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Abstract

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

vestigate the dynam1c critical” stress 1ntens1ty factor versus crack

, propagat1on velocity ‘curve. The product of the shear force-at the 1oad1ng

end times the square root of the loading time on a rep1d1y wedged DCB

specimen-is uniquely re]ated tothecriticé] bending momeht at the crack

- tip. " Static comp]1ance measurements on side grooved spec1mens were

1ncorporated into a Bernoulli- Euler beam mode] for calibration purposes

:'and to eliminate the 1nappropr1ateubu11tf1n:beam assumption. The comp11ance

calibration shows a crack length shift from a measured crack-length to

a beam mode1A1ength at a fixed compliance value. This shift does not

-effect the magnitude of the cé]cu]éted criticé] bending moment at the crack

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

 The effective crack 1ehgth is calculated from-the beem mode] length with

the 1ength sh1ft correct1on The KID values (ca]culated from the critical
bending moment) versus crack ve]oc1ty have been investigated at several
test temperatures for a low carbon steel. KID values show a generally
decreasing<trend.when_Crack velocity increases. KIC at fest fracture

initiation, is larger than -the corresponding KID value for all tests .

" recorded.

Key words: | cantilever beams, crack'prOpagation, fracturebproperties,

lcritiCa] stress intensity, crack velocity.




Introduction

- A series of Ky versus crack velocity data for AISI 1018 cold rolled -

. Steel, tested at different temperatures,'are presented in‘thisipaper.' KID

versus crack ve]oc1ty va]ues are ca]cu]ated from a d1rect1y measurable
quantity -- the time vary1ng shear force at the 1oad1ng end of the rap1d1y
wedged double cant1]ever beam (DCB) specimen. ' '

The fracture 1n1t1ates from a sharp start1ng crack in. the DCB spec1men
wtth rapid wedge ]oad1ng. . Energy is cont1nuous1y supp11ed‘to the test
specimen by theAtime varytng 1oading force. The s1ender beam shaoed test
spec1men has ‘a critical bend1ng moment, M*, at the:crack t1p [1,2]. M*

is related to the spec1f1c fracture surface energy, R, by Mx = (RwEI)]/2

.where-w is the w1dth of the-crack path, E is Young' s modulus and I is the

moment.of'tnertia of one arm of the beam about. the neutral axis. For

the constant disp]acement 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 measurino the
time vary1ng shear force across the loading end of a DCB. specimen. KID

%)

b

is assumed to be re]ated to R by a s1mp]e static re]at1on, R=K D/E(] -V
where E is Young S modu]us and v Po1sson s ratio. '

V-shaped s1de grooves were machined into all DCB spec1mens tested in
this paper. Because of these ~grooves, the specimen is softer than beam'
modeT pred1ct1ons A static comp11ance measurement 1ncorporated into a
Bernou]11 EuTer beam model uses a crack length shift at a f1xed comp11ance.'
value. S1nce'fj 1s proport1ona1 to the s]ope of . the compliance versus

crack length curve, ‘the 1ength sh1ft correction does not effect the




magnitude of the K value. Therefohe; the length shift does not effect the
magnitude of the calculated critical bending moment at the crack tip when .ﬁA
the 1oad and the load point d1sp1acement are the measured quant1t1es |
However, -crack 1engths obta1ned through beam mode1s must be shift corrected
‘The time der1vat1ve of the crack 1ength g1ves:the crack propagation ve]dc1ty;
i.A , . .

In this paper, the test scheme used'is briefly described in the first
section. Static compliance measurements ‘which 1ead to correct1ons to the
" beam theory are then presented. ' The KID versus~crack velocity curves are
descr1bed in the Exper1menta1 Resu]ts Sect1on Comparison-of KIC and'K'ID
va]ues{at the‘frecture propegat1on point are then discussed. ?ina]Iy;

general conclusions are summarized.




TEST SCHEME

_ A1l the OCB specimens are.machined to have the-]onginituda]-direction‘
coincide with the rolling direction of the AISI 1018 cOld—rol1ed steel plate.
The DCB spec1men, which is designed to ‘be a s]ender beam and to remain

essent1a11y e]ast1c throughout the fracture test, has the nom1na] dimensions

. of 2.54 x 5.08 x 42 cm. A more detailed description of the design of the
~ DCB- specimens has been reported e1sewhere‘[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 fracturefis initiated

from a short machined Startfng crack, about 3 cm. long, with a sma11ow-taill

- cut and fatigued to be tota11y about 6 cm‘1ong The specimen is fracturedA

by 1nsert1ng a 30° wedge wh1ch is attached to a massive, 300 kg, hammer

that free falls from a wedge drop machine from a height of approx1mately

- 2 meters. The energy.in the wedge is orders of magn1tude 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 detai] in=ref [5,6].
A 90° strain gage rosette is mounted, close to the 1oad1ng point, on

the neutral axis of one of the OCB arms. - The rosette mon1tors the t1me

~vary1ng shear force across the beam dur1ng fracture propagatlon The ‘time
varying shear force is recorded for calcu]at1ng KID versus 2 values. The

~.9age and recording instruments used for fracture test is exoerimenta11y

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

'STATIC COMPLIANCE CALIBRATION

The side grooves for guiding the crack propagat1on direction have a

s1gn1f1cant effect of the deformat1on of the precracked part of the 0CB




specimen,[4,7,8]. A detailed description of ‘static compliance measurements
on the specified fracture specﬁmen is reported‘in ref. [4]. The measured
comp11ance va]ues at different simulated crack 1engths are shown in Fig. 1.

1/3 versus the beam 1ength is a stra1ght

. The compliance, C, when p1otted as C
line as beam mode]s pred1ct (curve S) Curve (D) is based on the dynam1c
Aana]ys1s [2] and the exper1menta11y measured total fractur1ng time [3] of

a spec1men with th1s spec1f1ed geometry "
| The measured comp11ance value’ 1ncreases monoton1ca11y with respect

to the simulated crack length, 2, 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 doestnot go through
the origin. | _ | |

Fig. 1 shows thatlthe compliance values of theAbeam models,are lower
than the measured values for‘the same .crack 1ength.' This comparison '
indicates that the beam Tength predfcted by thevsimp]e beam mede] is longer
than the.crack ]ength fOr the same comp1iance va]ue Fig. 1 also shows |
that by keeping the comp]1ance va]ue fixed and sh1ft1ng cuyrve (E) a
d1stance AL to curve (S) then both curves will match each other almost
perfectly. For-any simulated crack 1ength 2 the compliance va1ue 1s
ca]cu]ated from the s1mp1e beam equation in F1g 1. For ‘this comp11ance
) value, a correspond1ng beam 1ength3 L = Rmode]’ of the built-in beam mode]
~ can be obtained. | |
| SL=IL'-A£.»A"' - (1)

AL depends on specimen geometry 1nc]ud1ng the side-grooves and may depend
on elastic moduli as well. Fig. 2 is a p]ot of £ versus 2 from the measured
compliance. The curve is fitted linearly to haye a s]qpe of 1 and the AL

value is found to have an average value of 1.84 cm wjth at most -8%
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devjatiqn at~the initial crack length and less than +2% for 2 > 8 cm,
_Equation (1) is the calibration that relates the crack length to a simple -

beam crack model.

* FRACTURE TEST DATA |
‘A typical recordedAfractdré.test data of thé tiﬁe vary{ng shear
force, Q(t); which is monitored by a 90° strain gage rosefte, is shown
| in Fig. 3. A detai]ed»descriptioh of this data has been reported in
ref. [4]. Q(t) trace is digitized;td form Q(t)t]/2 which is prdportiondl
to the critical-bendfng moment at the crack tip, M*.. Howéver, a smoothed
Q(t')t]'/2 curve is used to calculate R(t) since the oscillations that appear
on Q(t) and Q(t)t]/z‘are bé]ieved to be from‘sfress_waves produﬁing_comp]éx
beam vibrations. The numerically smoothed Q(t)t]/zicurve,is conétructéd
froh only three constants: thé first gives the average kID values; thé
second spécifieé if KIb increases or decreases with velocity and the last

]42 curve is used to

Tooks for a minimum in thé curve. The smoothed Q(t)t
| : provide:'first, R(t), and thus KID(t), as mentioned iﬁ.the introductiony
second, zm(t) by'thé built-in beam model-[2,3,4]. zm(t)‘is corrected by
equation (1) fo provide an effective crack length 2(t). The derivati?e
- of 2(t) gives,the crack propagation velocity, i(t). At each instqnt of

time there is a KID and a correspondfng 2 vaIUe.' Thus, KID‘versus & from

- a single test can be -obtained.

EXPERIMENTAL RESULTS

Kip versus & curves are the final results from the rapid wedging dynamic *
}Afracture test. The test temperafures'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




flat. In addition to the’ftat‘fracture there are only very small shear
lips. The thickness of the specimen satisfies the static requirement

for plane strain conditions. Thus;. the dyhamic.stress intensity Va]ues

are presumab]y p1ane.strain.“F1§. 4 shows the summary of<theseAtests.. KID
decreases as % increases when £ is below about 50 m/sec. Kpp reaches a
minimum value versus ilin.the-range of 50 m/sec to 80 m/sec. As i becomes
" higher than 80 m/sec; kID increases s1ight1y.as'i.jncreases. 'The upper
three curves (i), (ii), (iii) shom higher KID values at high g va]ues; This
may be due to a.slight temperatere gradient occuring -throughout the specimen.
The temperature close to the crack'tnitiation end is s]tght1y higher'thah
:the temperature at the far end of the spec1men The specimens from the two
lower curves (1v), (v) have been very carefully . temperature contro]]ed to
'give a'uniform‘temperature. The slightly 1ncreas1ng_trend of KID vs &
lpiot‘on the high ) side may also be due te over estimating the resistance"
to fracture 1n1t1at1on because the start1ng crack which is saw-cut, is

not sharp enough - a1though it is dove ta11ed ‘ | '

The fracture surface for -140 C test is reasonab1y flat and is similar.
to tests at. -196°C. The starting crack on this specimen is also saw cut.
KID Vs 2 behaves the same as -196°C tests, see Fig. 5 |

The fracture surface for the test at -78°C is f]at for most part and
appears rough near the very end of the specimen. A fatigue precrack is
the starting crack. KID decreases monotonica]ly as & increases in-the
 tested & range as Fig. 6 shows. K;j values from both curves (i) and (ii)
have‘goedAreprdecibility although £ range changes quitefa bit.

1D

K.~ vs & for -60°C tests is shown in Fig. 7. All three specimens
only broke half way down the beam. The fracture sUrfaces'Were'sti11 quite

flat. Curve (i) of KID'vs % shows a minimum'around7i = 50 m/sec. This
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' mihfmumfmay bé mést]y dué td é temperature gradient (as mentioned ear]y in
this section) throughout the specimen, and part]& due to the b]untness of the
starting craék. Specimens forlcurQes (ii) and (iii). have been‘carefu11y’
- tempefature controlled and have fatigued preﬁracks{ The Tow end 2 va]dés may
deviate quife.a:bit from the true %, yet KiD values show nice reproducibiTity;
Both specimens tested at -40°C and 0°C have fractured over 30 ‘cm and then -
~ broke off;‘ A fatigue précrack is used as the starting cfack. The'frdcture .
path is qujte'flat at the beginning part and tHen turns rough in the 1ater'parf
of the speéimen. In addition to the roughness of the fracture‘path there are
a lot of broken ligaments on the,fratture surfaces. These effects cause.the
crack toApropagate quite slowly aﬁd KIb is very high at ]ow'i va1ue§, see Fig.
8 and-Fig.'Q. Figﬁre 10 is a b1ot of Q(f)”and Q(t)tli vefsus t for the 0°C
specimen. The stress wdvevosci]lationé on Qf%karé significantly sma]]erlthah
.the absb]uté change in the value ontsE during the test. It follows that at
higher témperaturés that the rate dependence is a signfficant]y strongen effect
than the stress wave'oscillatﬁons. ' | | |
For all the specimens with eitherjswa1ldw ta11éd starfing cracks of fatigue
precrack thé}peak ]oad KIC'va]ueé are higher than the KID vafues at the highesf .
craék velocities. A typical e*amp]e'js shoWn'in Fig. 3} KIC corresponds to
* the first peak<in the Q(lt")tl/2 trace. Physicé]]y, this point indicates the onset
of fast fkacture propagation'as discussed in ref. 4 ; KID js the corresponding
~point'at the same time value on the smoofhed Q(t)Atl/2 curve; -fhe beak_point is
a1wéys higher, (higher value in.Qt% sca]e), than the corresponding poiht on the
smoothed curve. The highér Qtl/2 vé]ue gives‘a higher stress intensity va]ué.v‘R

5 -3/2)

values for alil the KIC tests reborted Varies from 1.2 x 105 to 5 x 10 (MNm /sec.
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. CONCLUSIONS

Time varying'shear ferce measuremenfs have been applied to double cantir 
lever beams specimens for studying dynam1c crack propagat1on "This technique
is based on the theory that the:shear force across the 1oad1ng end of a rap1d1y
"wedged slender DCB spec1men times the square root of the loading time is propor-
tional to the critical 5ending'mement at.the craek tip, M*. Statjc compliance
measurements were used fo 1ncorp6rate the built-in beem,mode]fte the side-groove
effects-on the DCB specimen. The'conetant length ehift correction will not affect
‘the magnitude of M* and gives an effect1ve crack ]ength after correction. This
correction is even valid for more soph1st1cated beam models [9, 10] w1th s1de-
grooves [4].' Q(t)t 5 is numerically smoo;hed to eliminate stress wave oscillations
and this smoothed curve then provides the information for‘ca]c01ating KID(t) and
A(t). Kip versus 2 has a generally decreasing trend as & increases and |8KID/ai|
| increases as temperature increases. For a sing]é test 2 usualiy-varies by a factor
of 10. |

This rapid]y wedged ﬁCB specimen test is unique in that the crackSveiocity '
| starts at a high value and decreaees throughout the test. The test has stability
when KQ at initiation is epproximate1y the same va]ue as KID.and aKID/ai %s negative.
This keeps the crack's K value during the fracture event continually increasing.
Creck propegation-arrest.test specimens however seem to dominately test where
'éKID/Bi is positive. Since; aKID/ai is negative in the Tow renge of crack speeds,
slow craek Ve]ocities are typical of the.rapid]y wedged DCB test. Occasfonally a -
test specimen breaks an "arm" dUring testing. 'This phenomona is assqciated with
the 1ack‘of stability of the fracture b]ane remainfng'dn the,symmetry plane of the
slender DCB specimen. When the crack 1eaves‘the symmetry p]aneﬁthe K values tabu-
lated are~suspect. The reproducfbi1ity of the,fracture tests is shown in the

" Experimental Results Section. For achieving good reproducibility, a stiff wedge,
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a fat1gued start1ng crack and a we]] contro11ed temperature env1ronment are
recommended. KiC values at the onset of fast fracture propagat1on are. also
noted. These ralues are h1gher'than the corresponding KID values for all the .

tests at different temperature for this Tow carbon steel.
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Figure Captions =

Figuke 1 Measured compliance values and beam model‘compliances versus

- .cféck lengths. Curve E is a fitted curve of measured ‘values.
'Curve S is a Bernbu]]i-Euief beam on a.rigid foundatioﬁ Qith v
sﬁaped side-grooved cross éectionp‘ CUrvevD is a dynamié
Bernoulli-Euler beam on a rjgid foundatioh-with'a.v shaped
side-grooved cross section. |

..Figqrebz The cqrregpohding beam model crack 1éngth Azm _atta fixed

| ‘compliance va]ué'veréug thé.meaéured-léngth, ' .

Figure 3 Scaled and smoothed Q(t) and Q(t)tl/2 traces for the test:
at -78°C. The peéks shown on Q(t) are also shown on Q(t)fcl/2
Figure 4 KIDAversus % for a series of tests at a1965C.f
f

Figure 5 'KID versus £

or the test at -140°C.,

| Figuré 6 K versus % for the tests at -78°C.
Figure 7 KID versus £ for the te;ts at -60°C.
Figure 8 'KID.versus,i_for the fest atA;40°§. |

_Figure'9 K, versus i for the test at 0°C.

Figure 10 Scaled and smoothed Q(t) and Q(t)t%,traces for the test’ét 0°cC.
The rate effect is Targe since the value of Q(t)t™ changes

dramatically in the test.
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