
initiation under these loading conditions are presently not fully satisfactory.

An original method developped by IRSID allowing the SEM observation of the notch-root defor-
mations in situ and under load makes it possible to define the notion of initiation and the direct
measurement of notcin-root strains. With this method, the size of the gauge length can be as small
as desired since it is not limited by anything but the heterogeneous nature of deformations at a
microscopic scale.

Our observaticns show that strains have to be measured under load as unloading yields a 40 %
reduction in longitudinal strain and a 30 % reduction in microcrack width.

Jl and the longitudinal notch-root strain €1 are functicns of both load deflection (d) and notch
depth (a). Nevertheless we have shiown that J| is directly related to €1 independently of the notch
depth (a) as established theoretically by Rice.

Jic decreases slowly with increasing values of the notch depth (a).

To measure the critical local value of €1 at initiatior: one has to rescrt to a very small gauge length
due to the deformation gradient. Deformations being heterogeneous at this microscopic scale,

experimental measurements of local critical values of £1 at initiation display a large scatter. There-
fore the use of such a local parameter appears to be hardly feasible.
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INTRODUCTION

The search for a criterion of crack initiation at the root of a blunt notch under ductile fracture
conditions is a delicate matter. Under these experimental conditions, initiation is difficult to define @
several authors in fact give different definifions. Once initiation is defined, the determination of
critical values (Kic, Jic, &, Oc, etc.) is possble but there are various methods for measuring these
values ; indirect methods exist, in particular for measuring notch-root strains but their validity is not
always assured (Lequear and Lubahn, 1954), We have investigated specimens with a notch-root
radius of 0.6 mm and different notch depths.

Notch-root deformation mechanisms are observed under load with the Scanning Electron
Microscope (SEM). These observations yield a definition of initiation. Values for JI and longitudinal
strain at the notch-root have been evaluated.

STRAIN MECHANISMS

Experimental Method

The steel composition is given in Table. I This steel was given a treatment at 850°C for 30 mn
followed by oil quenching, tempering at 550°C for 2 hours, and air cooling. Its mechanical proper-
ties are given in Table Il

TABLE |. Composition of Steel (% Weight).

c Mn | Si S P Ni Cr Mo| Cu| Al

0.295 | 0.54 | 0.31 |0.005| 0.019 | 2.02 | 1.86| 0.39| 0.04| 0.01

TABLE IIl. Mechanical Properties at Room Temperature.

—_—

Oys (N.mm~2)| 5yt (N.mm™2) | Elongation (%)| Reduction in area (%)

1076 1192 16 61

In order to avoid unloading of the specimen and
the strains associated to it, we have devised a
system allowing the bending of the specimen
and its observation under load with the SEM at
high magnification. The system must be suffi-
ciently small to enter the sample chamber of the
SEM. The microscope used is an ISI Super ll. The
dimensions of its chamber allow the introduction
of relatively volumirous objects. The bending
device is shown in Fig. 1.

Fig. 1. Experimental device with a specimen under
load.

2539

4
The span length is 55 mm. A screw rotation reading

N ‘
o % X ,,T device makes it possible to measure the load
’ @t i displacement with an accuracy better than 10um.
L=70 h " The specimens used are shown in Fig. 2. The ditfe-
- - R:08 R2_ rent values of a are 3, 4, 5and 6 mm.

Fig. 2. Geometry and dimensicns of the notch bend
specimen (all specimen dimensions in mm).

The surface condition of the notch root is of great importance with respect to the phenomena
accompanying initiation : a rough-machined or poorly polished surface exhibits irregular behaviour
(precocious cracking due to surface cold work). The notch surface is lapped and then polished to
diamond 5 um. The specimen is observed under the SEM before
deformation and then taken from under the microscope. A first ben-
ding is carried out. The entire device is placed under the microscope
and the notch root is again observed ; this operation is repeated for
X3 each strain level. A marking system makes it possible to follow the
X2 same areas during the different bending stages. Reference will be

made below to the x4, x,and x3 axis related to the specimen

X
' as indicated in Fig. 3.

Fig. 3. Definition of the
coordinate axis.

Description of Strain

At the beginning of bending, the strain appears to be uniform at the notch root but, under high
magpnification, it is very quickly noted that it is concentrated in narrow zones (a few um wide)
separating rigid blocks (from 10 to 30 um approximately). The deformed zones, although winding,
are mainly lined up along x5 (Fig. 4-a and b).

They are formed by the emergence of intense
shear planes, which we shall refer to as "primary
shear". The "steps" thus created give rise to
microcracks (a few um long - Fig. 4-c and d)
under a mode Il solicitation. At this stage, the
deformation and damaging of the metal are uni-
formly distributed over a zone which covers the
bottom of the notch on both sides of the center-
line over a width greater than 0.6 mm. These
microcracks are all widened and extended simul-
taneously. The cracking plane contains the x2
axis and forms an angle of 45° with the notch root
surface. It is thus possible to define two types of
primary shear planes P4 and P, (Fig. 5-a).

Fig. 5. Definition of the two types of primary shear
planes P1and P2.

For cracks located far from the notch root and situated on the same side, there is only one type of
plane. At the center, the two types P1and P2 can exist together (Fig. 5-b) ¢ in this central zone,
two cracks can be aligned along x2 and have shear planes of two different types.
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a - b : beginning of plastic deformation
¢ - d : "primary shear" (microcracks)
e - f : "secondary shear" (initiation of a nacrocrack)
— h : end of coalescence of surface microcracks )
d Nota : micrographs d and f are two defcrmaticn

Fig. 4. Mechanisms of notch-root deformation in bending.

stages of the same field.
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As the deformation progresses, certain microcracks are joined by an unique machanism :shearing in
aplane adjacent tc xq X3, which we shall call "secondary shear" forming cracks subjected to
mode Ill (Fig. 4-e and f). This shear allows the coalescence of non-colinear cracks (along x5) or
colinear cracks each having a different type of shear plane (P1 and P2). The macro-crack thus
formed is then the only one to progress, the adjacent microcracks closing even partially under the
effect of a relaxation of stresses. The advantage of observing bending strain mechanisms under
load is apparent here. In the unloaded condition, certain phenomena are no longer observable ; we
have shown cases of re-closing of crack edges by 30 % during unloading. This macrocrack
progresses laterally along xp by the same mechanism (secondary shear) to finally occupy the
entire specimen width (Fig. 4-g). The crack plane is then unique and parallel to x2 x3 (mode I). In
Fig. 4-h, the primary and secondary shear zones are clearly visible. At this stage of bending, the
observation of strains is no longer possible because they are concentrated at the bottom of the
deep crack and the surface of the notch is no longer deformed. Measures of €2 show that the
central third of the specimen is in condition of plane strain. The surface of fracture is entirely

ductile.

DEFINITION OF INITIATION

Initiation is difficult to define. The evoluticn of the deformation is often continuous. The definition
chosen is thus arbitrary (critical size of flaws, holes or cracks for example). Initiation must be cha-
racterized by the appearance of a distinct event, a discontinuity in the mechanisms. Hancock and
Mackenzie (1976), investigating the ductile fracture of notched tensile specimens, define initiation
as the beginning of the coalescence of cavities formed around inclusions. For certain materials in
which fracture is preceded very closely by instability, 7075 aluminium for example (Russo,
Chakrabarti and Spretnak, 1977), initiation is identified with fracture. Lemaitre and Chaboche
(1978) state the problem more generally. They distinguish between two successive stages in the
fracture of a metal : firstly, there is damage (creation of cavities around inclusions, microcracks)
which leads to the initiation of a macrocrack ; secondly, there is the propagation of this
macrocrack. The first stage is within the realm of damage, the second within that of fracture me-
chanics, the initiation being the border between the two. We have applied this concept to our
metallographic observations. To define initiation, we consider the following to be necessary
conditions :

- Appearance of a distinct event.

- Localization of straln leadirg rapidly to the creation of a single macrocrack.

If reference is made to the strain mechanisms described earlier, the first plastic stage (creation of
steps), the appearance of microcracks (primary shear in planes P yand P) and the growth of these
microcracks (independent of each other) are continuously evolving non-localized phenomena. They
thus fall within the realm of damage. On the other hand, the appearance of secondary shear
immediately leads to the creation of a macrocrack by rapid coalescence along x2 of the micro-
cracks and the localization of the strain by the propagation of the unique macrocrack in a plane
parallel to xp X3 We will thus define initiation as the appearance of secondary shear. We made an
optical micrograph in a plane X4 x 3 of a crack corresponding to this definition of initiation : owing
to elastic deformation during the unlcading phase (necessary for polishing), the two sides of the
crack are in contact. The depth of this crack is about 60 um (which is of the same order of
magnitude as the primary shear width visible in Fig. 4-g and h).

When the strains are observed along x, on each side of the macrocrack, elastic deformation during
unloading is noted with negative €, values. This shows that the strain is localized as soon as the
initiation thus defined occurs.

Although we have observed deformations in plane strain, we have tried to interpret our expe-
rimental observations with the help of the results of finite element method calculations in plane
stress presented by Russo, Chakrabarti and Spretnak (1977) :
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- The diffuse appearance of microcracks is a shear piiencmenom taking place in inode i (primary
shear). The controlling parameter must be the pure or maximum shear strain or the pure or
maximum shzar stress. The results of the calculations of Spretnak indicate that, in the central zone
of the notch root and on the surface, the purs sicar strain value is practically constant and then
drops abruptly at a certain distance from the center of the notch. We explain so that the
microcracks originate with equal probability over the entire notch root.

- The propagation of microcracks takes place along spiral lines forming an angle of 45° with the
notch root surface. This is also in agreement with a pure shear strain criterion since the
characteristic lines for the stresses are these logarithmic spirals (Hill, 1950).

i 2
' 1 bis - When these microcracks progress, the mecha-
N A nisms can be illustrated schematically by consi-
K B dering two particular cases (Fig. 6) :
C

Fig. 6. Differznt possible microcrack patis.

. A microcrack initiated at the notcli root develops as it draws away from the axis of symme-
try, i.e. from the most highly stressed zona. In fact, pure shear strain decreases on such a line
when it is followed from thz surface. The microcrack will thus stop (Case 1, Fig. 6) or will
follow another characteristic line of pure shear strain ; the direction of the crack then
changes by 90° (Case 1bis, Fig. 6).

A microcrack initiated a certain distance from the center develops as it draws near thz axis
of symmetry and thus arives within the most highly stressed zone. And precisely, pure
shear strain increases when such a line is described from the surface. The progression can
thus continue easily (Case 2, Fig. 6. In =ddition, while th2 microcrack progresses along
the path AB, its longth increases along xp as does that of the other microcracks. These
defects will thus move together and those which are both near each other and the tip which
is near the center line of the specimen (and hence highly stressed) will coalesce by secondary
shear and the propagation of the macrocrack formed will continue 2long the path BC.

We have observed experimentally that the macrocrack was formed from surface microcracks
located a certain distance from the notch center, but there is considerable scattering of values. The
causes of tha apparent localization of the initiation on the surface are perhaps not to be sought in
the behaviour of the extreme surface but in that of the microcracks after a certain stage of
davzalopment.

NOTCH ROOT STRAIN

The measurement of notch root strain is carried out under load using SEM micrographs. Notch
dimensions are such that it is not possible to deposit a grid. In addition, the tracing of engraved
markings disturbs the notch surface significantly (case of rough-machined or inadequately polished
notches). It is the polishing streaks (width smaller than 1 um) or inclusions which serve as markers.
The precision is + 1 %. The gauge length chosen must not be too large, because the strain gradients
can lead to an underestimation of strains. It must not be too small either bacause, in a small scale,
the strains are very heterogeneous (Fig. 4-2 and b). Expericnce shows that a gauge length
smaller than 150 11m is not realistic because it leads to very scattered results.

Our observations show, finally, that the use of large specimens and similitude laws to calculate
strains on small specimens is valid only for tha mechanics of continuous media and cannot be
appliad without precaution for the description of strain phenomena in the microscopic scale.

We have chosen an average measurement base between 200 and 300 um.
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RESULTS - DISCUSSION

The bending device for SEM observation makes it possible to :

_establish the €1 - load displacement curves ; we have often used the value of €1, at the notch
root, noted Erqax :

- determine the load displacement at initiation ;

- measure €q., strain €1 at initiation ovar the range in waich initiation takes plzce.€)c can be
itferent from E”’]“ﬂ-x.

On the other hand, this device does not give access to load measurements. Bending tests were
thus carried out in parallel on a tensilc machine in order to obtzin lcad-displacement curves.

Vzlues of Jj 2ng i

The values of J| were calculated by two methods :

2u 1 (3u
T R (Ba )d

whara U is the area under the load-displacemant curve, d is the load displacemant, tha other
values being defined in Fig. 2.

Thase two methods yiald very similar rasults ; we have taken the averagz value.

Figura 7 shows the Jj - d curves for caci1 notch depth. Knowing d at initiation, we calculate Jle -

Jic tends to decreasz slightly 1s notch depth increascs ig. 8. A linear regression leads to :

Jl = -27a+0.46 with ch in MP2.m and ain m (1)
c
1, (MPa.m) almm)=3; 47 5
J
Tk 5
I,.(MPa.m)
o 0Ll
1
02 03
1
1 i 1 >
02— L L L )
o a(mm)
Fig. 8. Jlc versus notch depth.
0 7 —)
0 05 1 15 2 d(mm)

Fig. 7. J versus load displacement for different
notci depths.
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Tolationship Jy - €74

S

03 We ploited in Fig. 2 ihe evolution of notch root

6 strain along x1 noted €7'#*as a function of
/ d for different notch depths. Each curve is the
average curve on several specimens, the scatte-
ring being small except in the very last stages.
To each notch depth there corresponds a speci-
fic curve.

Rice (1968) showed that if the notch root is
taken =s the integration contour :

L

1 i )
0 05 1 15 2 d(mm)

Fig. 9. Lengitudinal notch-root strain versusload
displacement for difterent notch deptis.

(N+1/ 2)(N+3/2). T(N+1/2) Jy
T(172).T (N+1) g1y etyrt |

|1/(1+N)

Eq’xax N gy [

I' = gamma function ; = notch root redius (constant)

o AN
O1y and €1y dcfined by 01 = €1y <—F-1—> , the notch root behaviour law in the plastic
domain. -1y

Knlgowing Jj = f(d) and Eanax = g(d), we deduce
I : €1 X _h(Jp. €1 and Jjare closely correlated

and in a unique manner independent of the
a0 notch depth (Fig. 10).

The Rice equation (2) is shown in the same
figure. To plot this curve, we used a spec-
men with a 3 mm notch depth. The notch root
after equatin(2) radius of curvature was determined under lead

(Rice) with a contour projector. I the equation (2),

the radius rt can vary with load displacement

o (f’_(’a"‘"’ but, for a given bending stage, it is considered
0k to bz constant. For rt, we have taken the

b maximum value of the notch root radius of

curvatura i.e. at the center of notch; this
zona provides the assentizl part of the Wdx1
contribution to the integral zllowing tha esta-

" TN
: 5 53 03 I[(MPG—M)’ blisent of equaticn (2).

Fig. 10. Relationsiip between lengitudinal notch-root strain
and J| for different load displacements and notch deptiis.

Agrcement between theory and experinent is particularly remarkable. The experimental points
naverthelass have a tendeincy to line up whercas the theoretical curve exhibits a concavity toward
the JI axis.

A lincar regression carricd out cn the experimentzl points leads to :

e’;‘ax = -3.21073 +0.7 J Jj in(MPz.m) 3

with a correlation coefficient of 0.99.
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We can consider that this linear regression goes thirough the origin of the axis.

Influence of notch depth on €1c

We conducted bending tests with the SEM following several fields per specimen. When initiation
occurs on observed fields, it is possible to determine the local €qc. Figure 11 shows the results
obtained for different notch depths. There is considerable experimental scattering of results. This

T is inherent in the method used : the crack often
Ere goes through the gauge length, and the crack
03 ] ) l width is not the same from one specimen to

| after eq. (4) another. In addition, €1¢ results from a local

measurement (gauge length of about 200 pm)
and initiation probably takes place where the
metal has an accentuated local weak point.
Such phenomena, in the scale in which we have
02 investigated them, have little chance of being
reproductible. We have plotted, for information
the law €1 = f(a) deduced from (1) and (3)'

considering that €4 = €r1nax at initiation.

3 4 i
a(mm)
Fig. 11. Values of critical local longitudinal notch

root strain at initiation for different notch depths.

€1c = 0.317-18.8a with ain m. (4)

CONCLUSION

The description of notch root strains under ductile fracture conditions has made it possible to distin-
guish two stages : gradual non-localized damage leading to the creation of @ macrocrack, followed
by the propagation of this macrocrack. Two types of shear are involved : primary (mode Il) and
secondary (mode Ill). The appearance of the latter shear characterizes initiation. With this definition
we have evaluated Jic, which decreases slightly with increasing notch depth. !

Variations of Jj and notch-root strain €1 with load displacement depend upon the notch d
J, and €4 are described by an unique relationship ind2pendant of notch depth. This relatioﬁgt:?pz |i:’suitn

agreement with the theoretical formula established by J.R. Rice.

The direct measurements of lecal elengation at iritiation yield scattered values. The experimental
verification of local criteria is found to be very difficult and loses considerable meaning because it
requires local observations on the microscopic level where deformation is heterogeneous.
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