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ABSTRACT o : St
. \ “ ‘
Conventional Charpy test energies, using either regular or fatigue .
pre-cracked specimens, "have been empirically ébrrelated' to"}racture :

) »
toughness  parameters. The instrymented Charpy machine allows

_correlations to be made using' thc i ‘fracture. (It also permits the

) Mta "p'rovided?"'méasunements' are
s o a kS

calculation of K, directly Q%r
made «-of load, displacement and E*aek e);te ion during impact
'

Pertinent correlations in the litergturé Wbrg applied over .a, wide
rangeé of Charpy V-notch energy values and resultg':&:eré compared. Load
determinations during impact were made and compared using st.rain gauges
in tuhe'tup énd an accelérometer on the side oppgsité the tup of a C-type
pendulum. Displacement measuremént-s‘ using" a Hall-effect transducer wefe
evaluated. Energy, as a broduct of the meaéured. load and displécement,
- was found to agree with that ,.‘takken‘ by conventional pendulum
afﬁeasurefnents. An att’émpt was made to produce a OC pote’nt_:ial. crack
‘detector, but a capacitative effect in the system precluded successful

results. S - /
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NOMENCLATURE

y

¢
a = Crack Length, Crack Size, Flaw Size
8g0p = Effective Crack Length
B ,=  Thickness
E. = Young!s Modulus (205 x 10> MPa)
F = Force
G = - Crack Extension Force, Strain Energy Release Rate
G = Critical Crack Extension Force
J = J-Integral |
K = Stress Intensity Factor
Kc = .Plane Stress Fracture Toughness
KIc = (ﬁlane Strain Fracture Toughness
KQ = Stress Intensity Factor (Conditional Fracture Toughness)
S = Span of Specimen
u = Potential Energy Per Unit Thickness of Specimen
W = Width of Specimen
W = Energy Absorbed During Impact
X,¥,Z = Rectangular Co-ordinates
v = Poisson's Ratio
°y‘ = VYield Stress .

P . = Crack Tip Radius, CVN Notch Radius
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CHAPTER I

HISTORY AND THEORY



PART 1 - THE CHARPY V-NOTCH TEST

Fhe nechanice of a common Charpy V-Notch (CW) test ‘ate
straightforward; The main components are a pendulum Qith a defined
sttiking edge (tup); a set of supporte_(anvils) to position a specimen
just‘paet’theﬂpadir of the pendulum motion and a notched specihen of
dimensicnSIIO x 10 x 55 mm (see Fig. 1). 'The pendulum is allowed to move
unhindered through its arc and the finai height recorded. Next, a
spe01men is placed on the anvils so that it is 1mpacted by the pendulum
on the face opposite the notch. The dlfference in height ( AIT) achieved
by the pendulum reflects the energy absorbed during the test. (CVNE) and
j is calculated u51ng '

CWNE = Wt A o (1)

PEND
Where thEND is the weight of the'pendulum This has been the‘essencé
of'CVN'testing since 1917, when Charpy and Thenard (1917) publlshed a
paper dealing with the appllcatlon of the machine. ’

Ofther quantities that may be measured from the Charpy test are
ductility and fracture appearahce. ‘ Ductility is measured by noting,.
either the lateral expansion (LE) of the leading (impacted) side of the
specimen or the lateral contractlon of the trailing (notched) sice.
Fracture appearance (FA) is measured in percent and relates either
brittle fracture area (that characterized as - flat, shiny "and small
faceted) or ductile area (that which is not brittle)}to the total area. '

i
!
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. A method for conddcting the CVN test can bé.fbund in the American Society
for Testing and Materials Standard E23;81'(ASTM 1982). |
. ] ‘ ¢ | , -

Charpy tests are conducted- overt av;range of -températures to
determine where an appreciable change takes place in some or all of the
above mentioned qualifiers as in Fig. 2. Acceptance limits are usually
prescribed by the field history of the appliéation and occur at what is
‘defined as the trahsition temperature. One such lével is the lowe¥ bound
energy of 20 J at minimum'sefvice temperature which was based on American -

" World War II ship failures. ‘Another is ‘the ascending acceptanceylevels
of Charpy y—Notch' Energy  (CVNE) as ultimate tensile strength (UTS)
increases, gséd by thg ASME‘(1978) in their boiler and pfessgre vessél
code.  These asqendingilevels were generated by‘Grdss' (1970) criterion
of constant LE that, according to Gross, inhergntly compensated for

 differences in UTS of materials testgd. This inherent compensation has

- been challenged by Puzak- and Lange (1972) in the case of quenched énd

tempered steels.

| Deviations in CVN‘testing ocbur mostly in specimen notching. One
exception is the European practice of uéing a sharper and thinner tup.
This leads to lower energy absorptiofn by the specimen above the 50 J .
level (Rudolph, 198l1). Anofhef‘European practice‘is to vary the notch
geometry asiin Fig. 3. Results can only be comﬁaréd if the tup and notch

geometries are identical or proven equivalent.

I
v



Hl

R A

FIGURE 1. A TYPICAL CW MACHINE
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% DUCTILE APPEARANCE

TEMPERATURE

FIGURE 2. TRANSITION TEMPERATURE TEST-RESULTS
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(DAEVES, I.K. 1965)
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The effect of notching a snecimen to produce Aa structural
discontinuity increases the tendency of -a material to behave in a brittle
manner. This cannot be measured by conventional unnotched tests.. The
severity oi/ the notch can decrease the energy absorbed (Smith and‘
Patchett 19 5) Of considerable interest is the. CVNE of. specimens ‘with
fatigue induced crack fronts since the sharpness of such is considered

r"

equal to actual material flaws.

The fatigue }nduced crack front is the most severe of ndtches and
- reduces tne energy absorbed in an impact test by increasing:the stress‘
intensity at'the”notch'tip, and thereby decreasing the amount of plastic .
deformation that can teke place.before the onset gf-stable crack growth.
CWNE testing requires only that the notch'be df standard dimensions to
promote €quivalence of results between tests. If the notch itself is to
be given prominence in thertoughnesskbehayior of a material, it should be

of the most realistic nature; ie., fatigue induced.



PART 2 - THE FRACTURE TOUGHNESS TEST

Although Charp¥"testing over a range of temperatures- can show
.‘tfansitions in brittlé behaviour, the results cannot be directly applied
as a design. parameter The most desired criterion is one that will allow
computation of the maximum permissable f‘law size in a structure under
known loads. The field of fracture mechanics seeks to proviee this

information. The basic equation used is

KCsCeVa- | - ) (2‘)

)

where'KC is fractgre toughness, C is a constant depending on geometry; o
ris the applied stress and a is the crack.length. #

Fracture mechanics is based on a theory‘by Griffith (1920, 1924)
that, assumes: that the energy released as a crack propagates is directly

proportional' to the area it- creates., He defined U, as the elastic

strain energy per unit;thickness where

and UY as the surface free energy per unit thiekness.

[
U, = 4ay

b

where Y is the surface free energy per unit thickness of the material.

/
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The condition for crack propagation was defined as

aUe/ da 2 aUY/aa

or (solving) when

\\
N
A

022 = 2YE/n (Planérstress) (3)
(Conditions ) -
Atlo

!

;25 = 2YE/(1-u2)n (Plane Strain) . (4)
_ . (Conditions ) *~
which are of thé form of egn. 2. Griffith's equations were for én
'elliptiéal crack and his experiments were conducted on glaﬁs fibre and
limited to materials that were linearly elastic to fracture.
Later fracture mechaﬁies developments fell into four categories.
First was the refined mathematical analysis of egns. 3 ahd‘ 4 which
reasserted their validity by reproducing fheir form from differént
prémiSes or which extended their use into the regimey of plastic
deformation. Secghd,~ was the gg!g;opment of standardized fracture
toughness (FT) tésts aﬁd specimenﬂconfigurations. This was undertaken b}
the American Society for Testing and Matefials.to promote reproducibility
between tests. Third, was ;the‘ correlation of FT wvalues*®to material .
properfy-values such as CWE and the fourth, was the géneration of FT
-values for design purposes. ‘It is not within the scope of this text to

elaborate on the fourth category.
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Irwin (1948) and Orowan (1949) modified Griffith's (1924) theory
to account for plastic deformation af the crack tip so that egn. 3 becomes

= 2E(ve +Yp)/ﬂ (Plane Stress) - "~ (5)

’

or . 0“na/k =G ~ (Plane Stress) . (6)
in-Irwin's notation.

Irwin (1962) used Westergaard's (1939) method in an.analysis of
the stress _distribution’ along the ,perimeter of an elliptical crack
imbedded in an infinite body subject to' uniform tensile stress. He
. showed that the stress intensity factor in Mode I opening (where the two

fracture surfaces are displaced perpendicular to one another in opposite

dlrectlons) when the major axis was extended to 1nfinity, could be

_wrlt;en as
Ko = o¥ma (Plane Stress) (7)
or KC;E = ézrra/E S (Plane Stress).’ (8)
Comparing egn. 8 to egns. 5 & 6, it can be seen that ©g
. : e
KC;E = o2n a/k = 2(Ye +Yp) =G | (Plane.stréss)

. where an CHP is then substituted for a to compensate for the
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existence of plastic deformation at the crack tip. Equations 5 through 8
are also valid for plane strain conditions when E/(l—x?) is substitued

for E.
Rice (1968) used the path independent contour integral
J =dey - T-(ali/ax) os -
T : .

to characterize the stress-strain field at a crack tip where

B

T
W =  Strain energy density Tflbijdeij
T = Tract}on vector Ti = °ijnij
U= Displacement vector ui

S = Element of arc length

It can be shown that for Mode I opening and linear elastic conditions
J=G-= KC%E (Plane Stress) - (9)

for small scale ylelding. For linear or non-linear elastic materials, it

can be shawn that

J

- 3U/3a . (10)

where U is the potential energy per unit thickness.
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Theoretical and experimental research into fracture mechanics

parameteré between 1950 énd Al970 was characterized by  statements on

mathematical assumptions and physical restraints placed on the method.k

This was necessary to qualify the applications of results. The American

Soéiety»for Testing.;nd Materials has l;stéd and defined relevant terms
as part 6f their effort. in standardizing fracture toughness testing.

Appendix I contains definitions (ASTM E6l6 1982) of terms used here.

The American Society for Testing and Materials (ASTM) hés
developed a standard method for fracture toughness testing. Because of
their self-imposed restrictions on reproducibility, they focused on
developing a technique for the well defined static plane strain, linear
élastic,Mode~I opening conditions (ASTM E399, 1982). Since piane strain
conditions produce lower toughness values tHan plane stress as inferred
by Rolfe anQ Barsom (1977), they wére considered a lower bbund and thus
were acceptable for -design pufposes with errors only ‘being on the
conservative side. The scope of the test was somewhat limited becausé
conditions were static and applied only to the initial propagation of the

-crack front. The problem of a running crack in metallic materiai where

the dynamic resistance is lower, was neglected.

The mechanics of the ASTM E399 fracture- toughness test are quite
‘involved and requirg special testing machinery. The specimens are of
“intricate .shapg and require extensive machining. .’With the thickness
requirement of the‘specimens,(for plane strain conditions) only estimated
- and not confirmed until after thé test has been performed, the process

‘can be time consuming as well.
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PART. 3 - CVN-K

Ic CORRELATION?

Neglecting the cost of equipment and time which is greater for

performing KIC tests than for CW tests, the cost of making a KIC

specimen can be ten timé;'that for a CVN specimen. Ih addition, three
tests are recommended for determining fracture toughness at a reference
temperature. Because of the great effort and costﬁrequired to deterhine
fhe fracture toughqesé of a material, attempts have been made to estimate

K fron CWNE data. One application of this would be in quality'

Ic
control where a manufacturer' could generate a correlation at the

beginning of production and use the CVNE to maintain a specified level of

N

KIC thereafter.

Although the tests are quite different, see Table I, attempté have

been made to correlate K. values to CWE results. Sailors and Corten

Ic
(1972) and Pisarski (1978) 'listed the prominent correlations and their

application restrictions as in Appendix II.
The general form of the equations was

Ky. or K

Ic = F (CVNE + C)e ' (11)

Id

where F and C are constants determined experimentally, and e was a

positive exponent also .determined by experiment.



. TABLE I
DIFFERENCES BETWEEN CVN AND K, MEASUREMENTS
(Ritchie 1978)

CWN TEST Kie TEST
1 Stress Coricentration Rounded Notch ~ Fatigue Precrack
: ( p~0.25 mm) | (p~0)
2. Strain Rate Impact | Quasi-Static
f (e~101 102 s-1) (& ~ 1074 s-1 )
3. Specimen Size 10 mm Square Sufficient to maintain
: Rectangular plane strain conditions
4. Measurement Point ~Crack initiation Onset of unéteble
_ and propagation crack,propagation
5. Parameter Meashred . Energy absorbed 'Critical value of stress

by specimen intensity
Most correlations did not incorporate dimensional eduivalence
(units) in the constant F nor account for the differences between the
" tests eg., the stress concentration. Sailors and Corteh (1972) noted

that the relationship between K. and CWN ehergy of slow bend tests

Ic
were indistinguishable from those of KId and CWNE impact tests. They

went further to write

- GI~d = KId/E : : - . (12)

Ritchie (1978) showed that for. an ultrahigh strength steel
increased austenlzlng temperatures caused an increase in KI but a
concurrent decrease in CVNE (yield strength was unafﬁected) This trend
is in complete- opp051t10n to egn. 11 and 1mplies th@t empirical
correlations developed»for particular materials under restricted ranges .

should be used with caution.
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" PART 4 - THE INSTRUMENTED CHARPY V-NOTCH TEST

In order to obtain fracture toughness parameters directly from
‘Charpy data, some modifications have to be made to the CW test and some
-limitations must 'be accepted. Stress concentration considerations
require that the specimen be fatigue p:eéracked rather than V-notched.
The high strain rate df the Charpy test limits the results to dynamic

fracture toughness values K g or KI g Since the thickness of the CWN

- specimen is constant at 10 mm, the categorization of dynamic fracture
: : \

~toughness as plane stress or plane strain depends upon the magnitude of

toughnéss fe., the thickness ‘réquiremen,t‘ f‘ol' the toughness level. An

estimate for the minimum yiéld strength of a steel from which a KId

value could be obtained from ‘a Charpy size specimen is 1700 MPa (ASTM

d
tests. Another consideration. is that side notching the CVN testpieces

E399 1982). Thus, most steels would yleld K, values from Charpy
could inouce a state of plane strain during testing and thus yield KId
values. ") |
Plati and Williams (1975) developed a method for obtaining
fracture toughness values f@m CWNE. Their development, slightly
expanded and slightly modified is outlined belovj. |
/' l ’/

For linear“elastic fracture mechanics (LEFM) the compliance, C, is
e .
a function of crack length and geometry. Thus, for a displacement, d,

and applied load, P,



| 14
since the deflection is entirely elastic, the energy, w, absorbed by the

1

testpiece is . ;
w = BUe = P/2 = P%C/2 | | (13)
also under LEFM and from the eqns. 9 and 10
J= 4,‘3‘= -3U/?a = dU,/da since Up = O (14)

thus from egns. 13 and 14

Gy = dU/da = 1/28 (d(PZC)/da) , (15)
< P/28 (dC/da)

and substituting from egn. 13

Gy = w/B  (1/C) (dC/da) ‘ (16)

and from eqn. 12, for plane stress

Ky N EG4 =VEw/B (1/C) (cC/da) (17)

They go furthej to"explain how-~to obtain‘experimental values for
(1/C) (dC/da),' They also calculate ;the expression and preSent a table of

direct calibfations for Charpy test pieces.

N
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Equation \13 ‘and CWE values do not necessarily generate Kd

valuee beeause the restrictions .of LEFM are not adhered to. Explieity
CWNE mea;Lres the total ene of fracture (initietion and propagation).
It is quite possible:that the results of such tests would be useful a$

are those (G determinations) of Plati and Williams (1975) for

polymers. However, by instrumenting the impact rnachihe, ‘more definite

. indicators can be achieved.

CUR !

The addition of a force monitoring device to the Charpy apparatus

allows differentiation of energy into predefined component parts much the

same as with static bend tests. Initial and final velocities of the

. pendulum can be calculated and the  average taken so that for conetant

acceleration

t .
- -— - 2 -
- d _odet = Vit = 1/2 (V;-Vo)t (18)

.can‘be approximated by

d = fudt - Vavfctit =Vt (19)
0

with total displacement over the impact tim being correct_ and
intermediate points approaehing the linear -approximation (egn. 19) as

Vf-f Vi'
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With force and displacement, it is ppssible to const;uct an energy
diagram for the CVN test. Fig. 4 Shbws a'fepresentation of a Charpy test
with characteristics identified by Kofiiaingen and Sirkkola (1981) and
Rawers and McMullen (1980); By choosing an appropriate portion of the
total energy, K, can be evaluated. Conditions of linear elasticify

d
were imposed in the'derivafion of egn. 17.

|
The stress intensity in three point bending for a precracked
specimen can be calculated using methods obtained in the standard ASTM

E399 (1982) by
K = PS/B (1/W'2) f(a/w)

with suitable Aff replacing a for -other than plane strain conditions.

With P measured directly, KQ = K may be generated.

Another addition to the .Charpy apparatus is' a displacement
transducer.‘ Calculated displacements usﬁally assUmé some premise; eg.,
egn. 18 ‘assuhés constaﬁt. acceleration” and egn. 19 assumes ;consgént
velocity. Physicalv' measurement  of  displacement avoids  these
assumptions. Egn. 19 is modifed to

J

.
d= f (ax/dt)dt
. (0]
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and egn. 13 to

W= .fft-"(t‘) (dx/dt) dt o (20)
oo .
A third device to complement the Charpy machine ’is a crack
 detector. There are a number of common devices and methodsj eg., surface
applied foil and compliance technigues, but the accuracy of thege is
dependent on factors such as crack tip stretch and the cprved nature of
the crack front. Also, these only measure fhe one dimensional variable,
a, (crack length). A device that would measure the free surface area 4
being creéted as energy is beihg absorbed would be desirable bécause using

A =Ba | | (21)

~where A = area and combining eqns. 13 and 15 to get

JS o

Gy = U /da = dw/(Bda) . (22)

Egns. 21 and 22 can be used to show that

G, = aw/dA C (23).

d

Thus, immediately wupon unstable crack extension Gd can be calculéted

and Kgq values generated from egn. 12 which can be written as

Ky =\EG, | o ' (24)
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Furthermore, dynamic_resistance to crack propagation could be .determined

AN g
by applying egn. 23 after initiation.

In order ‘to calculate. fracture toughness from CVN tests,.
independent measurements of load, displacement and crack area during
impact Should be made. To date, resea.rch has centered or_n‘ the production
and interpretation of load-time data through the addition of strain
gauges to either th: tup or the anvils of the impact machine. V\Although
resulfs were produced, noise and discgntinuities in the siénal (Lum and
Curll 1977) 6fteh lowered accuracy so far below that achieved in static

tests that it was judged unacceptable.

One alternative to using. a strain-gauge b’ridge was to use an
-agcelerometer as tr‘we loaq transducer. Since the accelerome_ter uses a
completely different meth_o_d of‘ determining force, it could be used in '
‘comparison to confirm or refute basic characteristics of the force-time
curve.‘ | |

The measurement of disp‘la.cement during impact has regeived less
attention than load determination, but is not of -lesser importance since
energy is the product of both. Although Barnes (1976) argues against
cprrelating an instrumented impact energy to pendulum energy, that method

'is still the most logical and the easiest.

Bruch and Bowe (1977) tried a capacitive technique for measuring

displacement and achieved some succéss.' ‘Veerling, Menken and Van Duyn

“
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(1970) showed that there‘ were many problems asspciated wih photqelectric
and electr(ical’(resistance devices. With the advenf of the commercially
available Hall-effect transducer, it was practical to evaluate it here.
Crack-area measurement techniques were developed for quasi-static
test, but two of the methods appeared capable of- being used in a dynamic
.,_applicatidn. Dne me_'thodv was to/ apply- an- insUlat'ed' foil or a
,series-of‘-wire's gaugé td the surface of the speéimen and monitor the
voltage change across the gauge as t‘he crack proceeded to reduce .it,s
conductive area. Another technique was to monitor the DC potential of
fhe'spegimen itself to calculéte the area of Lhe uncracked \ligament.
This second methdd'evéded problems associated wih the curved nature of
the crack front and. crack tip stretch and was therefore the preferable of

“the two.



CHAPTER II

EXPERIMENTAL 'PROCEDURE
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PART 1 - EQUIPMENT

This chapter is devoted to the equipment used in determining the
feasiblity of using an accelerometer as opposed to electrical resistance

strain gauges in measuring the load on the pendulum during impact.

The Charpy machine employed a "C" typé impact hammer and although
reference is made (Lum and Curll 1977) to superimposed noise siggals
caused by tup and hammer geometries betyeen machinés during impact tests,
no further information on éhis specific configuation was available in the

literature.

For meashrement of displacemént of the pendulum during impaét, a
commercially available Hall-effect trénsducer was uéed. The-Hall-eff%pt
vis the physical phenomenon of metallic ‘materials to undergo a rise in
. potential over their length as they enter a magnetic field. By attaching
‘a'magnet to the frame of thg.CvN machine and the sensor to the pendulﬁm,
-é'fise in voltage could be aetecfed'as the pendulum (and sensor) neared
the magnet, and a drop as it cdntinued away.

. The sensor was placed above the tup (see Fig. 5) and the magnet
pléced level withithe sensor when the pendulpm was at the bottom of its
swing. ‘Displacement was calibrated through fhe line of action of the

centre of percussion. By having the sensor and magnet remote from

tup there was less likelihood of it being damaged auring impact. B=-
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of the two part nature of the transducer, it did not interfere with the

motion of the pendulum or the test piece.

For force determination, an accelerometer was mounted on the side
(of the pendulum) opposite the tup. The system was precalibrated by the
manufacturer. It had a natural frequency in the range of 12,000 Hz which
was'excited during impact and ;equired the use of a cut-off électronic
filter. It was sensitive fo lateral motion; specified by the
manufacturer to be less than two percent of the total output. Because of
its placement at the back of the pendulum, and because different
oscilloscobe channels showed small time differences in-events known to be
simultaneo&s, -it had a time delay of abdut 0.1' msec relative to the

strain gauge signal.

Another force determination was téRen using strain gauges mounted
in the tup. It suffereq hysterisis during calibration; The time base
was provided by a four channel oscilloscopei A single sweep of the beam
traced displacement and the two "force" measurements. The images were
then phbtographgd. Figure 5 is. a_schematic of the eqyipment. Also, a
serigs of static bend tests wére pefformed using a maching that measured

force and displacement of the cross-head.

Slnce the accelerometer requ1red an electronlc filter, and the
filter 1ntroduced a tlme delay of 0.2 - 0.3 imsec, the fllter was also

used on the strain gauge signal to help preserve éimultaneity. The
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filter introduced a reduction of two percent in the amplitude of the
signals that went through it. Since the reduction was small in
comparison to the overall signal, it was not deemed detrimental to the.
'overall accuracy. Unfortunately, the filter could not be used on the
displacement signal (because its upper limit was 10 volés and the
Hall-effect transducer output ranged from 8 - 11 wvolts) and provisions

had to be made (see Part 2) fof‘matching displacement to force. I3

The steels from which the Charpy specimens were machined are

listed in Appendix IV. They were all tested at 250C.

.
> —

™
ne
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i

PART 2 - CALIBRATION

The Hall-effect displacement transducer coupled with the magnet in
a slide-by tnode had a practical sensing range of 20 mm. The output was a
symmetric wave with a peak of 3.3 volts. ODue to thg flattening at the
t‘op of the wave, it could not be calibrated easily in its mid—rapge/
between 8.9 and 11.1 mm (above 3.2 volts). The trans‘ducevr was calibrated
statically using an extensometer with resolution of £0.013 mm, and the
output réad directly from Vthe oscilloscope at 1.0 V/cm. Photographing
the image reduced it by a factor of 0.782. In measuring the displacement
from the photograph, a system of 30.8 units to the cm was used. Thus,
the resolution was t0.05 im. The aécuracy was estimated at 2 percent

since concurrent runs di’r‘fered‘by' less than that amount and the accuracy

of the extenson}eter was approximately the‘ same. ' .
v . g

pR—y

VThe 'output wave did not lend itself‘ to- a simple mathematical
description sb displacement was read directly from a‘ catibration chart.
To ensure simultaneity of events, the displacement of ttwé -pendulum at
specimen contact was noted and the beginnings of ‘the strain gauge and

~ ‘\\»
accelerometer trace rises were related back to that point.

The strain gauge output was callbrated statlcally by placing a
proving ring against the back of the pendulum and applylng loads through
the line of action of the pendulum against\ a facsimile specimen. The

accuracy of the proving ring was +0.1 percent and the resolution 8 N.
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The range of calibfgtlon was 0-15200 N with a maximum transducer output
of 2.5 volts. It was read at 0.5 v/cm and the final resolution was %30
N. Accuracy was estimated at t3 percent of reading since the furthest
deviation from linear (including hysterisis effects) fell within that

limit. A lirear regression yielded the equation
P = LOAD (N) = 6060 X VOLTS + 40 (25)

~Lum and Curll (1977) used AISI 4340 steel specimens and célibrated an

instrumented tup in a "C" type hammer. The energy’calculated from the:

load-time data differed from the pendulum energy by less than 0.2’percent
at the 21 J level. TH@@ élso showed ‘that a representative load as
“measured by the strain gauges differed by less than 2.5 percent from that
calculated usfng their normalized diai (pencdulum) energy calibration
method. Further, the standard deviation-in energy was found to be less

%

han three percent, and in load, less than two percent.

The acgelerometer system was precalibrated by the manufacturer.
The range was 0-250 g with full scale output of five lvolfs. It was
monitored at 0.2 V/cm for an overall resolution of ¢35 N. The accuracy
stated by the mﬁnufacturer was t5 pércént in shock and the calibration is

§

as follows

P = LOAD (N) = 11100 X VOLTS ’ (26)

o
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- The™ machine had a resolution of £0.25° leading to a maximum
of £2 percent cdeviation in the calculation of energy. The equation used

to determine energy absorbed from egn. 1 was

CVNE = Energy (J) = 154.8 (COS e - COs e ) (27)

CWN Free

No data on the use of accelerometers with CVN impact machines was

found in the literature.



CHAPTER III

RESULTS AND DISCUSSION
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PART 1 - DISPLACEMENT B
‘The displacement-time curve during a CWN. test derived from, the
Hall-effect transducer oscilloscope trace showed a discontinuity at the
mid—point of its range where the sensor was difficult to calibrate (see
Fig. 6). Although fhis‘ seemed critical in determining aetuel
displacement, it was not. The discontinuity was caused by the
transducer's sensivity to iateral motion and that motion was provided by

the pendulum as it impacted the specimen. (See Chapter IV, Part 4 fg»

discussion of the lateral motion). : ' o
From egn. 18 it would be expected that the change in velogcity of
the penaulum during impact would cause the displacement to curve
downwafds.with slope decreasing from the initiai to the final velocity.
Also, the rate of change of velocity as derived from the displacement
should equal the acceleration of the accelerometer. In only one of the
teets conducted was the acceleration constant enough (over more than 80
percent of the time) to check these relations. For Test No. 16, the
velocity of the pendulum under the influence of gravity from a height of
1.08 m to nadir of swing was 4.84 m/sec. The pendulum came to a cemplete
stop. The initial velocity from the displacement curve was celculated to
be 4.66 m/sec and the length of impaet time was 9.5 msec. Thus, the
average deceleration required to reduce velocity to zero was 49b
m/secz. Accelerometer results averaged 500 m/sec2 which may be

exceptional agreement.
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From the above, it can be stated that the displacement curves were

realistic at their extremities.

In ordér to use the- complete displacemeht-time data, certain
assumptions were made. End portions not distinguishable as curved were
considered linear and the curved middle portion‘was assumed to bisect the
discontinuity. Velocify calculations at that point differed from those

derived from the accelerometer by less than five percent.

The plot of time-dispiacements for three tests of increasing CVNE
levels (Fig. 7) showed increasing deviation from linearity as the
specimen toughness }ncreaéed. This was a sensible result as the impaét
time (time becelerating). was longer for sﬁecimens that bent before
breaking. Impact times ranged from 1.3 msec at the 10 Jilevel to 13 msec
at the 160 J level. From the data, it was Shown that at the 80 J level,
the linear displacement approximation Qsed 1;7 determinihg total energy
yielded 2 J (ﬁhree percent) less than when thé' “ual displapement was
used, and at the 140 J level, the difference was 33 J or 25 percent.
~ This occurred because the load was aiWéys greatest during the early time
ofimpact and for the tougher steels, displacement was greater during thé._
same period. As a result of this, energy calculations were not based on'

linear displgcement assumptions above the 40 J CWNE level.
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Mathematically, this can be stated as

using-egn. 20

AN

. t o
W(t) =L.fp(t) (dx/dt) dt
0

. over
- . t
we) = vy, fece) ot
0 A

above the 40 J -level of CWNE.

34

the increased accuracy af

’
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PART 2 - FORCE: BY STRAIN GAUGES AND BY ACCELEROMETER

)Dynamic load signals in. the CVN test had a superimEosed
charé'éteristic ringing identified by Fisher and Hills (1982) to occur at
1600 Hz. In this Qet of tests,’ it occurred at a frequeﬁcy ‘closer to
900 Hz as identified from both the stréin gauge and acéelerometer signals
(see Appendix V). Since it had already been decided to use an electronic -
filter (Chapter 1I, Part 1), it was set to cut off ‘at 3000 Hz for both
the strain gauge and accelerometer signals. This cut-off level Filtered
the natural frequency noise of thé'accelerometer without detracting from

o

ringing which was considered a valid test signal.

For -specimens absorbing mo}e than 80_J, a perturbation, herein
called a quasi-yield point, Was discernible on the oscivl.loscop’e trace
(see Appendix V). It cannot be térmed_yield because static three point
bend tests of the same materials did not show the same drop in load, and
inaall'cases except for 50 T plate and TTE STE 26, the statié yield‘could
 be‘1f6und only by applying the 0.2 percent offset criterion. This
perturbatién in the load-time representatioh L£oyld have been what  is
commonlyﬂfermed "bop-inf. The high sfrain rate of the test would account
for pop-in in that it producedv a state of strain similar to that
encountered in'largegwfeét pieces at low rates of testing (éuch as 0Cccurs
in'KIC tésts) where pop-in is known to occur.

‘,In Comparisgn;to the strain gauge curve, the accelerometer showed

a slower rise time (by factors ranging from one to four), a longer total
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‘1mpact time (by factors ranging from 1 to 1.3,‘averagé of 1.12), lower
~values‘éf‘mafimum load below the 40 J level (by as much as 50 percent)
andmdetected ﬁo quasi-yield point. Since the accelerométer was_sensitive
to lateral acceleration, a signal could be distorteq by a twisting of the
pendulum. Another explan?tion could be that the accelerometer was siow

to respond and slow to decay. -

i
G N
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PART 3 - COMPARISONS TO STATIC TESTS

) J

In order to assess which force representation, that of the strain

gauges or of the accelerometer, was more realistic, characteristics of
the dynamic tests were compared to those of static three point bend tests

. "
for each of the types of steel used. =

An equation to determine stress in static three point bending for

a notched specimen was given by Kotilainen and Sirkkqla (1981) as
- 2
Lo = P/(CfB(W-a) )

and using the constraint factor‘Cf = 1.21«(Server,iIreland and Wullart,
1974) the equation for a Charpy specimen reduces to

o =5.165x 100% = R ' (28)
where stress is in MPa "and &oad (P) in N. Using the yield‘ point
suggested by Clausing (1970), fwhere yield occurs at 0.025 mm plastic

displacement, the yield stresses can be calculated. |

For dynamic considerations P was derived using egns. 25 and 26.
Yield was taken as the quasi¥yield Vpoint (when it occurred). For
ultimate strength (modulus of rupture) egn. 28 was applied despite the
fact ﬁhat the quantities (W-a) and C, could have been altered by

plastic deformation.
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Determinations of slope. (MN/m) were also made for the three
force-time curves. In“the case of tﬁe strain gauge output, the slope was
very, difficult to measure from the photographs and accuracy may have been

only 120~perr:ent.‘1 Table II shows_fhe resulting comparison.

\There were several trends noticible from stress comparisons. With
the exception of CHT 100 which broke at a,str;ss lower than stafic yield,
the yield streés as determined from strain_gauges was always higHer than
the static bend yield stress. This was cpnsistent with what is known of
dynamic yield and the findings of Kotllalnen and Slrkkola (1981). The
ultimate strength (US) found by strain gauges was also (with the

exception of CHT 100) higher than that of the static bend test. No

conclusions could be drawn from thls because the method used for
determining US was derived for elastic strains. Comparisons of the slope
of the force-displacement curveé shqwed a vcorrelation of 82 percent
despite inaccuracies in the dynamic strain gauge slope determinations.
The magnitudé of the slope averaged dhly 86 percent of its static

counterpart.

The ultimate stresses as measured from the accelerometer showed
agreement with those of the strain gauges above the 80 J leve; (Test No.
6, %able‘ III). Below that, it underestimated them. by an apﬁroximate
" factor of 0.5. The slope of the force-displacement curve auring elaétic
deformation as calculated by the accelerometer Qas lower thén that of the
static bend by factors éf two to five Ehroughout. The correlation
between the accelerometer slope and the static bend slope ‘was 31

percent. Thus, it did not faithfully reproduce known qualities of the

steel as found by static tests.
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CHAPTER IV

ENERGY CONSIDERATIONS
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PART 1 - RECAPITULATION

The equa£ions for calculating fracture toughness parameters from
‘Charpy impact tests are known. In particular, egn. 17 can be applied to
| ahy portion of the CVNE required under the definifion of the pérameters
eg., elastic or initiation energy. It remains to provide equipqent'that
will measure the required variables to an acceptable degree of accuracy
at' any point in time to allow comquation of the desired tougﬁness

parameters.

Two 'tests of accuracy were applied. First Qas the comparison of
dynamic results to static results to see if the load-displacement curve
conformed to a sensibie éonfiguration. In Chapter III it was shown that
‘the .strain gauge results were realistic, while the accelerometef results
ébnsistantly’ deviated in the elastic region and even in the plast;c
regiqn when the specimen absorbed more than 80 J. The second test was to
compare total ehergy»calculations of the instrumentation against the CVN>
machine pendulum energy. If individual points on the load-displacement

curve were aCCEptable‘and the total energy was correct, portions of the

total energy up to the individual points could be considered correct.
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PART 2 - ENERGY CALCULATIONS

"

Using the displacement curves of Chapter III, the energy
calculations were made using the avefages over the periods of rising,
level, declining and failing force. Account was 'taken of the various
time delays (Chapter Ii, Part 1 and Chapter III, Part 2) so that
measurements were simultaneous. On occasion, the tail portion of the
force trace ran off the graph, so linear extrapolations to the baseline
were used. The energie§ so calculated are listed in columns II and III
of Table III. Column I shows the CVNE obtained from egn. 27.

. N

A’ statistical analy§is on the results produced ‘a correlation of

greater than 99 percent‘}petween both - of the instrumented. energies
\;

compared to tRe pendulum erl y. -Both had average errors of 8 percent,

vt
-

but the largest error was(@®:@Prcent at 26 J for the strain gauges and'l16

percent at 101 J for the acc®#erometer.

Although the results from the aécelegdmeter were comparable to

o " ‘ .

those of the strain gauges, they added no new information to the test.
Alsag, because of the slower rise time of the load signal, they tended to

detract from elastic fracture tougWegess considerations.

The strain gauge bridge appeared acceptable under both tests and

(for this application) was the preferrable of the two.



TEST #  SPECIMEN TYPE
1 CHT 100
2 ASTM AS516 GR70
3 AISI 4340
4 AISI 4140
5 AISI 4140
6 ASTM A516 GR70
7 _ ASTM A516 GR70
8 50T
9 50T

10 AISI 8620

11 50T

12 50A

13 AISI 8620

14 . 50A

15 50A

16 TT Ste 26

* Specimen did not break.

TABLE III

CWNE BY VARIOUS METHODOLOGY

I
CWNE

PENDULUM

Jt 2%

18
26
31
39
43
80
80
101
104
133%
143*
150%
151%
162%
le2%
268%

11
CVNE

STRAIN GAUGES

J t5% -

16
32
29
37
39
70
.71
116
108
127
146
144
141
158
161
260

111
CVNE

43

ACCELEROMETER

J 7%

17
30
28
35
40

~1
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PART 3 - K. AND K.  FROM CWNE v

Ic Id

!

Fracture toughness values were generated wusing prominent

correlations in the literature as shdwn in Appendix II. For the steels

tested, averages of impact energies (CWNE) and load at fracture (Pe)

for four.or five specimens were used in the equation$°(see Table 1IV).
Published values or extrabolated'values from the text of Barsom and Rolfe
(1970)- are included where possible.

| |

Below the 80 J level, P, as determined from the accelerometer

was approximately one-half of the Pe cetermined from the strain:

gauges. This is consistent with the measurements of UTS.made as in Table

II. Closer inspection revealed that for both cases, as CVNE appfpached~

80 J, the load (and therefore stress) determined by the accelerometer
progressivéi} approached the magnitude of the load as determined by the

strain_gauges.' The discrepancy below the 80 J level was therefore caused

by a slower response of the accelerometer; Proof that this discrepancy

was hat caused by a calibration error occufred in the case ofFASTM A5{§.
’vDufing the testing it was found that half the specimens broke at the 27‘3
. level and half ugt the 80 J'ylevél. Those breaking at 27 .J had an
abcelerometer reséonse indicating only 50 percgnt as high a load as the

strain géuges indicated, while at the 80 J level the calculated loads

" were the same.
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~The results in Table IV were reproduced in Fig. 8. Curves I and

II of Fig. 8 show K, K as determined by correlation to Pf.. Despite -

Id
the differences seen between Kch values below 80 J as determined by
strain gauge and accelerometer load measurements, the general trend was

for the derived K, ,.to be relatively constant over the range of energy

Id -
levels tested. This was a direct consequence of the fracture load
remaining relatively stable' over that range. In cdmparison, curves II -

and III, whicH were from KId - CVNE correlationé show an increase . in

K1d
K

as CVNE 1ncreases ’&'11 the case of 50 T steel where a comparable

1d value was publlshed ;(‘sée Table Iv) it agreed closely with ' the

results of the KId-CVNE correlation while the KId‘ - Pf correlatlon
underestimated it by a factor of three to four. Although the Pe
formula was developed for medium to low strength steels (NMAB 1976), Fig.

8 shows it to agree with other f‘ormulae in the reglon of low CVNE“

(typlcally high strength) steels. Since curves III and IV agree
within four percent of themselves in that range (and to within 30 percent
overall) the previous comparison was a fair one to make. | Curves V and VI
were generated using KITC—CVNE correlations., They . agree to within 20
percent of themselves. They are cons.istaptly above the KId
‘determinations as would be expected (Barsom and Rolfe 1970). No comment
can be made as to the accuracy of any 6f“ the above curves since direct
d&ﬁerminatioﬁ of fracture toughness was not carried out for the steels

tested.



i

. )“
FIGURE 8. K

I

CVNE (J)

0

!
.002 Pf (5.G.)

0.002 P (ACC.)

0.64 x 10"2CWNE
0.375

'15.5 CVNE

- 0.22 x 10~ cwel?
15cwneD 2

CWNE

c AND KId FROM CYN DATA

47



48

PART 4 - THE TWISTING, LATERAL MOTION OF THE PENDULUM

Fisher and Hills (1981) noted that during some severe impacts, if
the specimeﬁ was not located precisely at the centre of pefcussion, an
'appérent backward motion of the pendulum was recorded. They attributed
this to an impulse wave being sent up the suspension arm. Later, without
specific réference to the above, they‘notéd that there was an anomoonu;
"~ bending action in tHe pendulum arm and that thevenergy absorbed by the

specimen was 10 - 15 percent lower than that lost by‘tﬁe pendulum which

7

- reflected the energy losses in the pendulum arm itself.

i

m <@

Although the appafgtus used was different, the results obtained
from the stfain_gauges during the 16 tests showed that aone the 150 J -
level a similar strain gauge uncbr—estihation of énérgy absorbed

occurred, althbugh the difference was only ohe to six percent. Such a

trend was not‘obvious from the accelerometer results.

If indeed some impact wave was caused in the: pendulum, its
reflections from the support éhéuld have oécurned at ‘a freguency of 3600
Hz (using thé speed of!sognd in steel as approximately 5 x,losymm/sec
and a distance of 700 mm (x2) as the length of the pendulum for these -
tests). If the impact wave was considered to reflect across the 200mm
breadth of the "C" of the pendulum; then ringing would have occurred at
aparoximatelyVIZ,OOO Hz (and would havq been filtered out). In fact,
ringing was noticed, but it occurred at 900 Hz.

&
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‘If‘ a simple lateral translation of the pendulum was assumed, it
explaibned the discontinuity of the displacement cur\)e and the facg that
the dynamic impact output of the Hall-effect transducer never reachéd its
ma‘xinl\lum value as determined by étatic conditions. If a twisting motion

‘ A |
was assumed, the same effect would apply.

4

In a simple experiment, lateral vvibration was ‘measured by
impacting the pendulum deaa ce;wt‘re on one si'de. fhe frequency was found
to be five to six Hz. The twisting freqﬁency was found to be 10 Hz. The
.time taken by the displacement output to break away and then rejoin its
smodth—curve—path_’ (seg Fig. 6) was approxiately three msec. This
one-half wave ,é,orresponded to a "frequency" of 170 Hz. It 1s ~quite
possible that t‘rha‘mslétional or twisting mgtion did occur and that the
rejoining of the displacement curve was caused by the relative amount of
amonolous motion becoming lessc ..~sig'ni’ficant to the total as the pendulum

moved Forward.

It was also noted during calibration that if the pendulum was
allowed to twist, strain gauge load readings were below expected values.
This could account for the dynamic loss of one-to-six percent in tough

specimens when the most twisting would have occurred.

Finally, some lateral or twisting motion was known to occur
because in tests where the pendulurg; came to‘ a complete stop or was
severely refarded, the lateral space between the Hall-effect transducer
and the mag‘net (approx. three mm) was insufficient to prevent contact

between them, causing them to be brok



CHAPTER V

D.C. POTENTIAL CRACK DETECTOR
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PART 1 INTRODUCTION

It has been shown (egns. 21 and 23) that measurements of energy
absorbed per unit area created by the initiation and propagation o? a
crack in an impacted test piece would allow direct comﬁutation of Gd
and other fracture toughness parameters for a material. Chapters II, III
and IV cdealt with tﬁe hhysical measurement of energy absorbed and in
particular, ‘the ability to measuré prédefined portions‘ of the total
enefgy of ffacture. A D.C. potential method of directly monitoring the
area of the uncracked ligament in front of ‘the crack tip would provide

.the only other measurement required for Gd determination.

An attempt was made to detect crack initiatioﬁ and measure crack
propagation during a Charpy V-Ndtch (CWN) impact test using a D.C.
potential difference méthod.‘ Two typgs of constant current supplies, two
‘methocg of wiring, four types of probe coﬁtacts; electronic filteriné and -
6echani¢ai stabilizing elements were used in an effort to gain accurate

3

and repfoducable resulfs.
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PART 2 THEORY -
Using a power supply to provide* a constant current through the
specimeﬁ, the voltage across the specimen can be monitored and should
show a rise és the advancing crack decreases the'conductiye area. From
Halliday and Beevers (1980) the steady electrical potentiai ¢ at a point
(x, y) for a homogeneous specimen with Eurrént flow perpendicular to the

crack plane is given by:

2

320/ 3x2 + 324/ 3y“’= 0

" Given that the curient is uniform (current leads are far from the crack
plane), and the influence of . notch is ignored, for a specimen
configuration is as in Fig. 8, the potential difference between pgint P

and the crack plane is given by:

V= IM(K COST Y ) (29)
¥ = COS( Z/2W)/C0S( a/2W)
where, Ka = proportionality constant depending on the geometry,

resistivity, and current Z = f + i x, and W,a = as in Fig. 9.

From’this analysis, it was shown that placing the leads of the
‘seqsbr at increasing distances from the V-notch had the effect of

increasing reproducibility while cecreasing sensitivity.



SENSOR

CURRENT

-

’(\ P
CVN SPECIMEN

FIGURE 9. VARIABLES FOR THEORETICAL CALIBRATION
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It was decided to use a direct method of calibration (comparing
actual “cracked surface increases to actual voltage increases) rather than
a theoretical method, thereby bypassing errors due to the assumptions of
egn. 29 and the accurécy errors inherent in the measuring instruments.
Also, it was decided to place the sensor probes far from the crack\plane f‘f
(see f;igs. 9 and 11) as v)ould best suit this method of calibration. The
sensitivity was approximately 0.25 percent voltage change per ' percent

area reduction, whereas Knott (1980) achieved three times that

sensitivity by placing the sensor leads near the "v".
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PART 3 EXPERIMENTAL

A Hewlett-Packard Model 6286A constant currgnt supply was used to
provide 10 amps through the specimen. The power demand was of the order
of 0.02 watts. However, with the low (2mV) voltage across the specimen,
60 cycle noise generated internally by the suppiy mgpe this apparatus
unsuitable and it was used only to determine the resistance of specimens
in a static condition and for static(cal;bration.

_ )

A 12 volt automobile battery and one ohm resistance (see Fig. 10)
was used to supply‘a constant current for dynamic testing. Since the
resistance changed as the resistors heated up two methods were tried to
cool them. First, a refrigeration unit was employed’to pump glycol at
0% through a plastic tube wrapped around a one ohm resistor. Second,
four one ohm resistors Were connected - two in pafallel in series with
another two in paréllel - and cooled with a fan. Both systems worked so
the simplest (second) was chosen. This ‘system produced approximateiy

10.7 amps. .

- A type S46B Tektronix oscilloscope with an outpuf ofioééfy/ufyffqr ’

input of 0.2 mv/Div was used to amplify the signai by a Factﬁr?ot¢4500;g

The rest of the commercially available equ1pment was as described
in Appendix III. The four-channel oscilloscope 1ntroduced a galn of
five to the output of the first osc1lloscope ﬁgr tptal élgnal"

amplification of 22500. The filter introduced, a tlme cblay of O 2 - 0.3
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1 OHM

BATTERY

' POWER SUPPLY
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]
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R
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oscILLoscore [ () (USED AS AMPLIFIER)
FILTER

4 CHAN. OSCILLOSCOPE Q

FIGURE 10. CRACK DETECTOR EQUIPMENT SC IC



57
. msec and reduced the amplitude of a comparable signal by tudupercent when
the cut off was set at 3000 Hz. New anvils were made for the CW machine
so that a layer of dielectric tape could be placed between a set of ~

inserts that held the specimen in place.

Four ty;es of probe contaets_uere tried. 'Single lead contacfs
'(see Fig.- 11) were ‘used initially hut discarded when it was found
difficult to reproduce the tontact (soldered) resisfance where the wires
‘met. They produced-a total initial resistance of 0,28‘— 0.4 mohm which
was 'O.l ~ 0.22 mohm above the specimen resistance due to . contact
hfesistance'at the‘specimen  Surface soldered single lead contacts (see
Fig. ll) produced essentially the same results - Internal soldered single
lead contacts (see Fig. 11) had an initial resistance indistingnishable
from specimen resistance, but were difficult to produce and handle. They

were used for dynamic testing.

Double lead contacts (See Flg ll), although they produced initial
total re51stance of O. 18 - 0.24 mohm, were used for reasons of simplicity

in generating the calibration curve.

Two wiring harnesses were tried; Single conductor wires
thfoughdut' andu:shielded single conductor wires. It was found that
shielding the‘ current-carrying and probe wires had a smal; beneficial'
effect on the_signalﬁ They were difficult to work wifh‘because of their
stiffness and.oftenmgequired that the specimen be taped onto the anvils
to = ~ent movement before pendulum contact. They were used despite this

drawbuo <.
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. b) SINGLE SOLDERED

CVN SPECIMEN V.

T

- | P ' 0.7 cm
g—-‘2_.375 cm—-)‘ . l
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_ SENSOR

SCREW

: SENSOR
CLJRRENT
SOLDER
/
i
c) INTERNAL '

d) DOUBLE

FIGURE 11. POWER AND SENSOR LEAD CONNECTIONS
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PART 4 CALIBRATION

. To test the system's ability towﬁetect changes in cross sectlonal

area, eight strands of lé6=gauge wire wege: connected in parallel and

substituted for the specimen.' Changes in'bﬁtential were recorded as the

wires were cut one by one.

The egstem with a Charpy specimen was calibrated quasi—statically
in the following manner. The apparetus\lwae assembled ‘Qith the power
eaeply as in Fig. 10. The time baee”on the oscilloscope was set to an
extremely fast rate to focus on a flat portion of the output and initial

values of voﬂ}age were recorded. The pendulwn was allowed to 1mpact ‘the

specimens from increasing helghts and the rise in voltage from a visible

crack was noted. The crack itself was painted for later measurement.
.vOltage decreased to 80%-50% of its original value as the specimen
temperature dropped (after being heafed by the impact). This precluded
\using a specimen for more than one erack area correlation. The

pfocedure was: repeated for nine specimens of ASTM A516 grade 70 steel.

¢ In trying, to obtain 'a -dyri@mic  record ‘of percent area vs time
during an 1mpact test the battery and %QQ ohm resistance network were

substltuted for the power supply. The pendulum was allowed to fall

through 9. 6° producing 167 J of energy on impact. The Hall—effect

transducer and magnet were used to give a calibrated Trecord of pendulum

displacement/ and also to trigger the scope approximately 1.5 mm from
/
pendulum cohtact The fllter was set to 3000 Hz cut-off so as to

duplicate the load results of Chapter IV.
‘1 ¥
1
|

|

|

)
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PART 5 RESULTS

The eight-wire experiment, althougﬁ a pbof analogue of specimen
cracking, was itself quite accuracte.’ Excepting one wild point,
calculated average resistanéemof remaining wires per cut had é standard
deviation of five pergent (inclusion ofvfhe wild point increased thi; to

»

- eight percent). Fig. 12 shows the results.

The quasi-static calibration of CVN specimens was not so
accurate. The results are presented in Fig. 13. A linear regression was
performed on the data with a correlation of 94 percent. Calculated

resistance of remaining areas had a standard deviation of 12 percent.

The dynamic results were not representative of the voltage change
as the crack ran across the specimen. Fié. 14 shows fhe typical fesults
from an impact test. The voltagé rise occurred inttwo stages. First was
. é slow rise before impact-and second was a sharp increase at impact. WThé
sharp rise 6cc0rred idénfically to itself every time‘(within limits of

measurement) and was independent of load or specimen-type.

A
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FIGURE 14. CRACK - AREA AND LOAD REPRESENTATION OF RESULTS
FOR CWN IMPACT TESTS
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PART 6 OBSERVATIONS .

The quasi-static calibration chart (Fig. 13) is ‘a linear
regression of a relation known by eqn. 29 to be non-linear. However,
Knott (l9qu;;howed that for a single edge notched specimen, theoretical
and experimégtal‘values are approximately linear above 10 percent broken
(abqve a/a0 = 1.3 in his notation). Also, the correlation coefficient
for the calibration chart was' 94 percent making it acceptable for
experimental purposes, but insensitive * to small‘ deviations from

linearity.

,' The dynamic resﬁonse was affected by two influences other than the
reduction of conducting area in the specimen. The first was a penadulum
effect. As the‘péndulum approached the specimen, ; voltage was induced
in tbe lead wires ¢see Fig. 14). The magnitude of this voltége rise was
reduced to its minimum of 0.02 mV by keeping the sensor wires together
and shielded thus right ué-fo the specimen. The second influence was an
impact effect.l immediately upon pendﬂlum contact, a voltage of gfeater
than’ five mV was induced. The magnitude of this effect precluded

. . ] . //
.monitoring voltage change due to crack propaaation, The impact could not

3

be filtered out electronically because it lasted approximately as long as

the impact. . : .

Both ghé pendulum effect and the impact effect occurred when a

specimen ‘was broken withogt the 10 amps current through it. The impact

- WA

effect also occurred Whehffﬁriking it with a piece of wood although th
’ ik XN )
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amplitude was reduced to 0.02 - 0.0é‘ mv. Since the crack measuring
‘system,wps not grounded am'he penchluin was, vit‘is possible that a
capacitive effect between the pendulum and the specimen or the specimen
and the anvils was responéible for the rise in voltage. This would then

explain why the effect occurred without the 10 amps-supplied.

Heat effec'ts! also influenced the voltage across the specimen. In.
'obt'ai‘nin'g the quasi-étqt_ic calibration-, the rise had to 'be measured
quickly because it fell back aé far as 50. percent of ité initiai_ value as
the specimenn‘ cooled. -This effect was dramatized by heating a specimen to

approximately 50°C causing an increase of more than 0.7 mV across it.



CHAPTER VI

CONCLUSIONS
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The embirical correlations KIC~CVN§0' 5 and KIc/E =

0.22 x 1072(cwe)1*® agreed between themselves (to within 20
percent) over the range of 18-158 J CWE. The reiations KId/E =
0.64 x 107°(CWWE) and K., = 15.5(cWe)%>"° also agreed (to

Id
‘within 30 percent) in that range but gave consistantly lower

values than the K correlatons. The relation KIC 0.002

Ic

f?"p showed agreement with the KI d-CVNE relatons at low levels
of CVNE but remained relatively constant over the range of
energies tested and therefore gave lower results than the

L

K

1g~CVNE relations at high levels of CWNE.

A fracture toughness indicator, Kd = V'EGD, could be c;alculated
f rom the results of Charpy tests provided accurate determinations

could be made of load, displacement and crack area during 1mp§ct

The charaéﬁéristic ringing or noise that occurred in the' load
signal. at approximately 900 Hz was verified by the comparison of

accelerometer  to strain gauge - transducer  output. The:
accelerometer used did not provide any other useful information
and although it recorded accurately. the total amount of energy
absorbed during impact, it underestimated know tensile properties

of the more brittle steels due to its slow rise (and decay).



- &7
.Load~measurements made by the strain gauges were no more accurate
than those of the accelerometer ;n determining total energy of
impact, but were acceptable in théir reproduction of known tensile
properties of steels tested due to their quicker . frequency
response.

¢
The Hall-effect "transducer was found to be acceptable for
monitoring dynamic displacement despite the disconfinuity it
produced in its mid-range. Twisting and/dr lateral displacement
of the penculum was known to have occurred and was suf%icient to

cause such a discontinuity.

Assumption of linear pendulum displacement during impact produced

increasing error in CWNE caiculations above the 40 J level.

The DC potential metkod of measuring the area of the uncracked
llgament was unsuccessful due to problems encountered in hav1ng to
'ampl;fy th¢-51gna1 by 22,500. A capacitive effect in the system
induced a voltage that was two orders of magnitudevgreater than a
30 percent broken signal upon start of impact. Induced voltages
caused by fhe motion of the pendulum have been reQuced to an
acceptable level. Furtﬁér analyses of crack propagation and DC
| potential method wereé nqQt uncdertaken because of the initial

results.
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~APPENDIX I~~~ —
DEFINITIONS .

Crack Extension Force ™
The elastic energy per unit of new separation area ¢hat is

| made available at the front of an ideal crack in an elastic

solid during a virtual increment of forward crack extension.

The J-Integral

.+ A mathematical expression, a line or surface integral that

encloses the crack front from one crack surface to the
other, used to characterize. the local stress strain field
érnund the crack front.

Stress Intensity Factor
The magnitude of the.ideal cfack tip stress field (a stress
field singularity) for a particular mode in a homogeneous

‘ldnear-elastic'bddy.

o
Plane Strain Fracture Toughness

.The’ crack extension Tésistance under conditions of crack

tip plane strain. v
NOTE: - In Mode I, for slow rates of loading and negligible
plastic zone adJustment plane strain fracture toughness is

3/2]

the value of the stress .intensity factor [FL as

measured under the réquiremeht of E399.

Plane Stress‘Fracture foughhess
Crack exten51on re51stance under conditions that do not

. approach crack tip plane straln to a degree requ1red by an
.empirical relation. The value of K critical to crack

propagation.

Plane stress fracture toughness under dynamlc loading
(1mpact) condltlons
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APPENDIX III .

 EQUIPMENT

3

CHARPY IMPACT MACHINE
Mouton Pendule No. 364 30 kw 4-1926 U of A # 00 42036

STRAIN GAUGES
Two double element semi-conductor

BRIDGE AMPLIFICATION MODULE
Intertechnology BAM-1 # 040246 U of A # 0116319
[
ACCELEROMETER ’
Endevco force-accelerometer Model 2224 U of A # 00 42150

AMPLIFIER
Endevco shock ampllfler Model 2718A U of A # 00 42138

FILTER |
Krohn-Hite dual filter Model 3342 éﬁ%.

D SPLACEMENT TRANSDUCER
‘S8 Lolpet Hall-effect displacement transducer Mocel 915512 2 Micro 2023
Magnet 106 MGlO ; .
"POWER SUPPLY &
: Hewlett-Packard 12 volt power supply Mocel 6214A Uof A # OQ 42733

OSCILLOSCOPE
Hewlett-Packard fnur-channel 0501lloscope Model 141B
1421A time base i
1404A four-channel ampllfler

W'
L

CAMERA
Tektronix series 125 Polar01d camera

PROVING RING | {
Morehouse #4006 U of A # 00 42082 ’

EXTENSOMETER
Starrett No. 657
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APPENDIX IV Lok
STEELS SPECIFICATIONS AND SPECIMEN ORIENTATION

I 4

The steels listed below were ofhosen (from those produced under
University of Alberta Research Contract No. 59-0103) to pfovide a wide
range of Charpy v-nthh' energies when tested at room tempﬂfrature
(20°).  one exception was ASTM A516 which was included to lie between
energy levels of 30 J and 100 J. Although ASTM A516 specimenAorient'ation‘

is stated as L-T, it is"possible that another orientation was erroneously

produced in the specimens. This would accgunt for the test results
: . »;.,,,«. e “?x

showing two distinét levels of energy abs -_ _\';;,T,v Onwa*BO "J and the other

Nb ;
YIELD = 320 MPa uTsS 3§
SPECIMEN ORIENTATION L-T

50A - CSA G40.21, ANGLE, AS QOLLED 86 Rb
REQ. (%) C = O 2

: Mn = 0.75 - 1.35
v F T, ' P-= 0.03
YR S = 0.04
Si=0.15 - 0.40
,Eb =.0.20 - 0.60
= 0.90°
Cr = 0.70 :
: YIELD = azan UTS = 580 MPa % EL = 40
8 . SPECIMEN ORIENTATION L-T : ~

a ” ’ .l . N
. o '
% . @ ‘ B
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50T - CSA G40.21, PLATE, AS ROLLED," 69 Rb

REQ. (%), T = 0 22
Mn = 0.8~ 1.5
P = 0.03 :
S = 0.04
Si = 0.15 - 0.40
YIELD = 279 MPa UTS = 447 MPa X EL = 45
SPECIMEN  ORIENTATION L-T ‘
. ASTM A516 GR 70, 13mm PLATE
MELT (%), C =0.17
' Mn = 0.15 - 1:17
P=0.18
S = 0.02 - 0.03
‘ Si=0.24 -0.26 _
YIELD = 381 MPa 1% UTS = 550 MPa % EL = 26
SPECIMEN ORIENTATION L-

AISI 8620 - 15.2 ¢m BAR, HOT ROLLED

STRESS RELIEVED, 88 RB 7 Rc

MELT (%), | C=0.20

Mn = 0.79 ,
P = 0.014 §
S = 0.019 '
Si=0.24 .

Cr = 0.58 &
Mo = 0.16 ’ o

- Ni = 0.45 , ‘

YIELD = 358 MPa UTS = 574 MPa X EL = 30.2

SPECIMEN ORIENTATION L-R

F

2 Rc

AISI 4140 - 15.2 mm BAR, HOT ROLLED - STRESS RELIEVED
b MELT (%), C =0.39 ,

" Mn = 0.79 4 -
P = 0.018 - /
S = 0.0l6
Si =0.25 - . .
Cr = 0.83 | , « :ﬁﬁ

s+ Mo =0.16 -

YIELD = 1031 MPa UTS = 1073 yPa % EL = 19.1

SPECIMEN ORIENTATICON L-R - re

&



"y

AISI 4340 - 15.2 mm BAR, HOT éQLLED - STRESS RELIEVED, 27 Rc
MELT {%), C=0.38

Mn = 0.62 T a
P = 0.009
S = 0.016
Si = 0.27
) Cr = 0.71 '
| Mo = 0.21 | :
“ Ni-= 1.68 . o o
YIELD = 922 MPa . UTS = 1603 MRa % EL = 22

SPECIMEN ORIENTATION L-R

CHT-lOO - PLATE AS ROLLED, 255 8H

REQ. (%), C=0, 16
' Mh = B3
, P = 0.015
S = 0.02
N . 'Si = 0.28
R P Mo = 0.23
o ' V £0.04
Tﬁ.i?@ 02
Al = 0.06
B ='0.001 -

YIELD = minimum 690 MPa  UTS = mifimum 792 MPa
_ SPECIMEN ORIENTATION LT :

}m

)

o . ‘ s
S
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APPENDIX V

LOAD-TIME AND DISPLACEMENT-TIME
OSCILLOSCOPE TRACES OF CWN IMPACT TESTS

79
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DISPLACEMENT (NON-LINEAR)

LOAD - STRAIN GAUGES (~ 400N/mm)
LOAD - ACCELEROMETER (~ 300N/mm)

. TIME (~0.13 msec/mm)

UPPER TRACE = DISPLACEMENT
(HALL-EFFECT TRANSDUCER) -

MIDBLE TRACE = LOAN
(STRAIN GUAGES)

LOWER TRACE = LOAD
(ACCELEROMETER)

EXAMPLE OF IMPACT TEST SHOWING A QUASI-YIELD POINT
IN THE STRAIN GAUGE TRACE OF LOAD FOR AISI 8620 STEEL.
. ¥

»
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5

LOAD - STRAIN GAUGES (~ 400N/mm)
LOAD - ACCELEROMETER ("j 700N/mm)

DISPLACEMENT (NON-LINEAR)

TIME (~ 0.26 msec/mm)

UPPER“ TRACE = DISPLACEMENT, :

(HAbLiEFFECT TRANSDUCER)

MIDDLE TRACE

1]

LOAD '
(STRAIN GAUGES )

LOWER TRACE LOAD

(ACCELEROMETER)

/
i

EXAMPLE OF IMPACT TEST SHOWING RINGING AT 900 Hz FOR-
AISI 4340 STEF!

8l



