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ABSTRACT

Modern technological applications require the use of high-strength
thin sheet materials to take advantage of {avorable strength-to-weight
ratios. High strength, however, is obtained at the expense of fracture
toughness. A low toughness significantly decreases the size of flaws
which can be iolerated prior to instability and final catastrophic struc-
tural failure,

Linear-elastic fracture mechanicg {LEFM) provides an analyticatl
framework to define the relationship between flaw size and stress level
by the single parameter K. At instability for thin sheet, this parameter
becomes K _,indicatingthe critical value for a situation of plane stress,
To develop a standardized specimen and test procedures, a program
has recently been initiated to explore the variables associated with thin
sheet fracture testing.

Utilizing a cenirally notched sheet tensile specimen, the ratio of
crack length to sheet width (2a/W} and sheet width W have been studied
for two high-strength aluminum alloys. Studies indicated that for a
12-in. {30-cm) wide sheet, values of 0.43 > 2a,/W > 0.10 do not infla-
ence the value of K _ = 55.4 ksi ¥in. (60.8 N/cm ? Yem) for aluminum alloy
7178-T6. Similarly,foralloy 7075-T6 a value of K_ = 65.2 ksi ¥in. {71 .4
N/cm? Yem) is obtained between 0.50 » 2a,/W > 0.066. Further, for
these fwo materials, specimen widths of 3, 6, 9, and 12 in. (7.5, 15, 23,
and 30 cm) give constant values of K.

PROBLEM STATUS
This report completes one phase of the problem; work is continuing.
AUTHORIZATION
NRi. Problem M01-24

Project RR 007-01-46-5431

Manuscript submitted February 24, 1971,
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SYMBOLS

half-length of crack; subscript ¢ refers to critical value, subscript 0
to initial value

cross-sectional area of fracture: Bda
specimen thickness
crack opening displacement

Young’s modulus

strain energy release rate per unit area, crack extension force;
subscript ¢ refers to critical value

stress concentration factor

kips per square inch, i.e., 103X psi

stress-intensity factor; subscript ¢ refers to critical value, subscript I

to first or opening mode
specimen length

spring constant: COD/P
load

distance from crack tip plastic zone; subscript y refers to value at
K.(X;.J) and 0, according to Eq. (4)

surface tension

elastic strain energy

specimen width; subscript min refers to minimum value
plastic work

distance of displacement gage from slit

Poisson’s ratio

gross or nominal stress, P/A

normal stress in the y direction

vield stress
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THE INFLUENCE OF GEOMETRIC VARIABLES ON K_ VALUES
FOR TWO THIN SHEET ALUMINUM ALLOYS

INTRODUC TION

The catastrophic collapse of numerous structures over the past decade — high-
performance aircraft, missile casings, thin-walled pressure containers — illustrates the
reality of the notch brittle fracture problem in structures fabricated from high~ and
ultrahigh-strength sheet metal alloys. The low fracture resistance of these materials
provides for the occurrence of fracture at nominally elastic stress levels when a notch
or sharp crack is present. A combination of a critical crack length and stress level
(load) exists for the material, which if exceeded, will cause the commencement of uncon-
trollable crack propagation.

The ability of a metal to withstand the deleterious effects of cracks, notches, or flaws
is described by a property called fracture toughness. There is at the present time no
standardized test to assess this material property in high-strength thin metal sheet.

This report describes a test procedure which is being utilized to measure the fracture
resistance of high-strength sheets which fail under elastic loads. The test is based on
fracture mechanics plane stress (K_) concepts for definition of critical crack size-vs-
stress level conditions for fracture. Thus, the fracture test not only enables the mea-
surement of fracture toughness per se, but the c¢ritical crack size-vs-stress level rela-
tionships provide for evolving rational fracture-safe design procedures for use of thin
metal sheet.

With a systematic approach to the investigation of the complex specimen geometry
relationships associated with thin sheet testing, it is projected that a relatively econom-
ical K, test method can be developed for reliable fracture toughness characterization of
high- and ultrahigh-strength thin metal sheet.

DEVELOPMENT OF THE CONCEPTS
OF FRACTURE MECHANICS

Recognition by Irwin (1) that the Griffith Energy Balance (2) concept could be related
to unstable crack propagation in a ductile material was the keystone of that discipline now
known ag Linear Elastic Fracture Mechanics (LEFM).

The stability conditions for a crack in a loaded structure may be expressed as

du dw
Er T o

where A is area. However, here the term dW/dA is no longer considered as the theo-
re!:ical surface tension 2T but is defined as the total work per unit area of crack extension.
It is seen that while changes in stored elastic energy U and work W rates are balanced,

a crack may grow slowly, but when the release of elastic energy becomes excessive,
uncontrollable fracture will result.

To prove this relationship, expressed by Eq. (1), initial attempts were made to mea-
sure both quantities. Largely, however, efforts were directed to explain velocity effects
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in fracturing by Mott’s adaptation of the Griffith expression {3). Early work was done
using primarily beam specimens; however, the use of sheet gpecimens was also inves-
tigated. For both types of specimens, the breaking stress could be readily determined.
However, measurement of the final crack length was a difficult problem since finite siow
crack growth frequently preceded instability. Attempts to delineate the crack length at
instahility by ink-siaining techniques met with indifferent suecess. Further, the intro-
duction of the staining fluid provided an adverse environment so the potential for stress-
corrosion-crack growth also existed.

Gradual improvement of experimental technigues and a more fundamental under-
standing of the implications of the relationship, Eq. (1), produced the familiar expression
for & defined then as the rate of release of elastic energy but essentially measured as
work rate {4,5);

s (2}

Here E is Young’s modulus; o, gross stress on the specimen; B, thickness; W, width;
and a, crack length; while 1/M is comphance which is crack opening dispiaeement (COB}
dlvided by oW. The critical value of 4, that of instability at the onset of uncontroliable
fracture, was distinguished as & .

Given this equation, a calibration curve of COD vs erack length could be developed
by elastically loading specimens featuring increasing slit lengths to give values of the
spring constant. Plotted as the normalized value E [COD] /oW against 2a/W, instantaneous
crack lengths could now be determined for the growing crack from spring constants mea-
sured at appropriate intervals along the load-vs-displacement curve. Algo, the curve of
1/M vs a/W could be graphically differentiated and thus values of 4 computed from the
known stress o, and crack Iength 2a. Since the relationship would be true regardless of
specimen configuration, all types of specimens, and even structures, could be analyzed
in a similar manner.

While these load-vs-~crack length relationships were being investigated, another
known fact was not ignored — the existence of a stress field at the crack tip. Briefly,
it can be stated that away from the leading edge of a crack

_ K
e @

where o, is the normal stress in the y direction; K, some constant; and r, distance from
the crack tip. X is vbviously a stress-intensification factor with analogies to the stress-
concentration factor “k” of Neuber (8).

It is obvious that ¢, cannot become infinite in a real material with yield stress ¢
as the metal at the crack tip will yield when o, = o, , With consequent plastic ﬁefermagien
over a finite region. Rewriting the expressmn with this in mind, we have

X
= 4
Gy 5 1}2?], ry 2 ( )

where K is the critical stress-intensity factor and r, is the radius of the crack-tip
plastic zone. The relationship between K_ and E&

E4, =K? (5}

is discussed by Irwin (7},
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Theoretical analytic solutions exist which describe the stress field around a crack
for several specific specimen configurations, and these can be used advantageously in
assigning an expression for the evaluation of K. Refinements in these expressions are
still under development and are discussed in Ref. 8,

With the establishment of the foregoing relationships, real tools were now available
for the study of fracture. These basic equations (2, 3, 4, and 5) permitted estimates of
crack length and calculations of the critical values &_and K _. The values so determined
could be used for design purposes to postulate critical load-bearing capacity in the pres-
ence of a crack of known length or, alternately, the crack length which could be tolerated
under a known load. Progress was not rapid in the field of LEFM, particularly in the
exploitation of its practical applications.

GEOMETRICAL DEPENDENCIES OF K

During the initial development of fracture mechanics, inasmuch as specimen dimen-
sions were part of the basic equations, it was tacitly assumed that these would be self-
normalizing. Theoretically then, instability could be determined from small specimens
and would not be dependent on geometry. Implicit also was the feeling that the value
obtained for 4 would reflect a plane stress situation.

It soon became obvious that, although not predicted by the theory, specimen dimen-
sions did influence the fracture toughness values. The dependence on specimen geometry
was greatly minimized in the testing of thick sections which are subject to a plane-strain
stress state. Consequently, the effort to develop a fracture mechanics test was directed
toward high-strength, thick-section plate material. In 1968, a tentative test method for
thick-section, plane-strain metals was accepted by ASTM for use pending its adoption as
a standard test (9).

Development of this test method has enabled researchers to return to the more diffi-
cult problem of characterizing the fracture resistance of thin sheet. The analytic tools
and experimental procedures made available in the thick-section effort can be applied to
the thin sheet problem. However, unlike the plane-strain test in which specimen vari-
ables are minimized, the thin-section, plane-stress test must contend with the dependence
of the specimen geometry on the fracture-resistance value. The K value is dependent
upon sheet thickness, specimen width, initial crack length, and the width-to-length ratio
of the test panel. Previous work (10-13) and the results of investigations described in
this report indicate that the influence of specimen width, Iength-to-width ratio, and crack
length on the K value can be predicted. By employment of judicious specimen design,
the effect of these variables on the fracture toughness can be minimized, leaving thickness
as the only variable which will gignificantly affect K.

TEST PROCEDURE:

A variety of specimen configurations can be utilized for the assessment of fracture
toughness; not all, however, are applicable to thin sheet material. The centrally slotted
tensile sheet has been chosen for initial experimental work. Of simple design, several
mathematical stress analyses of this specimen have been conducted with excellent agree-
ment (8). Because unstable fracture does occur in this specimen, it seemed a more
natural structural prototype precursor than the crack-line loaded specimen in current
use in other laboratories.

Figure 1 indicates the configuration of this specimen. The central slit was produced
by an electric discharge method. While the specimen is loaded in tension, load and crack
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FRACTURE TOUGHNESS
TENSION SPECIMEN FOR
MIGH-STRENGTH SHEET F

w2 .

T

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

Fig. 1 - Center-notched sheet {CNS} specimen
with drawing of displacement gage

opening {(COD)} are simultaneously graphed by a Mosely X-Y recorder until the specimen
fails. To caleulate K using the appropriate equation {Eq. (8)) requires a knowledge of
gross stress g and crack length, 2a, since

K, =o.Ya, /(2a/W), {8}

where for a range of 2a/W between 0 and 0.6 the following expression is accurate to within
1 percent:

F(2a/W) = 177 [1 - 0.1(2a/W} + (2a/W)2]. (N

Appendix A discusses at length the calibration procedure employed to convert COD mea-
surements to instantaneous crack length.

Variations in 2a,/W and W were investigated to determine the limits of geometrical
dependency. As these may vary with K_/ o, ratic, results obtained at present are not
considered of general applicability.

1t should further be noted that, although an exiension of the initial slot by fatiguing
is desirable to produce 3 “natural” sharp erack tip, it is unnecessary when seme crack
growth precedes final fracture {14). The specimens prepared for this report were not
fatigued, but the majority evidenced some slow crack growth.
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MATERIALS

The two high-strength aluminum zlloys 7178-T6 and 7075-T6 were investigated.
Table 1 details their mechanical properties,

Table 1
. . 1 Elongation
Alloys Yield Strel?gth* Tensile Stre_ngth | in 2-in.
0, (ksi) Cypy (ksi) %)
7178-T6 78.9 88.6 9.2
7075-T6 76.5 | 88.6 10.8

#*Offset + 0,2 percent,

DISCUSSION OF EXPERIMENTAL RESULTS

Values obtained for K. from sheet specimens containing varied initial crack lengths
are shown in Figs. 2 and 3, wherein K_ is plotted against 2a/W.

100 100
7178-T6 7075-T6
80~ BO
® @
; a ] ° . ; bt a® @® * B .
> 60 ° o . v L] & 60 - a Tty F 65;7
- ) o r - Glev ¥
@ I A z B =
=0 Ke fon)558 o DIRECTION WR RW
o 40 SHORT SPECIMEN 1 WIDTH 2 IN. © o 40 WIDTH 12IN. ©
x BOLTED ENDS  + 9 o x 9 o @
HOLE & SLIT X 6 a 6 a -
20} 3V 20 5 v 9
POPIN CLOSED SYMBOLS POPIN CLOSEQ SYMBOLS
NO POPIN OPEN SYMBOLS NO POPIN  OPEN SYMBOLS
NO FACE PLATES- NO FACE PLATES - -~
i k3 —1 1 1 | —_1 L I ] —1 A
o} QI0 020 030 040 050 060 O70 0 Qi0 020 030 040 050 080 070
2ac /W 2ag /W
Fig. 2 - Relationship between K_ and Fig. 3 - Relationship between K and
2a/W for 7178-T6 aluminum; K, = 2a/W for 7075-Té6 aluminum; K, =
55,4 ksi ¥in. 65.2 ksi ¥in.

The necessity of normalizing the crack length with the width arises from the fact
that the basic equation (Eq. (6)) includes a width correction term, /(2a/W). Included also
are data from varied specimen widths: 3, 6, 9, and 12 in, (7.5, 15, 22.5, and 30 cm). The
majority of tests were made in the WR specimen fracture orientation considered as rep-
resenting the most unfavorable condition. The few tests in the RW direction (for 7075-T6)
perhaps indicate a slight improvement in toughness. Otherwise, those specimens exhib-
iting “popin,” i.e., short, abrupt crack extension with no load increase, give values of K
within £10 percent—a reasonable scatter using present techniques. Elimination of the
buckling restraints for very short crack lengths shows little effect.

Congideration of (2) material scarcity and (b) difficulties inherent in the heat treat-
ment of thin stock indicated that minimizing specimen length would be a practical neces-
sity. Accordingly, several foreshortened specimens (L = 28 in., 70 cm) of 7178-T6 were
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tested as indicated. The “beolted” specimen so designated was a 12-in. {30-cm) long center
section bolted to two 12-in. {30-cm) long end tabs. X, values consistent with those mea-
sured using longer specimens support Forman’s conclusion that a ratic of specimen lengih
to erack length (L/a) equal to 3 is sufficient (11).

These curves indicate that valid X data are produced for these alleys in specimens
as narrow as 3 in. (7.5 ¢m} and between ranges for T178-T6 of 0.43 > 2a/W> (.10 and for
7075-T6 0.50 > 2a/W > 0.066. The effect of width upon K, is more clearly seen in Figs. 4
and B.

The possibility of cbtaining the plane strain value X, from the popin phenomenon has
been exploited (8). Such values for thege specimens would not be considered valid, as the
initial slits were not extended by fatigue cracks. It is interesting to note, nonetheless, in
Figs. 6 and 7, that although K, ;,; . values are higher than thoge reported as K;  for these
materials, reasonable consistency is abserved—a fact possibly related to the particular
crack-tip radies.

Examination of the stress-to~crack-length relationship, oy vs 2a/W, is also infor-
mative., Figures 8 and 9 show data points on the theoretical curves computed from the
basic K_ equation. In Fig. 9, the data obtained from sheets without buckling restrainis
indicate a gross stress at fracture lower than expected.

[{ale] [las]
7i78-T8 @ 7075-T6 DIRECTION
A £ WR e
3 so 4 BO- RW.o
g7 g o
Lt b i » %_.
g sol . ¢ . : g eor * ' j t
o
w s T S K iou65.
z =
E 401 KC(M}SE‘S g 40}
= n
_‘;,_: 20} X 20F
o <
L i It L 1 i H L { - —_t L
o 2 4 6 8 10 12 it3 G 2 4 g8 8 0 12 3
WIDTH, W (IN,§ WIDTH, W {IN.)
Fig. 4 - Average K. values plotted for Fig, 5 - Average K_ values plotted for
specimens of different widtha; 7T178-T6, specimens of different widths; 7075~ T6,
K. = 56,5 K. =655
80,
7178-T8
= sob o
z ..
hd ' .
g s0b é - g WioTHiz O
e 4 2
E - e & 3
F
= a0k g o4 3 v
x < POPIN CLOSED SYMBOLS

DL MO POPIN OPEN SYMBOLS
JNG FAC.E PLATES -
[

L L L
o o Q20 030 040 080 Q80
. 2an /W

Fig. 6 - K at crack-growth initiation
plotted against 2a/W for 7178-T6
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Fig, 7 - K at crack~growth initiation
plotted against 2a/W for 7075-T6
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Fig. 8 - Stress at fracture 0g plotted v a0k
on the theoretical curve (0g =K./¥a i
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Fig. 9 - Stress at fracture 0y plotted on
the theoretical curve at the experimental
values of 2a/W for 7075-TbH
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CONSIDERATIONS OF MINIMUM SPECIMEN WIDTH

The effect of the dimensional-width variable mentioned earlier is more obvicus when
the stress-crack length data are compared with those obtained from the infinite sheet
expression,

K=o, ¥a ¥7. (ay

This is done in Figs. 10 and 11, where stresses below those postulated from Eg. {8) are
observed for the longer crack lengths in specimens of finite width. Straight-line tangents
to these curves are drawn in accordance with Fedderson’s specifications {15). He con-
cloded, after analyzing a large body of data from diverse sources, that in plots such as
these, tangents to eertain points would assist in the predication of hoth expected failure
stress apd minimum allowable specimen widéh.

For examole, consider a specimen 12-in, (30 em) wide, From the valueof 22 =W =
12, a tangent is constructed to the theoretical curve for an infinite sheet, Then, along
thig tangent line, failure stress values will fall when the crack length exceeds the value
marked by the position of tangency. It was noted that, for the data available, thig position
corresponded approximately to 2a = W/3. Similar tangents have been construcied for the
other specimen widihs tested, 3, 6, and 9 in. (7.5, 15, and 22.5 em). Data points tend o
fall on the appropriate connecting lines.

Still another inference can be developed from these plots. A line connecting the mate-
rial yield-stress value with the value of 2a = W wili represent the net seciion stress on
the specimen at each crack lengih, For the 12-in.-wide specimen, much of the theoretical
curve lies beneath the o line. However, as specimen width is reduced (lines not drawn
in}, this o line approaches closer and closer to the curve. X this line is so drawn that
it is just tangent 1o the curve, its projection to the 2a = W abscissa will identify the mini-
mum test-specimen width utilizable and the singular value of 2a for this width. The siress
value observed for this minimum-width line was observed {o be about two-thirds of the
yvield-stress value.

A mathematical veritication of the tangent defining the minimum sheet width seemed
possible and is presented here. The point of tangency of this siraight line with the infinite
sheet equation identifies the crack length at which the net section stress on the specimen
is equal to the yield stress. Now

K, = 0, Y7 (8a)
and
o = K, /V7a

When K is constant, the above expression can be differentiated, as

dog K K

[+ <

2¥ra¥’? 2vmaa

da

(o)

n
Bl o
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100 100
Mri7e-Te SHEET WIDTH 7075-T6 SHEET WIDTH
DIRECTION WR 2N . DIRECTION WR 12N, »

80 9 = __ 8o 9 .

= [ a 5 6 &

2 ER £ 3w

© 60 NO FACE PLATES- © 80 NO FACE PLATES-

U’; (.f)h

7] oy

W a0 W40

= =

2] ® w K
20 Vrd 20 Ve

L 1 |

)
Q 2 49 =} 8 10 12=wW Q 2

4 8 6 1o 12=w
CRACK LENGTH, 2a (IN.} CRACK LENGTH, 2a {IN.]
Fig, 10 - Stress at fracture Og plottéd Fig. 11 - Stress at fracture 0g plotted
on the theoretical curve {0g = K/¥Yma) on the theoretical curve against ex-
against experimental values of Za for perimental values of 2a = W for 7075-Tb
7178-T6., Tangents, constructed at
values of 2a=W, are explained in the
text.
The equation for the straight line is
do, o
Gl = G
UG—oys+<E;)a—cys-2aa, (10)
o
G
Og = Oy - 'E', (11)
and 0, . =1.504 oro, =0.660, . {12)
Solving for a =a_, when o = 0 yields
a. 47 [0
¥s ¥e vs
a = = - =2 — 13
max do./da  0y/2a O (13)
1.5¢
=2ax S = 3a;
G
buta_, = W/2, therefore, at
W(a max)=2amax:2><3a (14)
= 6a.
However, a_, . is also the minimum width W_, . Further, the plastic zone can be evaluated
as
K\?1
ry = () 5 (15)
y (cy S) 27
¥ 2 2 2
_ ("G ”a> 1 % ga_ %c’® (16)
“\o 21 2 2m 2’
ve Iys 20,
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The minimum width can now be stated in terms of r,, since

o, =150 . Lo, =225 662

)
1 Fag

I‘y = m"——ﬂ' a=0222a (1?}
s
Wmin = 6a
Wmin = Ga =
r Gzaza o0 (18)

The above mathematical development provides a method of estimating minimum specimen
width, as follows:

1. Ty for the material can be known
2. 05 =2/3 0,
. . z Zz
3. EstimatingK_, a = (K/GG) w= (3K/253,5} 1
4. W ;. =6a
5. Wminfry = 27.

The weak step in this analysis is the necessity of estimating K_. In general X _ is
roughly inversely proportional to ¢,,. There are indications in the aluminum alioy data
that K_ - o,, may be a constant value for a particular sheet thickness. ¥ this is indeed
g0, once established, these congtants should permit reasonable estimates of K, from o,
values; such values can then be used to determine minimum-width values for test verifi-
cation of the K_ estimate. Until this postulated relationship is established and constants
are well defined, it will continue to be necessary to select a range of estimated widths
and to test these for constancy of the K value. Calculaiions of Wfry will also assist in
ensuring valid test data, i.e., W/x, »> 27,

To codity this analysis, Table 2 gives calculated and adijusted values of minimum
sheet width for different K _/ o, , ratios, whereas Table 3 indicates expected values of
critieal erack length at proportionate levels of yield stress.

Table 2
Calculated and Adjusted Values of Minimum Sheet Width
and Critical Crack Length for a Valid Test Specimen

Ke/%s | carontated (?:) 2a/W Ad;:;s’ted (121?.) 22/W
0.50 108 | 0.36/0.333] 3.0 | 1.00)0.333
1.00 23 | 144103230 60 | 2.00|0.333
1.50 9.68 | 3.2/ 0.333 | 12.0 | 4.00 |0.333
2.00 17.20 | 5.2 )0.333 | 20.0 | 6.66 | 0.333
3.00 3870  [12.90 [ 0.333 | 48.0 | 16.00 | 0.333
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Table 3
Expected Values of Critical Crack Length
for Different Stress Levels in an Infinite Sheet

X/o, oy ?141 2.)2a 30'3,( : rfé)t 2a U{isn .%a
0.50 0.64 0.28 0.16
1.00 2.56 1.12 0.64
1.50 5.76 2.56 1.44
2.00 10.18 4.55 2.56
3.00 23.04 10.24 5.76

CONCLUSIONS

1, K. determinations can be made for the high-strength aluminum alloys 7T178-T6
and 7075-T6, 0.0625-in. (¢.156 cm) thick, on specimens 3-in. (7.5-cm) wide.

2. Valid fracture-toughness data are produced over the general range of 0.50 > 2a/W
> 0.10.

3. Elimination of buckling restraints tends fo give lower K_ and o values.

4. Foreshortened specimens, considered for practical reasons, appear to give results
consistent with those obtained from longer ones.

5. Mathematical verification of minimum sheet width for various levels of K_/ o
ratio is possible. A reasonable estimate of minimum sheet width prior to testing will
reduce the number of specimen dimensional variables which must be investigated to

ensure valid results.
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Appendix A
CALIBRATION

To monitor the growing crack by crack-opening displacement (COD) measurements,
a calibration against crack length was made. Specimens of 7178-T'6 aluminum were pre-
pared with the following dimensions: length 36 in. (91 cm); width 12 in. (30 cm); thick-
ness 0.063 in. (0.16 cm). Initial slits, 0.063 in. (0.16 cm) wide, were prepared by an
electric discharge method; slit lengths used for calibration were 1.2, 2, 3, 4, 5, 6, and
7in. (3, 5, 7.5, 10, 12.5, 15, and 17.5 cm).

When panels containing slits longer than 2 in. (5 cm) were loaded, the specimen mani-
fested a tendency to buckle, This is inadmissible, since it perturbs the stress field at the
slit tips in a manner not predicted by the analytic expression employed for computation.
Therefore, to suppress buckling, split aluminum face piate, 12 in. (30 ¢m) long by 2 in.

(5 cm) wide by 0.5 in. (1.3 cm) thick, were employed. The faces of the plates were cov-
ered with Teflon and the backs were made rigid with an aluminum T-shaped section
(Fig. Al).

The COD measurement was effected with a strain-gage-instrumented probe having
semicircular tips (Fig. A2) to fit into a 0.188-in. (0.478-cm) hole drilled at the slit center.
This permitted positioning the face plates quite close to the slit lip. Signals from the
strain-gage circuit were fed into a Mosely X-Y recorder together with those from a
microformer attachment to the load train of a Baldwin Universal Testing Machine,

Since theoretical expressions have been proposed both for displacements at the slit
center (16) and at positions quite close to the slit tip (7), it seemed expedient to provide
calibration data suitable for comparison. For this reagon, a series of calibrations was
made positioning the probe at the center of the slit (ay from the tip) and at alternate posi-
tions 0.3, 0.6, and 1.6 in. from the tip, Tracings of the load P vs COD are shown in Figs.
A3la, b, c, and d for these various probe positions. Three runs were made for each deter-
mination at a load well below that of instability for this material.

Data for the center hole position normalized as E [COD| /oW = EB [COD]/P and
plotted against 2a/W are displayed in Fig. A4. These values are seen to agree well with
a theoretical curve plotted from the equation

E[coD] _ jaw ) (cosh ﬂY/W) 1+
oW 7Y cos ma/W / ~ sin 7a/W \2 | 1/2
1 ———
|: * (sinh HY/W) J

Values selected to test the validity of this expression are W = 12 in.; Y = 0.0625 in,; a =
a,, the successive half slit lengths; 7 = 3.1416; and v = 0.33.

+r>Y/W (A1)

Substituting these into Eq. (Al) yields

E [cop) 1.0001 ) 1.33
S = 9<122.2 cosp~? (200 ) :
oW (COS 'n'a/w [1 (Siﬂ Wa/w)2} 172 + 0.3370.0052, (A2)
+
0.015

13
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Because of the close proximity of the probe to the glit, this calibration is now relatively
insensitive to gpecimen width; computed for width values of W = 3 and 12 in., curves are
indistinguishable upon plotting. This iz not true when ¥, the distance of the prove to the
slit is 1 in., a position which has frequently been utilized (10},

The other positions of the probe are not suitable for length estimates becanse as the
crack grows the distance from the crack tip econtinually increases, thus invalidating the
ealibration curves, However, they do provide a further check on the experimental method
employed by comparison with the theoretical estimate proposed by Irwin (7) and further
discussed by Paris and Sih (17). Data for all probe hole positions are plotted in Fig. A5,
together with theoretical curves from the equation

2
9%9=% (x/2m)'/? sing [2 -2 - 20_;_@} . (A3}

To normalize this expression, since by definition K = (P/BW) va ({2a/W) for this
center-notched sheet specimen, it can be substituted into Bg. {43} so that

_(2P/BW) Ya (2a/W) fry/2 g cos*g
CoD = = ) sing [z -2y - 522 (A4
and
Elcop] _ 2E 2 g cos 29
S oW YW [F) 7 sing {2 Badhiar: J : Wl
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Values selected to test the validity of this expression are W = 12 in.; B = 0.0625 in.;
a = a,, the successive half-slit lengths; 7 = 3.1416; v = 0.33; G = 4.4 X 10° psi; E = 10.6 X
10% psi; 8 = 180°; and r = successive positions of the probe to the crack tip. Substituting
these into Eq. (A5) yields

l‘% = 0.236 VT 13 1(2a/W).
The agreement demonstrated for probe positions 0.3 and 0.6 in. from the slit tip is
surprising, inasmuch as this model was developed to estimate COD adjacent to the tip.

The comparisons provided in Figs. A4 and A5 serve to ensure confidence in the
experimental details (face plates and probe) and the measurement techniques employed.
To obtain length estimates of the growing crack, straight lines are drawn from the origin
of the load-displacement curve to selected load points. When the slopes are evaluated as
COD/P and appropriately normalized (multiply by EB), the value of 2a/W can be read from
the calibration curve and thus crack length obtained for known loads. It should be reiter-
ated here that the crack length determined in this manner is considered to be an effective
crack length. Its use simplifies computation since the plastic zone correction need not be
added to the basic equation for evaluation of K.



