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Abstract

Time varying shear force measuring techniques have been used to in-

vestigate the dynamic critical stress intensity factor versus crack

propagation velocity curve.  The product of the shear force at the loading

end times the square root of the loading time on a rapidly wedged DCB

specimen is uniquely related to the critical bending moment at the crack

tip.  Static compliance measurements on side grooved specimens were

incorporated into a Bernoulli-Euler beam model for calibration purposes

and to eliminate the inappropriate.built-in. beam assumption.  The compliance

calibration shows a crack length shift fr6m a measured crack length to

a beam model length at a fixed compliance value.  This shift does not

effect the magnitude of the calculated critical bending moment at the crack

tip when the load and the load point displacement are measured quantities.

The effective crack length is calculated from the beam model length with

the length shift correction.  The K values (calculated from the criticalID

bending moment) versus crack velocity have been investigated at several

test temperatures for a low carbon steel.  KID values show a generally

decreasing trend when crack velocity increases K   at fast fracture
IC

initiation, is larger than .the corresponding K value for all tests
ID

recorded.

Key words:  cantilever beams, crack propagation, fracture properties,

critical stress intensity, crack velocity.
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Introduction

A series of K versus crack velocity data for AISI 1018 cold rolled
ID

steel, tested at different temperatures, are presented in. this paper.  KID

versus crack velocity values are calculated from a directly measurable

quantity -- the time varying shear force at the loading end of the rapidly

wedged double cantilever beam (DCB) specimen.

The fracture initiates from a sharp starting crack in the DCB specimen

with rapid wedge loading.  Energy is continuously supplied to the test

specimen by the time varying loading force.  The slender beam shaped test

specimen has a critical bending moment, M*, at the crack tip.[1,2]. M*

1/2is related to the specific fracture surface energy, R, by M* = (RwEI)

where·w is the width of the crack path, E is Young's modulus and I is the

moment of inertia of one arm of the beam about  the neutral axis.  For

the constant displacement rate loading DCB, the product of the shear

force across the loading end times the square root of the loading time is

proportional to M* [3,4].  Therefore, R can be deduced by measuring the

time varying shear force across the loading end of a DCB specimen.  K ID

is assumed to be related to R by a simple static relation, R = K2 /E(1-v2),ID                      ·

where E is Young's modulus and 0 P6isson's ratio.

V-shaped side grooves were machined into all DCB specimens tested in

this paper.  Because of these grooves, the specimen is softer than beam

model predictions.  A static compliance measurement incorporated into a

Bernoulli-Euler beam model uses a crack length shift at a fixed compliance

value. Since  ) is proportional  to the slope of the compliance versus

crack length curve, the length shift correction does not effect the
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magnitude of the K value.  Therefore, the length shift does not effect the

magnitude of the calculated critical bending moment at the crack tip when

the load and the load point displacement are the measured 4uantities.

However, crack lengths obtained through beam models must be shift corrected.

The time derivative of the crack length gives:the crack propagation velocity,

£.

In this paper, the test scheme used is briefly described in the first

section.  Static compliance measurements which lead to corrections to the

beam theory are then presented.  The K versus crack velocity curves areID

described in the Experimental Results Section. Comparison of 1<IC and KID

values at the fracture propagation point are then discussed.  Finally,

general conclusions are summarized.
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TEST SCHEME

All the DCB specimens are machined to have the longinitudal direction

coincide with. the rolling direction of the AISI 1018 cold-rolled steel plate.

The DCB specimen, which is designed to be a slender beam and to remain

essentially elastic throughout the fracture test, has the nominal dimensions

of 2.54 x 5.08 x 42 cm.  A more detailed description of the design of the

DCB·specimens has been reported elsewhere [5,6].  A pair of 60° V-shaped

side, crack, guiding grooves were introduced in the thickness direction of

each side of the beam.  The width of the fractures varies from 0.64 cm to

1.27 cm by increments of approximately 0.32 cm.  The fracture is initiated

from a short machined starting crack, about 3 cm long, with a swallow-tail

cut and fatigued to be totally about 6 cm long.  The specimen is fractured

by inserting a 30° wedge which is attached to a massive, 300 kg, hammer

that free falls from a wedge-drop machine from a height of approximately

2 meters.  The energy in the wedge is orders of magnitude larger than the

energy in the fracture event. The wedge applies an essentially constant

deflection rate of about 1.6 m/sec on each arm of the DCB specimen.  The

loading machine has been described in detail in ref. [5,6].

A 90° strain gage rosette is mounted, close to the loading point, on

the neutral axis of one of the DCB arms.  The rosette monitors the time

varying shear force across the beam during fracture propagation.   The time

varying shear force is recorded for calculating K versus k values.  The
ID

gage and recording instruments used for fracture test is experimentally

shown to be adequate for the specified DCB specimen [4].

STATIC COMPLIANCE CALIBRATION

The side grooves for guiding the crack propagation direction have a

significant effect of the deformation of the precracked part of the DCB
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specimen.[4,7,8].  A detailed description of static compliance measurements

on the specified fracture specimen is reported in ref. [4].  The measured

compliance values at·different simulated crack lengths are shown in Fig. 1.

The compliance, C, when plotted as Cl/3 versus the beam length is a straight

line.as beam models predict, (curve S).  Curve (D) is based on the dynamic

analysis [2] and the experimentally measured total fracturing time [3] of

a specimen with this specified geometry.

The measured compliance value increases monotonically with respect

to the simulated crack length, 1, and increases rapidly when the crack tip

is 1 1/2 beam heights from the free end of the beam.  The measured compliance

valuesare a reasonable straight line, (curve E), that does ·not go through

the origin.

Fig. 1 shows that the compliance values of the beam models.are lower

than the measured values for the same .crack length.  This comparison

indicates that the beam length predicted by the simple beam model is longer

than the crack length for the same compliance value.  Fig. 1 also shows

that by keeping the compliance value fixed and shifting curve (E) a

distance AL to curve (S) then both curves. will match each other almost

perfectly.  For any simulated crack length, t, the compliance value is

calculated from the simple beam equation in Fig. 1.  For this compliance

value, a corresponding beam length, 1 =2 of the built-in beam modelm     model '
can be obtained.

1   =   1      -   82      I               j                                       (1)    'm

8£ depends on specimen geometry including the side-grooves and may depend

on elastic moduli as well.  Fig. 2 is a plot of i versus Zm from.the measured

compliance.  The curve is fitted linearly to have a slope of 1 and the 82

value is found to have an average value of 1.84 cm with at most -8%
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deviation at the initial crack length. and less than &2% for £ >8 cm,

Equation (1) is the calibration that relates the crack length to a simple

beam crack model .

FRACTURE TEST DATA

A typical recorded fracture test data of the time varying shear

force, Q(t), which is monitored by a 90° strain gage rosette, is shown

in Fig. 3.  A detailed description of this data has been reported in

1/2
ref. [4].  Q(t) trace is digitized to form Q(t)t which is proportional

to the critical bending moment at the crack tip, M*.  However, a smoothed

1/2
Q(t)t    curve is used to calculate R(t) since the oscillations that appear

on Q(t) and Q(t)t are believed to be from stress waves producing complex             '
1/2

beam vibrations.  The numerically smoothed Q(t)t curve is constructed1/2

from only three constants:  the first gives the average K   values; theID

second specifies if K increases or decreases with velocity and the lastID

1/2
looks for a minimum in the curve.  The smoothed Q(t)t    curve is used to

provide: first, R(t), and thus K  (t)  as mentioned in the introduction;'ID   '

second, im(t) by the built-in beam model [2,3,4].  tm(t) is corrected by

equation (1) to provide an effective crack length £(t).  The derivative

of £(t) gives the crack propagation velocity, i(t). .At each instant of

time there is a K   and a corresponding i value.  Thus  K   versus i fromID '  ID

a single test can be obtained.

EXPERIMENTAL RESULTS

K   versus i curves are the final results from the rapid wedging dynamicID

fracture test.  The test temperatures used in this study were -196°C,

-140°C, -78°C, -60°C, -40°C and 0°C.

The fracture surfaces of the specimens tested at -196°C are reasonably
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flat.  Irr addition to the flat fracture there are only very small shear

lips.  The thickness of the specimen satisfies the static requirement

for plane strain conditiohs.  Thus, the dynamic .stress intensity values

are presumably plane strain.  Fig. 4 shows the summary of these tests.  KID

decreases as i increases when i is below about 50 m/sec.  KID reaches a

minimum value versus i in the range of 50 m/sec to 80 m/sec.  As i becomes

higher than 80 m/sec, K   increases slightly as i increases.  The upper
ID

three curves (i), (ii), (iii) show higher K   values at high i values. This
ID

may be due to a slight temperature gradient occuring ·throughout the specimen.

The temperature close to the crack initiation end is slightly higher than

the temperature at the far end of the specimen.  The specimens from the two

lower curves (iv), (v) have been very carefully temperature controlled to

give a uniform temperature.  The slightly increasing trend of K  vs i
ID

plot on the high i side may also be due to over estimating the resistance

to fracture initiation because the starting crack, which is saw-cut, is

not sharp enough - although it is dove tailed.

The fracture surface for -140°C test is reasonably flat and is similar

to tests at -196°C.  The starting crack on this specimen is also saw cut.

K   vs i behaves the same as -196°C tests, see Fig. 5.
ID

The fracture surface for the test at -78°C is flat for most part and

appears rough near the very end of the specimen.  A fatigue precrack is

the starting crack.  KID decreases monotonically as i increases in,the

tested i range as Fig. 6 shows K   values from both curves (i) and (ii)
ID

have good reproducibility although i range changes quite a bit.

K   vs i for -60°C tests is shown in Fig. 7.  All three specimens
ID

only broke half way down the beam.  The fracture surfaces were still quite

flat.  Curve (i) of K   vs i.shows a minimum around i =· 60 m/sec.  ThisID
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minimum, may be mostly due to a temperature gradient (as mentioned early in

this section) throughout the specimen, and partly due to the bluntness of the

starting crack. Specimens for curves (ii) and (iii) have been carefully

temperature controlled and have fatigued precracks.  The low end i values may

deviate quite a bit from the true i, yet K values show nice reproducibility.
ID

Both specimens tested at -40°C and 0°C have fractured over 30 cm and then

broke off.  A fatigue precrack is used as the starting crack.  The fracture

path is quite flat at the beginning part and then turns rough in the later part

of the specimen.  In addition to the roughness of the fracture path there are

a lot of broken ligaments on the fracture surfaces.  These effects cause the

crack to propagate quite slowly and K   is very high at low i values, see Fig.
ID

1.

8 and Fig. 9. Figure 10 is a plot of Q(t) and Q(t)t-2 versus t for the O'C
12specimen.  The stress wave oscillations on Qt  are significantly smaller than

1.-

the absolute change in the value of Qt2 during the test. It follows that at

higher temperatures that the rate dependence is a significantly strongen effect

than the stress wave oscillations.

For all the specimens with either swallow tailed starting cracks or fatigue          «

precrack the peak load K   values are higher than the K values at the highestIC                              ID

crack velocities.  A typical example is shown in Fig. 3. K corresponds toIC

the first peak in the Q(t)tli trace.  Physically, this point indicates the onset

of fast fracture propagation as discussed in ref. 4 K   is the correspondihg'   ID

point at the same time value on the smoothed Q( t)t4 curve.  The peak point is

always higher, (higher value in Qti scale), than the corresponding point on the

smoothed curve.  The higher Qt4 value gives a higher stress intensity value.  K

5    -3/2values for all the K   tests reported varies from 1.2 x 105 to 5 x 10 (MNm    )/sec.
IC
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CONCLUSIONS

Time varying shear force measurements have been applied to double canti-

lever beams specimens for studying dynamic crack propagation.  This technique

is based on the theory that the, shear force.across the loading end of a rapidly

wedged slender DCB specimen times the square root of the loading time is propor-

tional to the critical 6ending moment at the crack tip, M*.  Static compliance

measurements were· used to incorporate the built-in beam model to the side-groove

effects on the DCB specimen.  The constant length shift correction will not affect

the magnitude of M* and gives an effective crack length after correction.  This

correction is even valid for more sophisticated beam models [9,10] with side-
1',

grooves [4].  Q(t)t-2 is numerically smootted to eliminate stress wave oscillations

and this smoothed curve then provides the information for calculating K  (t) andID

i(t) " K  versus i has a generally decreasing trend as i increases and IDK /DilID                                                                   ID

increases as temperature increases.  For a single test i usually varies by a factor

of 10.

This rapidly wedged DCB specimen test is unique in that the crack velocity

starts at a high value and decreases throughout the test.  The test has stability          h

when KQ
at initiation is approximately the same value as KID and BKID/ai is negative.

This keeps the crack's K value during the fracture event continually increasing.

Crack propagation-arrest test specimens however seem to dominately test where

3K  /3£ is positive. Since, 3K  /3i is negative in the low range of crack speeds,
ID                          ID

slow crack velocities are typical of the. rapidly wedged DCB test. Occasionally a

test specimen breaks an "arm" during testing. This phenomona is associated with

the lack of stability of the fracture plane remaining on the symmetry plane of the

slender DCB specimen.  When the crack leaves the symmetry plane the K values tabu-

lated are suspect.  The reproducibility of the fracture tests is shown in the

Experimental Results Section.  For achieving good reproducibility, a stiff wedge,
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a .fatigyed starting crack and a well controlled temperature environment are

recommended K  values at the onset of fast fracture pr6pagation are also
IC

noted. These values are higher than the corresponding K values for all the
ID

tests at different temperature for this low carbon steel.
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Figure Captions

Figure 1  Measured compliance values and beam model compliances versus

crack lengths.  Curve E is a fitted·curve of measured values.

Curve S is a Bernoulli-Euler beam on a rigid foundation with V

shaped side-grooved cross section.  Curve D is a dynamic

Bernoulli-Euler beam on a rigid foundation with a V shaped

side-grooved cross section.

Figure 2  The corresponding beam model crack length  Em  at a fixed

compliance value versus the measured length, 2.

Figure 3  Scaled and smoothed Q(t) and Q(t)t4  traces for the test

at -78°C. The peaks shown on Q(t) are also shown on Q(t)tli

Figure 4  K   versus i for a series of tests at -196°C.ID

Figure 5 K versus i for the test at -140°C.
ID

Figure 6  K   versus i for the tests at -78°C.ID

Figure 7  K   versus i for the tests at -60°C.ID

Figure 8 K versus i for the test at -40°C.
ID.

Figure. 9  K   versus i for the test at O'C.ID

Figure 10 Scaled and smoothed Q(t) and Q(t)t-i traces for the test at O'C.
k

The rate effect is large since  the  value  of Q(t)t- changes

dramatically in the test.
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