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DETERMINATION OF FRACTURE-RESISTANCE VALUES
USING THE CENTER-CRACKED TENSILE SPECIMEN

INTRODUCTION

Characterization of fracture resistance in terms of linear-elastic fracture mechanics
(LEFM)parameter Kc for plane-stress conditions (thin sheet) has been handicapped by
the fact that no standard test method has been accepted for Kc determination. The
reason for this lag in the development of a standardized test, despite the advantages of
reliable Kc values for fail-safe design, is that this parameter is sensitive to a number of
variables: specimen width W, specimen thickness B, crack-length-to-width ratio 2a/W,
and Kc-to-yield-stress ratio Kc /Gys.

A research program initiated at NRL in 1970 for the determination of Kc in
thin-sheet materials had two objectives: (a) to assist in the development of a standard
testing procedure and (b) to develop a data bank of Kc values for a reasonable number
of aluminum, titanium and steel alloys. The results of these investigations (1-14) now
permit tabulation in the form of a proposed standardized test for screening purposes
using the center-cracked tensile (CCT) sheet specimen.

SPECIMEN PREPARATION

Specimen

The CCT specimen is, as its name implies, a sheet specimen containing a central
notch. Specific dimensions are outlined in the next section. General requirements are:

Width W: measured and accured to 0.5% of W;

Length L: measured between the innermost pins such that
L = 2W, W A 12 in.,

L = 1.5W, W > 12 in.;

Thickness B: measured after separation of the specimen at four evenly spaced
locations along the fracture path (but removed from the region affected by the shear
lips) and accurate to 1% of B.

Starter Notch 2ao

The starter notch may be produced by electric-discharge machining, end milling, or
saw cutting. It is centered with respect to the specimen width within 0.002W and

Manuscript submitted October 17, 1973.
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SULLIVAN AND STOOP

with respect to the specimen length within 0.003L; it is 0.0625 in. (1.56 mm) wide.
A recommended final crack length 2ac is approximately 0.333W. Appendix A provides
calculations for the determination of the initial crack length 2ao.

Crack-Tip Root Radius

Ideally the starter slot should be subtended by fatigue cracks not less than 0.05 in.
(1.25 mm) long. Therefore, to facilitate fatiguing the root radii at the ends of the
machined notches should be 0.003 in. (0.075 mm) or less.

However, in many instances facilities for the fatiguing operation are lacking. It has
been found that root radii approximately 0.001 to 0.002 in. (0.025 to 0.050 mm) appear
to effectively simulate the sharpness of a fatigue starter. This can be produced in two
ways:

1. carefully and frequently sharpening the miling cutter;
2. extending the initial notch produced by electric discharge using a shim-stock

anode to give a thin-slit (TS) extension of 0.05 in. (1.25 mm).

SPECIMEN SIZE REQUIREMENTS

Table 1 contains a range of specimen dimensions relative to the ratio of the yield
stress to Young's modulus, ay./E. However, it is recommended that where possible
only one or two sizes be used, such as W = 12 and 24 in. This eliminates the necessity
of changing loading heads and of performing a series of calibration curves for the
determination of crack length.

Table 1
Width and Length Dimensions

English Units International Units

Et | (in. (. -| E ays (cm) (cm)
(X 10-3) | (inE (m )

10.0 0.5 3 9¶ 10.0 0.08 7.5 22.5
7.5 1.0 6 12 7.5 0.16 15.0 30.0
6.0 1.5 12 24 6.0 0.24 30.0 60.0
5.0 2.0 24 36 5.0 0.32 60.0 90.0

> 5.0 2.5 36 54 75.0 0.40 90.0 135.0
>5.0 3.0 48 72 75.0 0.48 120.0 180.0

.*.

a s= yield stress.

tE = Young's modulus.
$W = width measured and is accurate to o.5% of W.

#L = length between the innermost loading pins: L = 2W,W <12; L =

¶ Pin-loaded specimen according to ASTM Standard E338.

1.5 W, W >12.
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Table 2 contains the range of initial crack lengths 2ao required by variations in
sheet thickness B relative to Kc/ays

The values set forth in the tables were established in accordance with the information
and calcuations detailed in Appendix A.

Table 2
Initial Crack Lengths

English Units International Units

- a 2a, 2c 2o W | B a 2a|

0
ys (inm) (i) - (in.) ! oYs (cm) (mm) W (cm) (cm)(v~i W (Vm)

0.5

0.5

1

1

1.5

2

2.5

3

3

12

6

12

12

24

36

48

0.03125
0.0625
0.09375
0.125
0.1875
0.25
0.03125
0.0625
0.09375
0.125
0.1875
0.25
0.03125
0.0625
0.09375
0.125
0.1875
0.25
0.03125
0.0625
0.09375
0.125
0.1872
0.25
0.03125
0.0625
0.09375
0.125
0.1875
0.25
0.03125
0.0625
0.09375
0.125
0.1875
0.25
0.03125
0.0625
0.09375
0.125
0.1875
0.25
0.03125
0.0625
0.09375
0.125
0.1875
0.25

0.333
0.333
0.333
0.333
0.333
0.333

0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333

1.0
1.0
1.0
1.0
1.0
1.0
4.0
4.0
4.0
4.0
4.0
4.0
2.0
2.0
2.0
2.0
2.0
2.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
8.0
8.0
8.0
8.0
8.0
8.0

12.0
12.0
12.0
12.0
12.0
12.0

16.0
16.0
16.0
16.0
16.0
16.0

0.70
0.76
0.80
0.82
0.86
0.88
2.80
3.00
3.20
3.28
3.43
3.50
1.24
1.33
1.38
1.42
1.48
1.53
2.50
2.66
2.76
2.84
2.97
3.06
2.27
2.44
2.55
2.62
2.73
2.82
4.30
4.60
4.80
4.94
5.15
5.30
6.15
6.60
6.88
7.08
7.38
7.60
7.90
8.50
8.85
9.10
9.50
9.77

0.08

0.08

0.16

0.16

0.24

0.32

7.5

30

15

30

30

60

0.40 90

0.48 1120

0.78
1.56
2.34
3.12
4.68
6.24
0.78
1.56
2.34
3.12
4.68
6.24
0.78
1.56
2.34
3.12
4.68
6.24
0.78
1.56
2.34
3.12
4.68
6.24

0.78
1.56
2.34
3.12
4.68
6.24
0.78
1.56
2.34
3.12
4.68
6.24
0.78
1.56
2.34
3.12
4.68
6.24
0.78
1.56
2.34
3.12
4.68
6.24

0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333

2.5
2.5
2.5
2.5
2.5
2.5

10.0
10.0
10.0
10.0
10.0
10.0
5.0
5.0
5.0
5.0
5.0
5.0

10.0
10.0
10.0
10.0
10.0
10.0

10.0
10.0
10.0
10.0
10.0
10.0
20.0
20.0
20.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
40.0

1.75
1.90
2.00
2.05
2.15
2.20
7.00
7.60
8.00
8.20
8.60
8.80
3.10
3.32
3.45
3.55
3.70
3.82
6.25
6.65
6.90
7.10
7.42
7.65
5.68
6.10
6.38
6.55
6.82
7.05

10.75
11.50
12.00
12.35
12.88
13.25
15.38
16.50
17.20
17.70
18.45
19.00
19.75
21.25
22.10
22.75
23.75
24.42
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SULLIVAN AND STOOP

SPECIMEN AND LOADING FIXTURES
THE COD PROBE

Loading Grip Fixtures

The grip fixtures are designed to develop a uniform load distribution on the
specimen. A typical grip arrangement desigend for a 400K testing machine having
columns 16 ft high is shown in Fig. 1. The double row of bolt holes has been found
desirable to prevent tearing at the bolt holes under high loads. Pin and device or gimbal
connections are located between the grips and loading machine to aid the loading
symmetry.

Buckling Restraints (Face Plates)

Rigid face plates must be affixed to CCT specimens less than 0.123 in. (3.125 mm)
in thickness to suppress buckling. These are attached to the central region of the
specimen in such a manner that crack growth is not impeded. Lubrication must be
provided by use of some noncorrosive medium such as sheet Teflon. The clamping force
should not be excessive, i.e., on the order of few pounds.

Displacement Gages for COD Measurements

Two types of gages are described for COD measurement. An absolute accuracy of
2% over the working range of the gage is required for use with the compliance methods.
As will be discussed in Appendix B, COD is a function of Y/W; therefore a separate
calibration curve is required for each value of Y/W.

Hole Probe

The hole probe (Fig. 2) is inserted into a No. 13 drilled hole at the midpoint of
the initial notch. Figure 3 is a detail drawing with specifications. Electrical-resistances
strain gages are cemented to the tension and compression surfaces of each beam leg and
are connected as a Wheatstone bridge incorporating a suitable balancing resistor.

Double-Cantilever-Beam Gage

The double-cantilever-beam gage is designed to measure the opening over the span
2Y (Fig. 4). Proper construction techniques and electronic procedures are found in
ASTM Standard E-399. Screw attachments of knife edges spanning the crack for
a chosen interval 2Y provide its seating position.

4
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SPECIMEN /
d / // / / / / / /// //I

TYP)-- --

(35) -5 HOLES

DRILLED 2"
APART (TYP) SCALE-'jPART QUANTITY

SPECIMEN (I)

BOTTOM GRIP (2)

(,) BOLT (70)
(2) WASHER (140)

($) TOP GRIP (2)
BUSHING (70)

Fig. 1- Details of the grips used for CCT specimen loading
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FRACTURE TOUGHNESS
TENSION SPECIMEN FOR
HIGH-STRENGTH SHEET

BEAM DISPLACEMENT GAGE
INSTRUMENTED WITH A
4-STRAIN-GAGE CIRCUIT

Fig. 2 - Center-cracked tensile (CCT) specimen together with the hole
probe used for measurements of the center-crack-opening displacement
(COD)

6
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I . (0 DISPLACEMENT GAGE LEG
MATSL. - BE RYLLUM COPPER ALLOY 25

SCALE 2:1 REQ'D. - 2 1/4 HARD

I l

I I D

I 1 32
32 I. 8

SPLIT PIECE WILL CIRCULA
CUTR

MAKE TWO PROBES SPLIT

® PROBE INSERTS
MAT'L.-BERYLLIUM COPPER

LfDIA.4
DIA.

RK

R

IIHF_mmo
500+ .002

50 -. 000 REF.

# 28 DRILLHOLE

-A1-1w

3fSPACER BLOCK
MAT'L-PHENOLIC BAKELITE
OR HARD PLASTIC

-SPACER BLOCK (-Mi)

l STRAIN
-.. GAGE

4-REQ'D

A.- USE 1/32" THICK BERY.
COPPER FOR LEGS.

B. -SILVER BRAZE
PROBES IN LEGS.

C.-HEAT TREAT
625 0F - 4 HOURS
FURNACE COOL

D.-ALL MACHINING
AND SILVER
BRAZING
BEFORE
HEAT TREATMENT

REV. DWG. 3-1-74
S. J.McKAYE

Fig. 3 - Details of the hole probe used for center-crack COD measurements
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FOIL RESISTANCE
STRAIN GAQE * I

_\a

I

/

/

RECORDER

* 500 OHM GAGES WILL
PROVIDE GREATER
SENSITIVITY THAN
120 OHM GAGES

Fig. 4 - Details of the double-cantilever-beam gage and knife edges used for
COD measurements

SPECIMEN TESTING PROCEDURES

The specimen, suitably prepared and satisfying the size requirements specified for
appropriate values of Kc/ays, is affixed to the loading heads in the testing machine, and
the COD measurement probe is located appropriately. The specimen then is loaded to
failure at a slow rate while load and COD are simultaneously graphed in an XY recorder.
To set the scale on the recorder, the following calculations can be made:

1. Estimate K c ( a) ays

2. Estimate the maximum load as:
Kc

P = uA = oBW, where a = VWra (infinite sheet);

8
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that is,

p =BWKC)

N/C-ra

Table 3 contains gross and net stress values a and an, calculated from the finite-width
equation; they will generally be lower than those estimated from the infinite-sheet-
equation.

3. Estimate the amount of opening (COD) as:

COD (EB[COD])(P)

where the volume of EB[COD] /P is that at 2a/W = 0.333 and the load P is calculated
as in item 2.

4. Set the recorder X and Y scales appropriately, leaving some margin for error, as
the values calculated are only estimates.

5. Calibrate the exact probe opening, and record it on the graph prior to testing.

Table 3
Stress Requirements

W = 3 W=6 W =12 W =24 W=36 W =48
2ac = 1 2a= 2 2ac = 4 2ac = 8 2ac = 12 2ac =16

Kc 0 O N ° 0 ON a ON ° 0 N a) N I N

krsian. (ksi) I(ksi) (ksi) I(ksi)_ (7ksi) (Ms) (ksi (ksi) (ksi) (ksi) (ksi) (ksi)

50 37.0 55.5 26.2 39.3 18.5 27.8 13.1 19.6 10.7 15.9 9.2 13.8
75 55.6 83.4 39.3 59.0 27.8 41.7 19.6 29.4 16.0 24.0 13.9 20.8

100 74.2 111.3 52.4 78.6 37.0 55.5 26.2 39.3 21.4 32.1 18.5 27.8
125 92.7 139.1 65.5 98.2 46.3 69.4 32.8 49.2 26.8 40.2 23.2 34.8
150 111.2 166.8 78.6 117.9 55.6 83.4 39.3 59.0 32.1 48.2 27.8 41.7
175 129.8 194.7 91.8 137.7 64.8 97.2 45.8 68.7 37.4 56.1 32.4 48.6
200 148.3 222.4 104.8 157.2 74.2 111.3 52.4 78.6 42.8 64.2 37.1 55.6

w
ON (W-2a

= 1.50

2a/W = 0.333

f(2a/W = 0.333) = 1.907

Kc= a/ff 2a/W

KC=o UV1.907

=Kc
1.907 a

9
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DETERMINATION OF THE Kc VALUES

Figure 5 depicts schematically two types of load-vs-displacement curves. In curve
A the load rises to a certain value before crack growth commences and continues to
rise as the crack grows until instability and final separation occur at the maximum load.
In curve B, after the maximum load (instability point) is reached, the crack continues
to grow under a constant load until final separation occurs.

A 8

curves~~~~~~ as folos

a.~~~~

0/

2a and ~ Fig th difrec Loted. DueOD showminor variations of cack-gnmenthrb
positonin, et., thse to vaues responsel tboluthelyoidetcl

3. A "bst-fit" line (a) is drawn throug the strigigtprin of the "bstft"sraigh (Fig. (a)t

the maximum load value; EB[COD] /P is calculated for this line and corrected by the
amount of difference noted in item 2.

4. From the corrected value of EB[COD] /P, the value of 2a/W is read from the
appropriate calibration curve.

5. Critical crack length is determined as

2a, =(2a) W

W~~~

10
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6. Fracture resistance Kc is calculated from

Kc := O/Yf(i)

where

P
a=- (gross or nominal stress)

BW

a = half critical crack length

f(2a/W) = 1.77 [ 1 - 0.1 (2a/W) + (2a/W)2 ].

One method of easily determining the values of EB[COD] /P is the following

1. The angles of lines a and b are measured with a drafting instrument.

2. The cotangents of the angles are read from a table of natural trigonometric
functions.

3. Each cotangent value is multiplied by the value of EB[COD] /P calculated for an
angle of 450 from the scale of the experimental curve.

4. The values of EB[COD] /P are corrected from the calibration curve as described
in items 2 and 3 of the previously discussed record analysis.

ESTIMATE OF Kc FROM THE FRACTURE
APPEARANCE

From the relationships noted between Kc and percent slant fracture observed on
the fracture surface, it has been found (14) that the following equations give reasonable
estimates of fracture resistance:

1/2

Steel: KC = [740 BSL E

T m BSL 11/2Titanium: Kc = 250 B E

These calculations can be employed in situations where no accurate determination of
Kc is possible or simply for checking purposes.

11
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INTERPRETATION OF THE RESULTS

The fracture-resistance parameter Kc can be used in several ways as follows:

1. Within the same alloy system (having approximately the same Young's modulus
E) the higher the value of Kc, the more fracture resistant the material.

2. The critical crack length can be calculated for various ratios of yield stress to
operating stress as

2ac =(O)2a

where asp = various percentages of ays. These values can be plotted as 0op/aoy vs
2ac for comparisons between alloys.

3. When item 2 is used for design, consideration must be given to (a) potential
crack growth by either fatigue, stress corrosion or corrosion fatigue; (b) limitations
of proposed inspection procedures for the detection of cracks.

12



Appendix A

SPECIMEN SIZE REQUIREMENTS

The section on Specimen Size Requirements simply tabulates acceptable values
for appropriate dimensions. This Appendix provides figures, references, and calculations
for the determination of the tabulated values.

WIDTH AND LENGTH

A series of experimental determinations of Kc over the thickness range 0.032 to
0.25 in. (0.78 to 6.24 mm) was performed on eight aluminum, four titanium and four
steel alloys. Tensile tests on the same materials provided values of yield stress ays.
These values, normalized as Kc/ays and a,,/E, are plotted in Fig. Al. A curve has
been drawn to enclose all these data, and ays/E is read at selected values of Kc/ays.

2.0

>1.5
0,

b
yo 1.0

0,5 _

U4 S 6 8 10 - 12 14
OrYS/E

Fig. Al - Kc/ays vs a,/E, for the
estimation of K.

It has been established (1,15) that the minimum specimen width requirement
Wmin can be defined by the plastic-zone size ry:

/Kc \2
ry = ta-y-1

1
2ir

13

- T I I I I I I
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and

Wmi, = 27ry.

These values were calculated for selected values of K /ays and rounded off to give
the width values of Table 1.

Length values are present "best estimates" to provide a uniform stress field within
reasonable dimensional bounds.

INITAIL CRACK LENGTH 2ao

It has been concluded that a suitable value of critical crack length 2ac is consistent
with a ratio of 2a/W = 0.0333.

However, the critical crack length 2ac has been found to be a function of the
initial crack length 2ao. This is discussed at length in References 13 and 14; a
relationship is proposed such that

aoh 0.882

ac / /30.1026

where 3 = //ays)2B. Figure A2 shows the relevant data plotted in logarithmic
coordinates. The calculation of 2ao proceeds as follows:

1. Estimate Kc/ays from ay5/E.

2. Determine a suitable width for the estimated Kc/ays.

3. Calculate critical crack length 2ac = 0.333W, and calculate ac = 2ac/2.

4. Calculate

1 Kc \ 2

B \aysJ

5. Calculate initial crack length 2ao:

0.882
aon= -/012

v j0.1026

14
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thus

2aO = 2 X ao -

In situations where instrumentation is not available for COD measurement, this relation-

ship can be used to compute the critical half crack length ac, and this value then is used

for the Kc calculation.

2

0a

0.I

c | I ( K.c )y

Fig. A2 - Log (ao/ac) vs log I, for the estimation of the critical crack length
2ac . (The solid circles are data for aluminum alloy 7475-T61.)

15
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Appendix B

CALIBRATION CURVE EB[COD] /P VS 2A/W FOR THE
DOUBLE-CANTILEVER-BEAM GAGE

THEORETICAL RELATIONSHIP

For determination of the critical crack length 2ac at instability, a calibration curve
relating.EB[COD] /P to 2a/W is employed. A theoretical expression proposed for
displacements at the notch center (16) is:

E[COD] 2 W ( ___1 + v_+_l Y2 Cos1 W 1+V)
aw Iry 7ra~~ si 21/2 Waw i7TY ~cos-~ W+)]1

inh X

Since this expression is sensitive to the ratio Y/W, Figs. B1 and B2 show calculated
theoretical curves together with measured data points for some positions. It can be
seen that with the narrower specimens and larger 2Y gage span, deviations from the
theoretical value occur.

2a/W

Fig. B1 - EB[COD]/P vs 2a/W, showing the
effect of increased specimen width; half gage
span Y = 1 in.

16
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1.6

14 - Y 0.0625 IN.

0.2 -

a.~ ~ ~ 2/

0~

10

WO.8-

0.6-

04WIDTH (IN.)

0.2 12

0.10 0.20 0.30 040 0.50 0.60
2a/W

Fig. B2 - EB[COD] /P vs 2a/W, showing the
effect of increased specimen width; half
gage span Y = 0.0625 in.

For this reason it is mandatory to develop a calibration curve for the exact
conditions of the test. Crack length determined in this manner can be considered as
the effective crack length. This simplifies the computation of Kc, since no plastic-zone
correction need be added to the basic equation for the evaluation of KC.

PROCEDURE

The calibration porcedure is perfectly straight forward. A specimen size is chosen
and a series of specimens prepared with crack lengths varying through a range of values
of 2a0 /W such as 0.1, 0.2, 0.3, 0.4, 0.5, 0.6. The specimens are loaded elastically while
load P and crack opening COD, measured by an appropriately chosen gage, are
simultaneously graphed on an XY recorder. A minimum of two sets of three runs each
should be made for each crack length with the gage removed and, repositioned between
each set. Values of EB[COD] /P are averaged for each set, plotted against 2a/W, and
compared with a curve calculated from the theoretical expression if desired. For
determinations of critical crack length 2ac, the measured calibration curve must be
used. Any convenient alloy is suitable for calibration, aluminum 7075-T6 having been
chosen frequently. It is advisable to use material at least 0.125 in. (3.12 mm) thick so
that buckling restraints will not be required. To insure elastic loading conditions
without crack growth, the load can be calculated from an estimated KIc value and each
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value of 2ao /W. A reasonable percentage of that value is chosen for the calibration load.
The relevant equations are:

KIC

vof(2a/W)

and

P= aA = aBW

or

p BWKIC

v/af(2a/W)

For aluminum alloy 7075-T6, KIj can be considered to be 25 ksi-lii
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SYMBOLS AND CONVERSIONS

2a, 2ao, 2a,

ry

B

BSL

CCT

COD

E

Kc

L

LEFM

P

W

Y

a

a9N

ays

in. X '

in. X

>/in. X 0

Crack or notch length in a sheet; the subscript 0 refers to the initial
value; the subscript c refers to the critical value.

Plastic-zone size

Specimen thickness

Amount of slant or shear fracture

Center-crack tension specimen

Crack-opening displacement at the crack center

Young's modulus

Fracture-resistance parameter for a plane-stress condition; the subscript
c refers to the critical value.

Specimen length

Linear-elastic fracture mechanics

Load

Specimen width

Half span of the COD measuring gage

Gross or nominal stress P/BW

Net stress P/B (W- 2a)

Yield stress

2.5 = cm

2 5 = mm

.16 = \
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ksi X 6.895 = MN/M 2

ksiWm. X 1.099 = MNV/ii/m2 or MN m-3/2

ksiVlh. X 0.16 = (MNVm/m2)(m2/MN)
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