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1 Abstract
Precracking round notched bars is the first step before fracture mechanics tests. This report gives
an overview of the different techniques described in the literature. Difficulties generally
encountered are linked to the crack length determination and the creation of eccentric cracks. As
the compliance technique is often used, a detailed study of the stress intensity factor and the
compliance of the precracked bar under bending and tension is presented. Comparison with finite
element calculations is made to validate the proposed analytical formulation. Finally a practical
way for precracking is described.

2 Introduction
Mechanical properties of reactor pressure vessel steels are subject to degradation caused by
neutron irradiation and thermal ageing. Safety and reliability of nuclear power plants depend
largely on the monitoring of material properties through the evaluation of tests on surveillance
specimens. The transition temperature shift obtained by the Charpy impact test is used to evaluate
the fracture behaviour through semi-empirical correlations, that are mainly based on a large
experimental database. Sometimes, this results in large conservatism penalizing the operation of
some reactors. Therefore, direct fracture toughness measurements are desirable. As a
consequence, the three-point bending technique applied to Charpy-size samples has been
thoroughly investigated. However, this technique suffers from the complexity of the method
together with a large scatter due to specimen size and loss of constraint. Another important
aspect, is the use of miniaturized samples to investigate the radiation damage of materials, because
the amount of irradiated material available is very limited. Therefore, the precracked tensile bar
seems very promising to address both aspects, i. e. fracture toughness measurements to monitor
the transition temperature shift as well as the implications of fracture toughness parameters
derived from miniaturised samples on the assessment of radiation damage.

However, before developing the testing of the precracked tensile bar into a standard testing
procedure, it is required to determine the fracture toughness function for this geometry and to get
a good precracking procedure.



3 Overview of precracking techniques

3.1 Introduction

From a machined notched round bar, a circumferentially crack of a specified length needs to be
generated by fatigue. The main specifications of a good precracking method are:

- generation of a circular crack without eccentricity,
- a good accuracy in the crack depth determination.
- a simple method with few manipulations,
- application to a wide range of bar diameters,
- a short time to precrack the bar,
- not too expensive.

There are different techniques to precrack cylindrical bars. But the most popular method to
generate a circular crack with minor eccentricity is rotating bending fatigue. A bending moment
can be applied with two different techniques; namely, cantilever beam and four-points bending
(see Figure 1). In either technique, the displacement or the bending moment can be chosen to
remain constant. v^a

A

a) b)

Figure 1 : a) Cantilever beam and fixation b) Four points bending configuration

It is interesting to notice that cantilever beams are more sensitive to vibrations due to their higher
flexibility. To reduce these vibrations some systems are equipped with a damper.

3.2 Equipment

A commercially available rotating bending fatigue system, the design of a new machine or a
modified drilling tour are different possibilities that allow to generate precracked tensile bars.
Generally, a drilling tour is chosen because it can be easily instrumented, has a good rigidity and
stability, allows easy centring of the bar and last but not least the cost is generally the lowest.



3.3 Eccentricity

The first way to deal with possible eccentricity of the crack is to try to reduce it to a negligible
value. The main parameters inducing eccentricity are in the order of importance:

- the accuracy and concentricity in mounting the specimen on the fatigue machine [LUC"90>SHE-8^
- the material intrinsic variability [LUC-90';
- the crack depth ISTA-86' (see also paragraph 5.4),
- a high rotation speed P-uc-9°].

The second way to take eccentricity into account is in the analysis of the results. For example, a
thorough 3D study on eccentricity using elastic FEM has been performed by Ibraham and al
[IBR-90] H o w e v e r j simpier models could also be used I010'93'.

3.4 Time required to precrack

The time to precrack a bar is strongly dependent on three parameters:
- the rotation speed of the system,
- the notch radius,
- the applied stress intensity factor.

A high rotation speed increases the number of fatigue cycles and thus determines the crack
propagation time. However, according to Lucon tLuc"9°l a too high rotation speed generates
eccentric cracks and vibrations. Nevertheless rotation speeds used [EIS"85' GIO'93> LUC'93'STA"861 are in
the range of 200 to 10000 rpm.

At the beginning of the process, the bar has no crack. Then the time to initiate a crack is linked
to the sharpness of the notch. Notches with a radius lower than 0.01 mm cannot be manufactured.
Radii generally used ^Els-si] are in the range of 0.2 to 0.03 mm. Initiating the crack using a sharp
knife is common tGUp-84'SHE-82) The time to initiate the crack can take one third of the whole
precracking process.

The crack growth rate is strongly dependent on the stress intensity factor. This relation is given
by the Paris law [AND"95). However, in order to avoid creation of a large plastic zone at the crack
tip, the stress intensity factor should not be too high. Generally |GI°"83' LUC'90'SHE"821 the ratio
between the stress intensity factor during fatigue and the fracture toughness of the material at the
tested temperature should be in the range of 0.2 to 0.6.

The total time to precrack is generally in the range of 10 minutes to 4 hours.

3.5 Crack depth determination

The crack depth must be evaluated to stop the precracking process at the right moment. The main
techniques for crack depth evaluation are:

- the compliance method,



- optical methods,
- the AC or DC potential drop method,
- the measurement of the resonant frequency.

The main advantages of a specific method are generally linked to the accuracy, the number of
manipulations and the complexity.

3.5.1 The compliance method

The compliance of a bar under bending is defined as the ratio between the displacement and the
applied force. So the compliance of a bar increases as the crack grows. The relation between the
compliance and the crack length can be established by an experimental calibration, an analytical
method or a numerical method.

To measure the compliance, four possibilities exist:
- by measuring the force,
- by measuring the displacement,
- by measuring the angle,
- by measuring the force and the displacement.

The compliance method is very popular as it is a simple method with usual instrumentation.

3.5.1.1 Measuring force

This is the most popular method that imposes a constant displacement during the rotary bending
process. The force under the load decreases as the crack grows. To evaluate the crack length, the
force is measured using a load cell IQI°-931 or strain gauges [BOL-85'HAW"85'HOU-79-SHE"821.

3.5.1.2 Measuring displacement

The bending moment load is imposed to be constant during the rotary bending process. The
displacement increases as the crack grows and is generally measured using a LVDT ^LUC-93' STA-86i

3.5.1.3 Measuring an angle with a laser

This technique has been used in addition to one of the two former techniques, namely, constant
displacement f801-'851 or constant bending moment[EIS-851. The technique allows to get a better
accuracy in the crack depth determination. It is based on the compliance defined as the ratio
between the angle variation and the bending moment near the circumferentially crack. To get an
accurate measure of angles, two mirrors are sticked to the bar (see Figure 2). A laser beam is
projected on the two mirrors and reflected on a screen. The variation of the distance between the
two reflected spots is related to the crack length through calibration.



Laser / / Screen

Figure 2 : Angle deflection

3.5.1.4 Measuring force and displacement

The force and the displacement are measured during an unloading. The slope of this ratio gives
the actual compliance. This technique is more complicated but has the advantage that the load
or displacement can be changed during the rotating process.

3.5.2 Optical methods

Optical methods are based on direct observation of the crack length. These methods are more
easy to set-up if the specimen is large and if the crack can be seen at the free surface. It is
commonly applied for compact tension and three points bending specimens.

3.5.3 The potential drop method

An AC or DC constant current passes through the specimen. The potential difference across the
crack mouth, the so-called potential drop, is measured. This potential drop increases as the crack
grows. Calibration relates the potential drop to the crack length. The technique can be used
continuously for precracking compact tension and three points bending, but for the axisymmetric
specimen the rotation must be interrupted to allow the measurement[GAG-96'AMA"86' HOU-79> DEV"851.

In order to measure a significant potential drop a high DC current must pass through the specimen
(5 to 10 Ampere). The current is less for the AC potential drop method due to the skin effect (1
to 2 Ampere).

For the AC potential drop method, the optimum frequency is in the range of 1 to 10 kHz and is
limited due to induced electromotive forces. Another important feature is the ability to get a linear
response depth versus volts due to the skin effect.

The DC potential drop method is more simple to install, but thermally induced DC electromotive
forces can appear due to thermocouple effects at junctions of dissimilar metals. This problem can
be overcome by repeatedly reversing the current flow. High current can lead to specimen heating
and requires heavy equipment.



The resolution of both techniques is in the range of 0.05 to 0.2 mm. But the AC potential drop
seems to be more accurate. Some details and comparisons can be found in (GIB-87>HWA-92. NAK-«9,
WOJ-95]

3.5.4 The resonance frequency method

The resonance frequency of a specimen varies with crack growth. As the crack grows, the
resonance frequency decreases because the compliance increases. The resonance frequency can
be measured by analysing the signal of a hammer impact with the Fast Fourier Transform
algorithm.

The technique requires to fix an accelerometer on the specimen and to stop the rotation. So it
seems to require many manipulations.

The resonance frequency is linked to the square root of the compliance. Consequently, a variation
of crack length has a smaller effect (factor 2) on the resonance frequency than on the compliance
[GOL-95] Y ^ m e t h o d c a n b e successful if the fixations induce no perturbations and no damping.
These conditions are fulfilled if the specimen is simply supported. Up to now, to the author
knowledge, this technique has not been used in any precracking technique.

3.6 Summary

The crack length determination and the generation of crack without eccentricity are the most
important requirements of a good precracking technique.

The compliance and the potential drop methods are generally used to monitor the crack growth.
According to literature, each technique gives good results. However the potential drop technique
and the measure of the angle with a laser use a more complicated instrumentation increasing the
accuracy of the crack length determination. Up to now, the resonance frequency method has not
been used but could also give interesting results.



4 Stress intensity factor and compliance of
a bar under bending

To have a good understanding of the rotating bending process, it is important to get good idea
of stress intensity factors and compliance functions. Because the stress intensity factor will
determine the crack growth rate and the compliance will determine the force drop.

4.1 Analytical expression

The maximal stress intensity factor of a bar under a uniform bending moment has been established
using an approximate analytical and numerical method. The formulation of Benthem and Koiter
has the following expression PEN'73l using notation of Figure 3:
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(
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where K is the stress intensity factor, 2a is the ligament diameter, 2b is the bar diameter, M is the
bending moment, I is the moment of inertia of the smallest section and a is the maximal stress for
a bar of diameter 2a under bending.

Figure 3 : Geometry of the specimen

To simplify the expression, a function F, is defined as:

£ (3)

The functions F, and G are tabulated in annex 1.

Harris [HAR"67i proposed the relation:

K • a
na(b - a) (4)

0.8a +7.12(6-o)



The two functions (Equation 1 and 4) are compared in Figure 4. The maximum difference is
11.7% for a/b = 0.82.

1

0.8

o °-6 -
0.4 -I

0.2

0 -

[BEN-73]

• 1 1 1 1

0 0.2 0.80.4 0.6

a/b

Figure 4 : Stress intensity factor comparison

Finite element calculations [KIEG"90i have shown very good agreement between these two
formulations for a/b < 0.6. Moreover finite element studies (MEG'90) have shown that the notch-tip
radius r and the angle of the notch (J> have a very small influence on the stress intensity factor.

4.2 Stress intensity factor along the crack front

The crack front is not uniformly loaded when loaded in bending. This study proposes an
expression for the stress intensity factor along the crack front. The stress intensity factor is zero
on the neutral axis and maximum at the two opposites of the neutral axis. The relation between
the stress and the angular position (see Figure 5) for a uniform bending bar is supposed to be the
same for the stress intensity factor.

max

( T = CT
max

sin®

neutral axis

Figure 5 : Stress along the circumference

Therefore the proposed relation is:

K(0) = Kmaxsin(e)

This formula is verified using finite element calculations (see paragraph 5.1).

(5)
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4.3 Contact

During the rotary bending fatigue process, the crack lips are in contact at the compressive side
of the bar. The contact increases the rigidity of the structure and decreases the stress intensity
factor. The notch depth is therefore an important parameter to consider as it changes the contact
area, the position of the neutral axis and the moment of inertia.

Figure 6 . New location of the neutral axis

A model proposed by Sawaki ISAW"82) based on the beam theory, is described below. This model
has also been compared using the FEM by Meguid 0

The position of the neutral axis is found by solving the equation:

1 - ».

l- Ov yf <fy • | y {a]- [nc- yf dy
o

where ac = a /c , nc = n / c and n is the shift of the neutral axis.

The modified moment of inertia is:

(6)

/ „ - 4 c4 J y2 Jl- {nc,yfdy

The modified maximal stress for the bar with this moment of inertia is:

o_ - M

(7)

(8)

The dimensionless function S is defined as the ratio between the maximal stress with contact and
the maximal stress without contact:

In
a (9)

16 f y2 ^1- Ov yf dy

The functions S and nc are tabulated in Annex 2 as a function of ac. Contact effect tends to
decrease the stress intensity factor. Consequently the S function is always less or equal to 1.

The modified maximal stress intensity factor is found using the modified stress om in the
formulation without contact.

11
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The stress intensity factor along the crack tip is null under the neutral axis. For the same reasons
as in paragraph 4.2 (Equation 5), the stress intensity factor for points above the neutral axis is
given by:

n * a sin (9) (11)
n * a

When contact effect are taken into account, Equation 1 and 5 have to be corrected using
Equation 9 and 11. This correction is large if the ligament diameter is small compared to the notch
diameter (a/c < 0.8).

4.4 Combined effect of contact and eccentricity

As the crack grows, an instability can occur that leads to an eccentric crack (STA-86i This
observation can be explained by considering contact effects. An eccentric crack is submitted to
a positive and a negative bending moment (see Figure 7). The moment of inertia of the section a
(Ia see hatched part of Figure 7a) is smaller than the moment of inertia Ib, so the stress intensity
factor Ka is larger than Kb. This difference tends to increase the eccentricity because the crack
growth rate is larger in the configuration a.

section b

Action a

b)

Figure 7 : a) Eccentric crack with a positive bending moment
b) with a negative bending moment

4.5 Effect of mode II

Mode II is induced by shear loading. This mode induces an angle deflection. Therefore, the crack
lips are not in one plane. This effect can be observed with the cantilever configuration because
then the bending moment is non-uniform and a shear loading exists.

12



Figure 8 : Effect ofKu on the fracture surface

This effect can be observed in all broken specimens, but is generally negligible.

4.6 Compliance

An analytical expression for the compliance in the cantilever beam configuration is established.
This expression is verified using the finite element method in paragraph 5.2. Here contact effects
are not taken into account.

2a {

L P

Figure 9 : Geometry of cantilever beam configuration

The relation between the energy release rate and the variation of compliance due to crack growth
is given by:

G - L
2 d(b)(b-a) 2 da J E

(12)

where G is the energy release rate, C is the compliance and K is the stress intensity factor along
the crack front.

The substitution of Equation 5 gives:

2 da E

Then its integration gives:

n/2

-n/2

(13)
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C(a) . Ca* f 2^-—n a'da' (14)
J E p2

a

The compliance of a non-cracked bar Co is the sum of the system attachment compliance and the
bar compliance under bending and shear loading:

L r 4 L* L 1 1 7 5

0 * 3EI EA> "*• lEnb* Enb2

where A' is called the reduced section and Catt is the system attachment compliance.

The contribution of the crack is:

}
E P* J E

The function H, tabulated in annex 1, is defined as:

^' da'. 3 2 ^ //2

"(?)•/?•*'
b

The exact integration of Equation 17, based on Benthem's equation using polynomial manipulation
gives:

H^) . 0 0 4 6 g 7 5 - 0.06303639 - 0.04006494 i\2 • 0.034S0366 i)J * 0.009301849 t/ /jgx

* 0.004570464 i\s * 0.002724667 x\6 * 0.0001693451 t^7 * 0.004956346 x\*

The compliance of the total system is:

C(.) . r . - ^ - [ 1 . 3 S 2 S f e 2 • 24 , i ^ ! ft /2 iyj (19)
3£fr 4 4L2 L3

This compliance function can be used to determine the crack length, an example of application
is done in Paragraph 6.6.
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5 Stress intensity factor and compliance of
a bar under bending using the finite
element method (FEM)

Three dimensional finite element analyses are performed with the SYSTUS code to derive the
stress intensity factor and the compliance. Finite element results are compared to the analytical
formulation developed in the former paragraph. In the present analysis, contact is not taken into
account.

The geometry used is described by the following parameters (see Figure 3 and Figure 9):
L = 40 mm, 1 = 30 mm, r = 0,<|) = 60, b = 6 mm, c = 4.2 mm.

The material has the properties:
Young's modulus: E = 205000 MPa
Poisson's ratio: v = 0.3

The applied load P correspond to a punctual force of 1 kN.

Due to symmetric conditions only half the structure needs to be modelled using quadratic finite
elements.

Figure 10 . Deformed mesh

5.1 Stress intensity factors

Several analyses (see Table 1) for different a/b ratios are performed and the derived maximal
stress intensity factors (for mode I) are compared using Benthem and Harris equations (Equations
1 and 4). For this configuration, the shear loading induces a mode II stress intensity factor. This
mode is limited to about 5% of mode I.

15



a/b

0.4

0.5

0.6

K FEM (MPa mm)

84.90

48.22

29.88

T£ [HAR-67]

86.73

48.80

30.19

j £ [BEN-73]

90.08

51.59

32.62

Max. percent diff. (%)

5.9

6.7

8.7

Table 1 : Stress intensity factors

The small difference between the results can be explained by the following reasons:
- The finite element method gives an approximate solution,
- The theoretical solution was found using some approximations. Moreover, it was derived for
an infinite bar under a pure bending moment neglecting shear loading.

For a/b = 0.5, the stress intensity factor along the crack front is compared (see Table 2) to the
proposed formulation of paragraph 4.2.

e
90

54

18

-18

-54

-90

K(9) / K ^ FEM

1

0.8090

0.3090

-0.3090

-0.8090

-1

sin(9) (Equation 5)

1

0.809

0.309

-0.309

-0.809

-1

Percent difference (%)

0

0.02

0.02

0.02

0.02

0

Table 2 : Stress intensity factors along the crack front

The proposed formula is verified quasi exactly using finite element calculations.
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5.2 Compliance

The former finite element analysis allows to calculate the compliance of the specimen. This
compliance is compared in Table 3 using Equation 19. The accuracy of analytical formulations
is very good.

a/b

0.4

0.5

0.6

0.7

C FEM mm kN'1

0.4905

0.2815

0.190

0.1405

C theoretical mm kN"1

0.4983

0.2861

0.1924

0.1454

Percent difference %

1.5

1.6

1.3

3.4

Table 3 : Compliance under bending
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6 Precracking system

A first experimental system based on the cantilever beam and on the compliance method is
described. The main components needed to set up the test bench are a drilling tour, a load cell and
a LVDT to control displacements. The goal is to precrack 18MND5 steel of a given geometry
within an hour.

To design the system, calculations are made for the configuration described below.

6.1 Material

The material used to implement the experiment is a French forged steel used in stream generator
fabrication (18MND5).

The chemical composition is :
0.18 C, 0.26 Si, 1.55 Mn, 0.007 P, 0.002 S, 0.14 Cu, 0.18 Cr, 0.50 Mo, 0.65 Ni.

The mechanical properties are given (Table 4) at room temperature in the orientation S, T and L
[CHA-96] w n e r e O Y is ^g yieid stress, ou the ultimate strength, 8 the total elongation and RA the
reduction of area.

Material

18MND5

Orientation

S

T

L

aY (MPa)

505

515

518

cu (MPa)

645

662

661

Bu (%)

12

12

12

6 (%)

24

24

24

RA (%)

68

72

76

Table 4 : Mechanical properties of 18MND5 at room temperature

Young's modulus: E = 205000 MPa
Poisson's ratio: v = 0.3

18



6.2 Schematic representation of the experimental system

The fully equipped experimental system with a load cell and a LVDT is illustrated in Figure 11.

t
specimen

load cell

U

Figure 11 : Experimental system

The rotation speed of the drilling tour (co) is about 2000 rpm.

2b 2a

i

Y

A

L

1

P

Figure 12 : Geometry of the specimen

For the example investigated here, the dimensions (see Figure 12) are :
2a = 8.4 mm
2b = 12 mm
1 = 30 mm
L = 40 mm
((> = 60°

6.3 Initial stress intensity factor

An initial stress intensity factor of 20 MPa m1/2 is chosen. This stress intensity factor is sufficiently
small to obtain a very small plastic zone size at the crack tip.

Using the Irvvin approach for plane strain conditions, the plastic zone size (r) is:

19



r 6*1 aT) 6n{ 500
- 8.5 10 sm - 85 |im (20)

The plastic zone size is very small compared to ligament size (4200 |im » 50 r).

6.4 Initial force

The initial force applied to get a stress intensity factor of 20 MPa m1/2 is found using the stress
intensity factor formulation.

a"

where M is the bending moment and F, is a function tabulated in Annex 1.

In this case F(±\ . F / M I . F,(0.7) - 0.369 ,

and the applied force is:

4F, f I 4 0.369 0.03
20 °- 0 0 4 2" - 9.128 \0^ MN.0.912kN (22)

6.5 Initial contact pressure

The maximal contact pressure applied to the specimen can be calculated using the Hertz
formulation [WAR-89).

Pmax

\

P 1 1 1

* * 1-v2 l.v? r, r, (23)

E2

Where Eb E ,̂ Vj and v2 are the Young's moduli and the Poisson coefficient of the two materials
in contact; r, and r2 the radius of the two surfaces in contact and B the length of the contact zone.

In our case the two materials in contact are steel, so the equation is reduced to:

_ P * - - - 1 ( 2 4 )

2 n fil-v^r, r2)

The relation between the radial force on the specimen and the measured force is linked to the
geometry.

The first system was based on two ball bearings linked to the load cell.

20



\2 load cell
specimen section

F

Figure 13 : System with two ball bearings

The force applied to one ball bearing is:

P .
2 cos(a)

where a is the contact angle (see Figure 13).

The maximal pressure is thus:

0.5996

\
0.5996 e-3 E
2 * 0.005 1-vH 0.006 0.0105

1 1
• 1061 MPa

(25)

(26)

This pressure is too high as indicated by the plastic prints that remains on the specimen. Therefore
a new system is chosen to reduce the contact pressure. A self-align ball bearing is passed around
a specimen having a slightly smaller diameter. Now the contact pressure is lower as the curvatures
are in the same direction.

specimen
section

F

Figure 14 : System with one ball bearing

If the ball bearing has the same width, and an internal diameter of 12.2 mm, the maximal contact
pressure is given by:

0.9128 e-3 E

2 n 0.005 1-vH 0 0 0 6 0 0 0 6 1

1 1 133 MPa (27)

21



6.6 Final force

The displacement (A) under the load is constant in the fatigue process so:
Initially: A = C, Fj and finally: A = C2 F2 with C the compliance of the cracked bar.

Combination of the two last equations gives: C2 F2 = C, F,

The compliance of the attachment system must be as rigid as possible to get a better sensitivity.
In this configuration, with a common drilling tour, a compliance of 0.5 mm kN'1 is found.

C(.>.C-. - ^ [ 1 . ^ . 2 4 , ^ * 1 ' * , (28)
4 4 1 2 L 3

Using the table in Annex 1, we get for a/b = 0.7, H=0.06958
Substitution in Equation 28 gives the initial compliance to be C, = 0.645 mm /kN.

The parameters used to calculate the final compliance are : a/b = 0.5 and H=0.3073, so C2 = 0.786
mm /kN.

The final load is thus:

PA,-— P^H , - ^ ^ - 0.912 -0.748kN (29)
final n mttel „ _ „ ,

If contact effects are considered, a higher final force will be found because contact increases the
rigidity of the structure.

The load has decreases by 20%. This is not a very large variation as there are other causes of
force variations :

- the thermal expansion of the system can induce thermal forces,
- the difficulty to impose a constant displacement due to vibration .

Nevertheless, a good designed system should be able to reduce these unwilling effects.

6.7 Final stress intensity factor

After precracking the ligament diameter is smaller but the applied force has also decreased.

' -"5 ( 3 0 )

_L. 4 0.3756
a" ft 0.003

The final stress intensity factor is high and in order to get a valid Klc measure, 0.6 Klc at the
desired test temperature should be higher than the final stress intensity factor [LUC-9°i. if this
condition is not fulfilled another lower initial force should be used.
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7 Stress intensity factor of a precracked bar
under tension

The literature [BEN'7i- HAR-67, BUE-65] prOpOses various stress intensity factor functions. The functions
were always established using analytical or numerical approximations. A review and a comparison
between the different formulations is made. In the following paragraph, finite element analyses
are performed to verify the analytical formulations.

7.1 Analytical formulations

Three functions are found in the literature. The parameters used to describe the specimen are
given in Figure 15.

2b

Figure 15 : Geometry of a precracked tensile bar

1) Benthem and Koiter tBEN-73' proposed the following relation based on asymptotic
approximations:

K • G(-) a sl*a{\ - alb) with o - —^— (32)
b

( ) l { )
b - -a

and G ( - ) . I [l • ! ( - ) • h-)2 - 0.363 (-)* • o.73l ĉ -)4] (33)
b 1 2 b 8 b b b

where P the tensile load.

In order to simplify the expression, a function Fj is defined as:

F,(i-) - G(^) vftl - alb) (34)
b b

The functions F, and G are tabulated in Annex 3

2) The function of Harris [HAR-67i for an external crack in a tube for the application on a round bar
is reduced to:

K . a
0.8a * 4{b-a)

(35)

(inner diameter of the tube set to be zero). This function was confirmed by Rooke and Cartwright
[ROO-76] usjng Neuber's approximate stress concentration factors for notches.
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3) The function of Bueckner [BUE-65l derived from a singular integral equation is:

K - c n a (1 - - ) - (1.72-1.27—)
6 2 6

it a

2 b (36)

this function is valid in the range a/b of 0.4 to 0.8.

Figure 16 shows good agreement between Benthem and Harris function ( less than 5% difference)
and demonstrates the inadequacy of the Bueckner function out of the range of0.4^a/b^0.5.

0.8

0.6

0.2

--

/

/
1 1 1 1 1 1 1—

/ • ' /

/ • ' '

[BEN-73]
[HAR-67]
rRTIF-fiSl

• FEM

1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 16 : Stress intensity factor comparison

7.2 Finite element method

Nine finite element analyses have been performed using different crack lengths ( a/b = 0.1 to 0.9).
The ratio between the bar length L and the bar radius b is 11. Figure 17 shows a typical deformed
mesh.

24



Figure 17 : Deformed mesh for a/b=0.5

The finite element analyses show a very good agreement with the Benthem function (see Figure
17). This confirms the results of Neale P^^96!. So the Benthem function is strongly advised for the
stress intensity factor calculation.
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8 Compliance of a precracked bar under
tension

8.1 Analytical formulations

The load line compliance is the displacement under the load point for a unit load. The use of the
well-known relation between the energy released rate and the compliance is an elegant way to find
out this function.

The relation between the energy release rate and the variation of compliance due to crack growth
is given by:

Integration gives:

G . LP*J£- . . LpiJL.^. 1^1K2 (37)
2 dAir 2 2na da E

C(a).C0. fllllZllva'da' (38)
J E p2

The compliance of an uncracked bar under tension Co is:

-L- . L (39)
EA

The contribution of the crack is:
6 •> •> 6 7 E"2 , 1PJ
, , \-v*K\ , , , , , l - v z ^l , , Al-v r

t \
I 2 2na da - f 2 2%a da - 4 / dr\
J E p* J E - f l ' 3 E b 1 n

2

I

A new function H is defined as follows:

i ^2

7 ^ (41)

This function is tabulated in Annex 3.

The ratio between the compliance of a cracked and an uncracked bar is:

i. * *±llbH (42)

Haigh and Richards !HAKM1 have proposed a polynomial approximation of the H function.

H{r\) - ^?- - 0.35125 • 0.16875 T^2 - 0.1325 r\3 * 0.015 ^ 4 • 0.05 T̂ S (43 )
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Neale i^*-96! has used all the terms of the H function. His function (Equation 44) can be
considered as the exact integration of Equation 41.

0.25
- 0.35318 • 0.16888 i\2 - 0.13255 0.04881

- 0.01106 r\5 • 0.05045 i\6 - 0.03804 T|7 • 0.0167 i\*

In this work a verification of Neale's equation is done. The function found is:

- 0.3531717 • 0.168875 ri2 - 0.1325521 r\* • 0.04880469 i\A

- 0.01106345 • 0.05044688 r\6 - 0.03803811 r\7 • 0.01669878 i\*

(44)

(45)

For high value of r\, H is very small and the crack length has a very week influence on the
compliance (see Figure 18). If the function 1+H is considered, than the accuracy of Haigh's
equation is better than 0.1 % in all the range.

8.2 Finite element method

Using the same analyses described in paragraph 7.2, the computed finite element compliance is
compared to analytical expressions. All results are expressed in the form of the dimensionless
function (see Equation 42). The finite element results are in very good agreement with the Haigh
[HAI-741 and Neale r^"961 function (less than 1% difference).

3.50

3.00

2.50

2.00

1.50

1.00

• <OFEM

<C> [NEA-96]

O[HAI-74]

0.00 0.10 0JO 0.30 0.40 0.50 0.60 0.70 0.80 0.90

Figure 18 : Dimensionless compliance
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9 Conclusions
Different systems to precrack notched bars based on rotating bending fatigue are described in the
literature. A good attention should be paid to the generation of a crack with minor eccentricity
and the measurement of the crack length.

The analysis of the stress intensity factor under bending shows that:
- the stress intensity factor is not uniform along the crack front,
- a correcting factor of the stress intensity factor for deep crack must be used to account
for contact effects,
- contact effects on deep crack accelerate the formation of an eccentric crack,
- shear loading (mode II) has a small effect on the crack growth propagation.

A theoretical formulation of the compliance of a cracked bar under bending has been developed
and validated.

The stress intensity factor and the compliance under bending and tension has been computed using
finite element calculations. Results show that most of analytical formulations are very accurate.

Analytical considerations has led to design a new configuration to reduce the contact pressure.
The investigation of the cantilever beam under constant displacement for a specific configuration
has shown that the stress intensity factor increases by a factor 2 and the force decreases by 20%,
due to the crack growth. This load drop will be used to monitor the crack extension.
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10 Future investigations
From an experimental point of view, the three different techniques:

- the compliance,
- the AC potential drop,
- the vibration technique,

will be used on five specimens of different crack length. Then the five specimens will be broken
at a very low temperature to measure the crack length. So experimental calibration curves will be
obtained. Then a complete experimental procedure to precrack round notched bars will be
established and the most suitable method will be chosed.

Finite element calculation will be made to obtain a calculated function of the crack length versus
natural bending frequency. This function will be very useful to support experimental measurement.

From a theoretical point of view, the possibility to measure fracture toughness on the precrack
round bar will be investigated in elastic and elasto-plastic conditions. The study will be focused
on the J-integral for this geometry.

Finite element calculation will be made to validate the different J-integral formulations proposed
in the literature and to compare axisymmetric specimens with three point bending specimens.
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Annex 1 Stress intensity factor and compliance function of
a precracked bar under bending

D K Z o B O lt> 128
(T)4 * 0.531 (°)5]

- a/fc)

(46)

(47)

a/b
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0.01
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0.05
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0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.40
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.50

G

0.37500
0.37689
0.37881
0.38075
0.38273
0.38474
0.38678
0.38886
0.39096
0.39311
0.39529
0.39750
0.39975
0.40205
0.40438
0.40675
0.40917
0.41163
0.41413
0.41669
0.41929
0.42194
0.42465
0.42740
0.43022
0.43309
0.43602
0.43901
0.44207
0.44519
0.44838
0.45165
0.45498
0.45840
0.46189
0.46546
0.46912
0.47287
0.47670
0.48063
0.48466
0.48880
0.49303
0.49738
0.50183
0.50641
0.51111
0.51593
0.52088
0.52596
0.53119
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0.99
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G
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0.36519 i
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Annex 2 Neutral axis position and stress intensity factor
correction due to contact

1 - n .

f y / i - (V f y yflc- («c- y)2 (48)

(49)

16 [ y2 f^tnVrf dy
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Annex 3 Stress intensity factor and compliance function of
a precracked bar under tension

F.(-) - G(-) y/(l - alb) (51)
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0.67203

Fl

0.50000

H

+INF
0.50000 2.4647e+01
0.50000 .2147e+01
0.49999 7.9803e+00
0.49998 .i.8971e+00
0.49996 4.6472e+00
0.49993 :
0.49989 :

!.8141e+00
1.2190e+00

0.49984 2.7728e+00
0.49978 2.4259e+00
0.49970 2.1484e+00
0.49961
0.49949
0.49936
0.49921
0.49905
0.49886
0.49864
0.49841

,9214e+00
,7324e+00
.5725e+00
,4355e+00
,3169e+00
.2131e+00
.1217e+00
.0405e+00

0.49815 9.6787e-01
0.49787 9.0260e-01
0.49756 ii.4362e-01
0.49723 7.9007e-01
0.49687 '?.4124e-01
0.49648 6.9655e-01
0.49607 (
0.49563 (
0.49516 i
0.49466 i
0.49413 !

>.5550e-01
i.l768e-01
.8272e-01
.5032e-01
.2021e-01

0.49358 4.9218e-01
0.49299 '
0.49237 '
0.49172 '
0.49104 :
0.49032 :
0.48958 :
0.48880 :
0.48798 :
0.48713 :
0.48625 :
0.48532 :
0.48436 :
0.48337 :
0.48233 :
0.48125 :
0.48013 :
0.47897 :
0.47776
0.47650
0.47520

1.660 le-01
t.4155e-01
t,1862e-01
!.9710e-01
!.7686e-01
!.5781e-01
S.3985e-01
!.2288e-01
!.0684e-01
2.9166e-01
!.7727e-01
2.636 le-01
2.5O65e-Ol
2.3833e-01
2.2660e-01
2.1544e-01
2.0480e-01
.9466e-01
.8498e-01
.7574e-01

a/b

0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.60
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.80
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.90
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1.00

G

0.67692
0.68190
0.68699
0.69217
0.69747
0.70287
0.70839
0.71402
0.71978
0.72566
0.73168
0.73783
0.74411
0.75054
0.75712
0.76385
0.77073
0.77778
0.78499
0.79238
0.79994
0.80768
0.81561
0.82373
0.83204
0.84056
0.84929
0.85823
0.86739
0.87678
0.88640
0.89625
0.90635
0.91670
0.92730
0.93816
0.94929
0.96070
0.97239
0.98437
0.99664
1.00921
1.02209
1.03529
1.04881
1.06266
1.07684
1.09137
1.10626
1.12150

Fl

0.47384
0.47244
0.47097
0.46946
0.46788
0.46623
0.46452
0.46274
0.46088
0.45895

H

,6691e-01
.5847e-01
.5039e-01
.4267e-01
.3527e-01
.2819e-01
.2140e-01
.1490e-01
,0867e-01
,0269e-01

0.45693 9.6963e-02
0.45483 9.1467e-02
0.45263 i
0.45032 !

?.6196e-02
?.1141e-02

0.44792 7.6292e-02
0.44540 7.1641e-02
0.44275 6.718U-02
0.43998 6.2905e-02
0.43707 .
0.43400
0.43078

>.8806e-02
>.4878e-02
5.1116e-02

0.42738 4.7514e-02
0.42380 4.4067e-02
0.42002 4.0772e-02
0.41602 :
0.41179 :
0.40731 :
0.40255 :
0.39749 :
0.39211 '
0.38637 '
0.38025
0.37370
0.36668
0.35914
0.35103
0.34227
0.33280
0.32251 '
0.31128 (
0.29899 '
0.28545 .
0.27042 '
0.25359
0.23452
0.21253
0.18651
0.15434
0.11063
0.00000

!.7623e-02
!.4617e-02
!.1750e-02
2.9020e-02
2.6422e-02
2.3956e-02
M617e-02
.9404e-02
.7316e-02
.5349e-02
.3504e-02
,1779e-02
.0172e-02

j.6828e-03
7.3112e-03
5.0566e-03
t.9187e-03
!.8975e-03
2.9934e-03
2.2067e-03
l.5380e-03
).8819e-04
5.5817e-O4
2.4917e-04
S.2582e-05
).0000e+00
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