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ABSTRACT An improved procedure for calculating COD from the plastic component of clip-
gauge displacement is stated. The procedure is valid for bend and CT-specimens. It relies on a
recenily developed theory which is based on well-known relationships of linear elastic and
elastic—plastic fracture mechanics. The theory also allows for material properties which have a
strong influence on the opening behaviour of pre-cracked bend specimens.

The new procedure is tested on four different types of materials. In all cases the calculated
COD-values come close to the experimental CODs which were measured directly. It is shown
that especially for low strength materials with high work-hardening exponent the so-called
Dawes’ formula can lead to a large overestimate of the physical COD,

Introduction

For routine COD-testing it is necessary to calculate the crack-tip-opening dis-
placement, COD, from the crack-mouth-opening displacement, », which can
be easily measured at the outside of the specimen. For bend and CT-specimens
a relationship

COD =—5’—"3—up (1)
rob+a

can be applied when it is assumed that the two specimen halves rotate about a
‘plastic hinge” during the opening of the crack. The plastic rotational factor, r,,
gives the position of the ‘plastic hinge’ in terms of the ligament length,
b=W —a W is specimen width and a the crack length. v, is the plastic
component of clip-gauge displacement,

For bend specimens in equation (1) @ should be replaced by (a + z) where z
is the distance between specimen surface and clip-gauge position.

Equation (1) yields correct results only when the ‘right’ values of r; are
inserted. The matter is complicated by the fact that the hinge moves during the
loading depending on the degree of plasticity of the specimen. Additionally,
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material properties and specimen geometry have an influence on the opening
behaviour of the specimen. We can write

e = rp(ioad, materiaL geometrY)‘ {2)

A brief description of a new theory

Recently, a new theory has been developed which allows one to estimate the
sizes of the plastic rotational factor for different stages of loading (1)}+(3). The
first estimates were made for deeply notched bend specimens assuming ideal-
ised load—displacement records: linear elastic fracture mechanics (LEFM) is
assumed to be valid for loadings up to the general vield load. Beyond the
general yield point the material should behave like a perfectly plastic material.
For the first region (valid LEFM) COD and the plastic component of the total
angle of bend, 0, can be calculated as functions of load. v, is a simple function
of 8, and r,,. Inserting v, and COD into equation (1) we get an expression inr,
which can be solved (1). For the second region of the load—displacement curve
r, can be deduced as a function of v, using the relationship between the J-
integral and COD and the formula to estimate J from the area under the
F-v-curve (1). The theoretically calculated r, decreases rapidly from infinity at
the very beginning of loading, passes a value of r, = #{*Y) at the point of
general yielding and decreases further asymptotically to a value of r, = r& for
large v, -values.

It should be emphasised that r, is only a fictitious size which combines
COD and v, in the form of equation (1). It gives something like a ‘mean posi-
tion’ of the plastic hinge during the whole deformation of the specimen, Physi-
cally more important is the ‘actual’ or ‘incremental’ rotational factor, rg’),
which characterises the position of the rotational centre during a considered
increment of loading. Similarly to r,, r%¥ decreases from an infinite value and
Temains constant at a value of r® =+ after the beginning of general yielding.

If crack extension occurs, the r,-values must be corrected. This is also
included in the theory. Crack extension is the reason why the r -values in a
real COD-test run through a minimum value (see Table 4).

In (2) the theory was extended to CT-specimens and in (3) it has been
shown that the theory is applicable for non-idealised specimens made of
strain-hardening materials, too. From these theoretical findings it has been
possible to establish a new, improved COD-calculation procedure {3).

The estimated r,-values depend on three constants. The constant § which
describes the size of the plastic zone was set to § = 1/6m according to Irwin’s
model of the plastic zone for plane strain condition. The two other constants
can be determined experimentally as is given below. In the procedure no fit
parameters or empirical formulae are used.

Below a more comprehensive form of the procedure is listed.
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The new procedure
{1) Estimates of the constants C and m

(a) Determination of C
(The constant C describes the maximum load of the load-displacement
record. C is a sort of a constraint factor increased by the effect of work
hardening.)
Measure the maximum load, F_ ., of the load—displacement record. For
bend specimens calculate the value of C using
F .5

C - G-y Bb2 (3)

S is the span of the specimen, B is its thickness. For CT-specimens use (4)

F

= 20, Bb @
with
o = \/ {2a/b)* + 22a/b) + 2} — (2a/b + 1) (5)

(b) Determination of m
{ The constant m arises from the relationship between J-integral and COD,
J =ma, COD. mo, can be seen as a mean flow stress during the process of
crack-tip blunting. m depends primarily on the work-hardening exponent, n,
and on the yield strain o /E (5).)
If the work-hardening exponent of the material is not known, determine its
approximate size from Fig. 1 (8), or using the relationship (6)

?= 1 (e In (l—l—a;“})“ ©

n

with o, as the ultimate tensile strength and
gt = o /E + 0.002 Y

Evaluate the size of m applying the relationship. (It may be possible to use
a second method to estimate m: determine the constant, d,,, and the refer-
ence stress, oy, according to the EGF-recommendations (6) and compute

m = oo/(d, a,).)

I

T
B gy (1 + njn® ®

!
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Fig 1 Estimate of the work-hardening exponent, n

; (GY) (GY)
(2) Evaluation of r;”*" and v,

(r'SY and v®Y are the plastic rotational factor and the plastic component of
clip-gauge displacement at the beginning of general yielding.)
From the values of C and m calculate

1.78
G ©)
and
o a
Gl X g 10
Yp mE l: + r;GY)iI (10)

For bend specimens replace a by (a + z).

(3) Evaluation of r, for v, < vi¥

If in your COD-test one or more v-values are smaller than »°Y, draw a line
at a distance t{*) parallel to the elastic line to find the point 4 of the load-
displacement curve {of the maximum loaded specimen), see Fig. 2. Determine
Fgy, e, the load of point 4.

T
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Fig 2 To the determination of the general yield load, F,

From the actual load—displacement record determine the load, F, corre-
sponding to v,. Calculate

In Fgy (1 r,/b)?

T amC F (1—r,/2b) (th
where

r, C*{ F\?

el !

(v, is the radius of the plastic zone for plane strain yielding.)
{4) Evaluation of r; for v, > oV

(a) Estimate of the actual plastic rotational factor v

For v -values farger than ¢{®") compute +&). For bend specimens use

@) _ ¢
Pop = ﬁ’ (13)

for CT-specimens

C
),
o G M AW

e (14)
Et

w
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with o according to equation (5) and with

f:i(i) 5 1+« (15)

w/ “1+a?

(b) Correction for large crack extensions
Measure the average crack extension, Aa, and calculate the corrected value
of 1@
PP

. Aa
oo =T (LR & (16)
b is the initial ligament length.

{¢) Evaluation of r,
Determine s = v,/0{° and compute

P CLAL Sl R ity 17)
P sla/b + r$7] — [P — o] _

For large crack extension insert the corrected value r&) instead of r(®.

(For some materials with high work-hardening exponent [r — +®7 may
also be negative.)
{3) Evaluation of COD

Calculate COD from the measured v, and the estimated r, using

cop =22, (19)
rab+a P

For bend specimens replace a by (a + z).

The experimental control of the procedure

The new procedure shall be tested by comparing the calculated COD-values
to the directly measured COSs. Additionally, a comparison shall be made to
the results of the Dawes’ formula (7),

K1 — v%) r.b
v
20,E rpob+a ®

§=25,+08,= (19)

withr, = 0.4.

This formula is utilised by the British Standard for COD-testing (8). J, and
J, are (misleadingly) called as ‘elastic’ and ‘plastic components of COD’, K is
the stress intensity and v the Poisson’s ratio. The EGF-recommendations for
determining the fracture toughness of ductile materials (6) also gives a version
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of Dawes’ formula which is adjusted for crack growth. Somewhat rewritten it
looks like

5:K2(1—v2) rob+(1—r)Aa ,
20,E tpbt+(l—r)Aa+a ®

with r, = 0.4,

For bend specimens in equations (19) and (20) a should be replaced by
(a+ 2).

In (2X3) the new procedure was already tested. In all cases the calculated
CODs came close to the experimentally determined values. For some
materials the Dawes’ formula produces good results, too, for other material
the error was large. In the following it shall be investigated, therefore, for
which types of materials the error of the Dawes’ formula is especially large. To
do this, four types of materials are studied: a high strength steel, an annealed
structural steel, a Nickel-based alloy, and a Nitrogen alloyed austenitic steel.

(20)

High strength steel HY 130

For this material Fields and Miller supplied me with the results of
their infiltration measurements (9). They tested bend specimens having
W =20 mm, B=24 mm, §=80 mm, z=1 mm. From the data of the
material (o, = 940 MN/m?, ¢, = 980 MN/m?) the work-hardening exponent
can be estimated to n = 0.05 (Fig. 1 or equations (6)(7)). From eguation (8)
foliows that the constant m = 1.2. Such a small value is reasonable for such
high strength materials, e.g., see (19). The constant C =~ 1.55 was determined
from the maximum load for each specimen (equation (3)).

The experimental data and the calculated COD- and d-values are collected
in Table 1. The calculated CODs coincide with the experimental data, the
d-values are too small (Fig. 3). The maximum error is 33 percent,

Annealed structural steel

From the annealed structural steel (o, = 298 MN/m?, o, = 426 MN/m?,
n = 0.20} five CT-specimens (W = 50 mm, B = 25 mm) were loaded within the

Table 1 Measured and calculated data of pre-fatigned bend specimens made of
HY130-steel

Measured Calculated

a Fou F v, coD oD 5

¥
Spec. {min) (kN) {kN) {mnn) {mm) (Ip) {mm) (mm)
83 55.13 3510 0.295 0.15 0.90 0.150 0.16
85 56.40 5540 0.510 0.26 0.78 0.247 021
X 48.85 47.20 0.831 032 0.74 0.341 0,28
8.5 56.31 53.00 0.930 042 0.70 0.427 0.35

C=155 m=12 17 =026mm r =064

o S
=
(=
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Fig 3 The acauracy of the COD-estimates for the HY130 steef

region of crack-tip blunting and broken in liquid nitrogen. The COD-values
were measured applying the method of stereophotogrammetry with the
scanning-electron microscope {(E1){(12).

The constant m was determined experimentally to m = 1.9, the estimate
according to equation (8) would give m = 2.0. The constant C was determined
from an additional, maximum loaded specimen, C = 1.47. In Table 2 the
experimental values of COD are compared to the calculated ones, Again the
new procedure yields good results, the §-values are generally too large (Fig, 4).
The error decreases from nearly 100 percent for Spec. 1 down to 20 percent for
the COD of Spec. 5 which comes very near to the critical COD of this
material, COD,; = 73 um.

Tahle 2 Measured and calculated data of the CT-specimens made of the
annealed structural stee]
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¥ig 4 The accuracy of the COD-estimates for the annealed structural steel
Alloy 600

Only three CT-specimens (W = 37.5 mm, B = 18.85 mm) were available of the
Alloy 600 (o, = 318 MN/m?, g, = 680 MN/m?). From one maximum loaded
specimen the constant C was determined to C = 2.35. From Fig. 1 and equa-
tion (8) we get n = 0.25 and m = 3.11.

The two other specimens were loaded within the region of crack-tip blunt-
ing and subsequently fatigued to mark the amount of crack tip deformation.

The COD-values were measured making use of the small depth of focus of a
light microscope. From the midsection region of each specimen half a series of
photographs were taken in the scanning-electron microscope. The photogra-
phs were necessary to find the ‘same’ regions on both specimen halves. These
corresponding stretched-zone regions were examined in the light microscope.

The data of the two specimens are listed in Table 3. The COD of Spec. 1 is

Table 3 Measured and calcnlated data of the CT-specimens made of

Measured Caleulated
a F v, Ccob T, CcobD 8
Spec. (mm) (kN) (mm) {mm) n {mm) (mm)
i 27.05 2503 0.045 0.615 1.01 0021 0.029
2 27.56 27.68 0.070 0.027 0.83 0.028 0.040
3 27.33 29.03 G.115 0038 0.80 0.046 0.052
4 27.65 30.14 0.145 0.057 0.78 0.056 0.061
5 26.67 3475 0216 0.071 0.57 0.070 0.086

C=147 m=19 v =016 mm i = 0.40

Alloy 600

Measured Calculated
a F v, coD T, CcoD 3
Spec. {mm) (kN) {mm) (mm}) {H (mm) (mm)
1 20.86 254 124 0.246 037 6.281 0.348
2 20.04 28.0 1.71 0.408 0.37 0.419 0.491

€=235 m=31 v =016mm r%=039
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overestimated by both calculation procedures. The new procedure makes an ®
error of 14 percent, the error of Dawes’ formula is even 42 percent, The COD 1 NEw prfocedure

of Spec. 2 is only slightly smaller than COD,. Here the calculated COD is CoD » Dawes' formula
rather accurate (3 percent error) whereas the 8-value is too high by 20 percent. o)

mm]
X3CrNiN2315 [__f | 15 /
.///0/

=

This is a 0.3 percent Nitrogen alloyed austenitic steel (g, = 364 MN/m?, 5, = : el
760 MN/m?, E = 203 GN/m?) which was used in an investigation of Werner : e
(13) where the influences of grain size and cold deformation on the fracture : -

//
A - |
toughness were studied. ': 101 >
From the data of a single-specimen J,~test on a CT-specimen (W = 50 mm, ; |

B = 25 mm, a = 30.97 mm) the COD- and é-values were calculated (see Table : 8.
4). From these values COD-Aa-curves were drawn (Fig. 5). The crack exten- : -
sion Aa was measured using the unloading compliance method. The two ! 05t R o
curves differ significantly. . 5 1
To make a check, a second specimen was loaded to about the point of I i
initiation of stable crack growth and analysed in the same way as described for '
the Alloy 600. The analysis gives a measured COD of COD ~ COD, = : 0 ; ; | ; | |
176+ ity f 0 05 10 15 20 25 30
The work-hardening exponent of the material was determined to n = 0.24 -
and the constants are C = 1.67 and m = 3.01. The measured and calculated 1 aa[mm] }
data are presented in Table 5. Dawes’ formula overestimates the real COD by Fig 5 The COD-Aq curves for the X3CINiN2315
44 percent whereas the new procedure is underestimating it by 9 percent, o l

From the COD-Ag-curves of Fig. 5 one can deduce that the Dawes’ Discussion
formula can lead to a dangerous overestimate of the critical COD (6; = 340 '

pm, COD; = 180 um), On the accuracy of COD-measurements

Table 4 Measured and calculated data to the single-specimen : For the testing of the procedure reliable and accurate COD-data are neces-
COD-test of the X3CTNIN2315 ; sary. In (12) the COD-measuring methods are discussed. Indirect measuring
Measured Caleulated ; methods are inappropriate. For example, the double clip-gauge method which
v Y Aa . COD 5 5 is frequently used may give totally wrong results because the crack flanks of

Point  (kN)  (mm)  (mm) & () (mm) : loaded specimens are bent elastically and plastically.
2088 087 006 0289 0131 0210 o in the current work direct measuring methods are used. The method of

i .

2 3081 109 012 0287 0163 0258 ._ stereophotogrammetry is the most accurate for rather small COD-values. The

3 358 135 013 0285 0201 0312 ; relative error of the measured COD is not larger than 10 percent. This |
4 3232 165 021 0285 0246 0375 . |
5 32.78 1.97 041 0.291 0.299 0.445 i

6 33.18 2.37 0.56 (.295 0.364 0.531 )

7

8

g

3346 785 074 0.300 0.444 0,636 . Table § %é:ﬁﬁg{z;;g calculated data of the CT-specimen made of
3347 337 102 0310 0539 0755 ‘
33.29 3.96 1.46 0.325 0.639 0.900 : Measured Calcylated
10 3293 457 170 0334 0778 1.043 :
1t 3249 512 209 0348 0902 11485 . a F v, COD 1, COD g
12 3171 591 253 0365 1083 1389 ' Spec.  {mm)  (N)  (mm}  Gmm) (D) (mm)  (mm)
13 062 687 315 0388 1323 1653 o 1 3191 2920 114 0176 029 0160 0254

C=167 m=30 +F¥=020mm r)=0275 C=167 m=30 v =020mm r®=0275
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includes the error of the analysing method as well as the scatter of the COD-
values along the crack front in the midsection region of the specimen (12). For
the infiltration method Fields and Miller claim their measurements to be accu-
rate within 4 20 um (9). Depth-of-focus measurements have an error of about
10 percent, if the same regions on both specimen halves are analysed.

The comparison of the twe calculation methods

The opening behaviour of a pre-cracked bend specimen under load is strongly
influenced by material properties. For a given specimen geometry the limiting
value of the actual or incremental plastic rotational factor, r{), is determined
by the constants C and m, e.g., ¥4 = C/(2Zm). This is important because with
increasing displacement, v, the integral value of the plastic rotational factor,
*,. approaches asymptotically the value of »&). The constant m depends
mainly on the materials work-hardening exponent, n: generally, large n means
large m, and vice versa. So for different types of materials the size of r{) can
vary significantly: from the very high value of # = 0.64 for the high-strength
steel with the low work-hardening exponent down to r®) = 0275 for the
austenitic steel.

The Dawes’ formula works with a constant value of the plastic rotational
factor, r, = 0.4 to calculate ,. Additionally, a value d, is added which makes
a large contribution fo the total ¢ for small displacements. For large v,-values
4, becomes less and less important. So this forimula will yield geod results for
the annealed structural steel (+%) = 0.40) and the Alloy 600 (rl) = 0.39), if the
displacement is large enough. But even for these materials the error will be
substantial near the beginning of loading: in both cases COD, is overestimated
by 20 percent (see Table 2 and Table 3).

The opening behaviour of soft materials having large work-hardening expo-
nents is very badly described by Dawes’ formula. Here the over-cstimate of
COD can be more than 50 percent (Table 4). On the other hand, for high
strength, low work-hardening materials COD may be considerably underesti-
mated (Table 1).

In this work it could be shown that the new procedure yields rather accu-
rate values of COD for very different types of materials. In all cases tested
experimentally the new procedure produced better results than the Dawes’
formula.
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