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ABSTRACT

Rapidly wedged, double cantilevered beam Qpecimens have a critical
bendiﬁg moment as a propagafing fraﬁture criterion in thé 1imit of
Bernou]]i-EQ]er beam thedry.. The magnitude of the critical Bendingh
moment 1is calculated from a fu]]y dynamic,ana1ysis of cfack propagatiqn.

The shear force, in the beam at the constant displacement rate end of the

DCB specimeh, multiplied by fhe square root of the loading time is related
to the critical bending moment. Experimenta]'measureménts of the time

dependence of the shear force have been used to calculate the specific

fracturé surface energy versus crack velocity. The crack vé]ocity in

a single specimen decreases with incredsing time, it varies'by a factor

of 5 and is typically 0.01 of vE/p. Details of the expefimental measurements
for brittle and dﬁqti]e fractures, including stfess,intensity values versus

érack velocity are described.’

Kéy words: double cantilevered beam‘specimens; rapid crack propagatidn,
‘fractUre, fast fracture, dynamic stress intensity factors,

shear force, critical bending moments, crack velocify.



INTRODUCTION

~ The critical stress iﬁtgnsity factor for a propagating crack,_KID,
is a.function of the crack velocity, the temperature of the test specimen
and. the material tested. KID values in the 11terature have been measured
in double cantilevered beam (DCB) specimens by exper1menta11y observing
the crack length as a function of time or the stress intensity factors

before and after crack propagation [1,2]. The bbje;t of this paper is to

report on measurements of KID‘dbtained by recordihg the time dependehce of

_ the shear force in DCB specimens that have been rapid]y-wedged'dpen._

A1l reported KID values in the 1iterature are found by comparing

spec1f1c'parameters calculated from dynamic mechanics analysis of a

propégat1ng crack, with a prescribed specimen geometry andﬁ1oading'[3,4],

to éxperimenta1,measurements of the same parameters. In the rapidly
wedged DCB spécimen4tﬁe'crack velocity decreases as the crack length
increases so meaéured KID values are often-recordéd over an'order.of
magnitude in crack ve10c1t1es from a single spec1men [1].

- Kyn values in the Tliterature frequent]y show significant experimental

1D

'scatter. Part of the experimenta] scatter is directly affected by the

j difficu]ty of absolute meésurements of the créck'length.A In the simple

static DCB specimen with a fixed opening at’the load end, the specific
fracture surface energy, R, depends on the.fqurth'power.of the crack

length. Thus, a 10% error in the measured crack length gives a 40% error

in R. The approacﬁ used in this paper is to experimentally apply a constant

rate opening on the end of the DCB specimen and experimentally measﬁre the

~ shear force near the load end as a function of time. The R values during
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crack propagation are computed from the time dependence of the shear
force as ca]culated from the dynamic mechanics‘ana1y§is of the rapidly

wedged DCB specimen [3].. For plane.strain fracture R = E;g (1-v%) when the
4 r .

crack speeds are slower than several % of the sound speed, however if crack

speed is very large then KID is not simply related tolthe measured R value.
In an infinite solid the analysis of Broberg [5] or'Freund [6] re]atee R‘ :
to Kip- | | -

The fracture criterion in DCB specimens in the 1imit of Bernou]ii-Eu]er
beam theory, with the beam built-in at the craek tip is a critical beﬁding
mohent, M*, at the crack tipi. In general, the'value of M* ma& depend on
the crack velocity, . ‘ | |

W= RGMEDE m

where W is the width of the crack, E is Young's modulus aﬁd I is the homent
of inertia of one arm of the beam about the neUtral axié. Tﬁis paper describes
in detail how'fhe critical bending momeﬁt and thus R(%).may be deduced during
crack propagation. In staticAbeam theory the bending moment at the crack tip
is given By the shear forceat the Toad end times the crack Tength.

. In rapidly wedged, dynamic crack propagation the value of the bending
moment” is determined by the sheer force times the square root of the time
subsequent to the cdntact‘of.the Qedge with the specimen.

‘The'Procedure Section formally relates the sheaf fofce to the specific
fracture surface energy.‘ Also ineluded are the shear force measurement |
techniques. ‘The Experimentai Results Section describes the exberimenta] B
measurements on rapidly wedged béBlépecimens and the interpretation of
theseAmeasurements. KIDlversus.crack velocity data is also<presehted_ih this

section. In the'Conc1USion Section the'general findings are summarized.



-PROCEDURE

Relating the Shear Force tq the Specific Fracture Surface Energy
Thevana]ytic solution fbr crack propagation'in rapidly wedged.DCB
specimens is found in reference [3]; the so]utién-ié restricte& to
slender Bernoulli-Euler Beam.theory with‘tonstant specific. fracture surface
energy. The beam is considered built-in at the crack tip. . The %nftiai
condition, during rapid wedging, is zero créck length at zero time. The
displacement of the neutral axis of the beam, y(x,t) is also given in the‘
analytic solution [3]. in y(x;t), x is the distance from the load end of
. the beam to a point along the beém; t i§ the time Subsequeht:to the contact
- of the wedge with the‘beém. .The shear fdrce in'the beam, Q(x,t)'isAcomputed
from the third derivétive of y(x,t) by AA | |

K :

2Y (x,t) = Q(x,t) (@

<

El

%

X

A dimensionless shear quantity-is,formed from Q(x,t).

QL2 ux,t)E @
v (EI)“(DA)“Ve . ,
- where p is the density of the beam,.A is the cross sectional area of the beam
and Ve is the constant end loading velocity of the beam. It is now noted that
QN(x,t)Jf for x = 0-is only a function of R, the beam geometry, modulus and
density. Qu(0,t)/t will be given as a function of a dimensionless crack
' propégafion parameter, Ngs where
. . - |

- 1[pA)? (2(t))

ng -I[EI =t | (4)

2(t) is the crack length at the time t. It should be noted that when the time
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- for the DCB specimen to completely break is known, and when the final crack

length is known, then nz'is known for that time. It follows from equation (4j i

that when n, = constant, the crack veloCity,‘i = 2£:)<« %-. Now, Figure 1

is QN(O,t)/E plotted versus nl.és calculated from reference [3]. Figﬁre 2
relates R to Ny duriﬁg crack'propagatiog. .In this second figuké R is given
in the dimensionless parameter 1/Ve{§%]?. Figure 2 follows direct]y’from
reference [3]. |

" The specific fracture surface energy, R; durfﬁg crack propagatﬁon is
calculated from‘experihenta]»data by measuring the shear force at x = 0 as
a function'qf time.in the DCB specimen. From this dafa Q vt is formulated.
Note that ideally Q/f and thus QN/F isAalconstanf wheh R is consfant. Figure
1 relates the constant value of QN(O,t)JT'tb the constant value of ni. R
duripg the crack propagation 1s found from figure (2) since”nz.is knowh;

One benefit of measuring theAshear force taxobtaih'the critiéa] stréss
1ntensify factor dur1n§ crack propagatipn, KD, i; that in the slow crack |
propagation 1imit KDAis proportional to (QN/ffz._ fhus, the error in measure-
ment of Q to 5% and t‘to,l% §hdu]d give Kb accuraté_t0'4%;‘ In.principle, a
shéér force measufement gives a more accurate determination of KD thén'the
direct measurementslof the crack Tength, . A second advantage to measuring R
from Q vt during crack propagation is that zero time, i.e. when the wedge'
first contacts the specimen, is detérmined with feasonabie accuracy. This
foTloWs immediately since Q(0,t) rises very rapidly when thé wédgé first
contacts the specimen. A simple extrapolation of Q(0,t) to zero shear
~ force determines’iéro time.

A third benefit to this method of measuring R during crack propagation

ijs that the electronic hardware for measuring the shear force versus time



is the same as that used in the ASTM, KId programs [7]. Although the
interpretation of the data is quite different. .

The formal theory of [3] restricts QN(O t)vt, U and R to be exactly
constant during crack propagat1on However, it has been shown by compar1ng
stat1c and quasi-dynamic solutions of rapidly wedged DCB spec1mens, that are
not restricted to R = constant, that for ng < 1.that R may depend on § during
~ crack propagation [3]. - With this restriction on nzg'QN(O;t)Vt'may also

depend on t duming‘crack probagationa

Exberimenta] Measurements of the Shear Force

Details of the rapid wedge loading machine and'the design of the specimens
have been reported e1sewhere (8, 9] The wedge loading machine is designed
to give rigid load1ng of the DCB specimen with a constant app11ed def]ect1on

rate. This is ach1eved by a mass1ve 300 kq, hammer free fa111ng approx1mate1y _

two meters., The 51de grooved specimen is typ1ca11y 7. 0 X 2 5 x 40 cm, It is
‘designed to be a slender beam that remains essentially elastic during the

"~ fracture test.

The shear force is measufed on the DCB specimen by recording the shear | 3
strath on the neutral axis of the beam with a490° rosette strain gage. The
90° rosette gage is placed S0 it is primar11y sensitive to shear forces in
- the'beam,and insensitive te axial forces. The gage is located near the']oad
end of the DCB specimen. The gage i{s placed as near to the neutral axis as
| possib]e and approximatley a distance equal to 1/2 the'height'of the beam
| away from the 10adﬁpoiht. Thus, the gage is midway between the 1oad point
and the initial craek length in the DCB specimen, The signal from the gage

~ 1s recorded using a vertical amplifier, plug-in unit on an oscilloscope.



The nominal rise-time of the electronic system is 60 useconds with a
frequency respdnSe of 6 kHz. The shear force measurement versus time is
recorded photographically using a tr1ggered single sweep of the osc11loscope
Absolute values of the defléction on the oscilloscope are ca11brated
to shear force values by statically loading the specimen with a negat1ve
shear force as measured with a load cell en a tensi]e machine. The gage"
“output must be linear %ﬁ the shear force~ The response of the gage has been
checked to be linear in the shear force a1though the slope of .the response
Acurve depends partially on the loading arrangement. If the gage were to
© . .measure the strain at a point ( aS'opnosed fo a finite area) on the neutral
axis of a beam very far from4the load point the gage response should be
‘1nsensitive to the loading arrangement. For the 1oeding arrangemenf'used
during our crack propagation tests the load point is only.one bedm-height-
away from the‘gage. So that the detail geohetry of the contact of the
wedge to the beam can-give differences as large as 20% between‘the ca]ibrated
static force and the dynamically measured shear force. It is also im-
portant to have the wedge contact the DCB specimen in the‘nid-nlane. A
very thin pwece of sh1m-stock between the wedge and DCB specimen is . 1dea1
for this purpose. The shear force testing of rapidly wedged DCB spec1mens
is self—calibrating (as wil} be discussed‘1n the next sect1on).
~ The photegrephic'record of the shear force versus time during the
frdcture.of‘a samp]e,lis processed'by electronically digitizing the Q

trace and replotting Qvt versus t.



EXPERIMENTAL RESULTS.

Qy vt t versus t in Ti Al]oy

The. theory for determining R dur1ng crack propagation and the exper1menta1
procedures for recording the shear force Q, during crack propagat1on were
outlined in the previous section. F1gure 3 'shows Q versus t for a samp]e of
Ti-6A1-4V fractured at room temperature. This material has been investigated
' for dynamic fracture using direct measurements of'crack length versus time [é].
Figure 3 shows several characteristic features of a‘Q versus t curve for
_rapidly wedged DCB. specimens. The value of Q is zero prior to the wedge con-
.tacting the specimen on the'1eft of the figure, The shear force then r1ses

 very rapidly after the wedge contacts the specimen Q at the end of the 1oad1ng

'curve reaches a maximum va]ue and then Q descreases with time, The start of:
crack propagat1on is 1dent1f1ed with the maximum value of Q on the far left of
Figure 3. This point corresponds to the-1ntersect1on of the nearly smooth
rising Q versus t curve and the decreasing part of the Q versus t curve after
track propagation. The Q trace is not smooth but shows sma11 amp11tude
osci11ations. At much later times, on the right of figure 3 the value of the
shear force firstArtses rapidly and then decreases very rapidly to zero.
Although not shown in figure»3 at 1onger timeshthe shear force continues to
oscillate about the zero value with séveral mixed frequencies. At very
long times a single frequency is achieved and the amplitude of the signal
decays as time increases. o |

The t1me when the wedge first fully contacted the spec1men is determined
from the 1ntersect1on of the zero Q value and the extrapo1ated intersection of
the rapidly rising shear force curve on the left of figure 3. Having defined

zero time, Q/T is now formed. Qvt is the information necessary to determine
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R Qufing the crack_propagation. -Figure 4 is QN/T versus t for this specimen

-as computed frdm the digitized trace of figure 3 with the scale of the

ordinate as determined below. Q/f is proportional to QN/f, where QN/f is -

~ dimensionless as given in équatibn (3).' On the far right of figure 4 just

before Qv/t increases rapidly the sample is completely fractured. At this
point the crack length is the complete length of the sample and the time

for the crack to propagate to this length is known from the abscissa value

of t in either the Q or the Q/T curves. Thus, at the end of the fracture
ny is known from the final crack length. At the end of the test QNJT'may
.now be determined from figure 1 since n, is known for the final crack

‘length, The scale of the 6rdinate'axis in figure 4 is now determined.

QN(t)/f and "z(t) are dgterﬁined throughout the entire test once the scale

o . of the ordinate is chosen. As thé crack épproachesithe entire 1ength.of

. the test piece, simple bgam thedfy is'not'strictly abblicable,'thus the

final calibration pbiht may ihtrédﬁce a systematic error of up'to'S% in

the absolute scale of the QN(t)/I trace. It should be noted -however that

~ the relative trends in KD veréus Crack~ve10c1ty'curvesAare uneffected by

minor adjustments in the scale of the QN/f versus t curve. It probably would

be more appropriate to calculate the scale of QN/F curve by using a crack
propagation gage near the mid-point of'the’DCB specimen.

'It should be noted in figure 4 that QN/f rises rapidly to a nearly

constant value and then -osciTIates with a period that ihcreases slightly

. with time., On the extreme right of figure 4, QN/? rises very rapidly and

theh goes to zero., It ultimately would become negative since Q becomes

negative. The oscillations during crack propagation in QN/f are nearly

periodic and are thus believed to be associated with vibrations in the
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. sample. The surface oflthelfractured samble showed no indications that the
crack hesitated nor deviated from the fracture plane. In the analysis of
the QN/— data these osc111at1ons wi]] be considered not to contribute to the
crack tip bending moment and will be smoothed over in ca]cu1at1ng the R data.
If the osc¢illations in figure 4 arelnot smoothed then the KD values,
. when compared to the smoothed KD ya]ues, throughout the fracture test does
',not vary by more thahAt 5%. However, if the oscillations were 1nterpreted
S as a rapid variation fn.n£~during an oscillation of QN/f then the crack N
Tength would decrease and the crack velocity would be.negatihe betweeh x'
~oscillations. This is an unréa]istic interpretatien whereas vibrational
modes in the DCB sample are undoubtly exc1ted during the massive wedge impact.
Thus, it 1s argued that the osci]]ations in QN/_ t which are approximater of
the samefperiod as the free v1brat1on of the beam, do not direct]y contribute
to the crack tip bending moment nor de they represeht periodic osct11ations
. of the crack velocity. Thus, for the compuﬁtationAo'f.KD vehsus i as shown in
Figure 5 these oscillations have been removed and i ts a smoothed crack
ve1oc1ty. | o

The K va]ues of fwgure 5 have been corrected for the strain energy

D
Abeyond the crack tip, i.e. from slender to thick beam spec1mens This is
~.an important correction when the crack length is short and comparable ‘to'~
the beam’height [10];' The KD'valués recorded in fﬁgure 5 are about 50%
larger than KIc in this material [9]. The.fracture mode along the entire’
fsample is by ductile void coalescence. A p]ane‘straih fracture condition

~ .

is not achieved since the fracture surfece is not flat. 1In addition, the

o . ca1cu1ated static, plane strain width .as obtained from the dynamic KD

- value and the static y1e1d va]ue is 50% larger than the measured fracture.

width,
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Qyt versus t in Steel

: Figure 6 is Q versus t for a 1018 cold rolled stee] specimén;-AThe
sample was fractured at -196°C. Q rises rapidiy on the left of the-figure
and then decreases with time. ~0n-the right of fhe figufe, Q inéreéses and
tﬁen~gbes to zero. Q then oscillates about zero with several frequencies.
Figure 7 is QN/f versqs‘digitized from figuré 6 fol1owing the same prdcedufe
used in figure 4. After‘risiné rapidly during loading QN/F varies slowly
with time with sma11 amplitude osci11atjons. Just before the 1argé'peak

on the right of figure 7, the crack has completely broken the sample.:-Ihe
time va1ue-ju$t prior~£o this peak and fhé comp]éte Tength of the broken
DCB specimen and therefore the crack, is used to ca]culaté ng at this point.
" Figure 1 55 now used to'determfne the scale of the'Q&Jf'ordinate.‘~The data.
_in Figure 7 is smoothed and}KID versus.i is computed from the smobthed
curyé. This is shan in Figure 8. The fracture mode of this sample is

| brittle cleavage and the fracturevﬁurface is very flat across the sample.
7F1ane strain fracture values have,probablyibeen achieved. In addition to
the flat frécture fhere'is only a very small shear 1ip. and the width of

the fracture is well in excess of 2.5(KID/cy)2 wﬁere a, is the static.

yield stress,
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CONCLUSIONS

The measured shear force in the rapidly wedged DCB spec1men when
multiplied by the square root of the time is a s]ow]y vary1ng function of
time. Acoustic waves on the exper1menta1 data are sma11 in amplitude but
should be smoothed in analyzing QN/_. The determination of zero on the
time axis is deduced. from the.shear force versus time curve. ‘The crack -
veloc1t1es typically obtained us1ng this test are a factor of 2 slower

than,phe“crack‘veloc1t1e5_1nwcrackvarrest specimens. In a s1ng]e test

the crack ve]ocfty varies by a factor of 5 and ishtypica11y 0.01 of /Eﬁi
for the specimens and wedging machine used. The testing scheme has two
seif—consistency checks; first, :the absolute'shear’force calibration
obtained by loading the specimen 1n a tensile machine should be in -
-reasonable agreement with the shear force calibrated from the end of the
fracture test. Second the initial -crack 1ength ca]cu]ated from the
| extreme left side of the QN/_ curve should agree with the measured 1n1t1a1
crack length in the actua] DCB specimen, The stress 1ntens1ty data dur1ng
crack propagat1cn as deduced from the QN/f curve shows that the thick to
slender beam correcfion is important for short crack lengths. |
' Kp data versus crack velocity in Ti-6A1-4V shows little rate

dependence over the'range of velocities tested. The KD'va]ues obtained
- from the QNJF data is however larger than KIc in this material but smaller
than the K as ca1cu1atedefrom the’energy'lcst in a Charpy specimen end K
as ‘calculated from the load def]ection energy fn completing thesfracture of

Kpc test specimen [91. The K, data versus. crack velocity for the steel
specimens however do show a rate'dependence -- the faster crack Qe1ocities'

have smaller KID values. In the range of crack velocities tesfed, the



rate dependence is not a strong effect and is just larger than the .

estimated experimental scatter.

ACKNOWLEDGEMENTS

The authors are grateful for support for the development of this

fracture test by the Energy Research and Development Administration

through contract E(11-1)-2422.



-13-

 REFERENCES
1]. Burns, S. J. and Bilek, Z. J.,‘Méta1]urgica1'Transactﬁons; Vol. 4,
1973, p. 975.
2]. Hahn, G. T., Hoagland, R. G., Kanninen, M. F., and Rosenfield, A. R.,
... Dynamic Crack Propagation, G. C. Sih, ed., Noordhoff,41973, p. 649.
3]. Bilek, Z. J. and Burns, S. J., Journal pf Mech. Phys. Solids, Vol. 22
1974, p. 85. | o

4]. Kanninen, M. F., International Journal of Fractu;e, Vo1; 10, 1974, p. 415,

5]. Broberg, K. B., Arkio Fysik, Vol. 18, 1961, p. 159.

6]. Freund, L. B., Journal of Mech. Phys. Solids, Vol. 20, 1972, p. 141,

71. ASTM, E-24 Committee, Task Force .03. | o

8]. ‘Burns S. d., Proceed1ngs of 12th Annual Meeting of Soc1ety of
Engineering Science, 1975, p. 121, ’

9]. Burns, S. J. , Crack Arrest in Titanium, Air Force Mater1als Laboratory

" Technical Report AFML-TR-75-101, July 1975,

10].

‘Kanninen, M. F. Internat1ona1 Journa1 of Fracture, Vo] 9, 1973, p. 83.



~14-

FIGURE CAPTIONS

- Figure 1.
Figure 2.
" Figure 3.

Figure 4.

Figure 5.

Figdre 6.
Figure 7.

‘Figure 8.

The analytic relation between QN/_ and n2 is shown
The analytic relations between 1/V [EX] and Ny is - shown.

An experimental measurement of Q versus t for a Ti a]]oy

_specimen fractured at room temperature. The scale of the

ordinate is determined from the final fracture point in
Figure 4 (see text).

The experimenta1 values of QN/E versus t computed from the
data in figure 3. The sca]e‘of the ordinate is defined from
the f1na] crack length.

K. versus crack velocity for Ti alloy as calculated from .

D
figure 4, ‘ | '

A photographft record of Q vershs t for 1018 cold rolled steel
fractured at -196°C. The abscissa time axis is 2 msec per
division. |

The experimental values of QN/_ versus t computed from the

~data in figure 6. The scale of the ordinate is defined from

the f1na1 crack length.

K. versus crack velocity for 1018 cold rolled steel fractured

ID
at —196?C as calculated from figure 7.
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