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FOREWORD

This final technical report covers work performed under
Contract DAAG46-72-C-0162 entitled “Instrumentation for
Fracture Toughness Evaluation with Charpy Impact Specimen”
during the period May 10, 1972, to March 12, 1974.

This project has been accomplished as part of the U. S. Army
Materials Testing Technology Program , which has for its
objective the timely establishment of testing techniques,
procedures or prototype equipment (in mechanical, chemical ,
or nondestructive testing) to insure efficient inspection
methods for materiel/material procured or maintained by
AMC.

This contract with International Harvester Company,
Manufacturing Services, Kinsdale, Illinois , was initiated
by Army Materials and Mechanics Research Center and
accomplished under the technical direction of
Mr. A . F. Landry , C.O.R.
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I .  INTRODUCT ION

The pr imary objective of this program was to des ign and assemble

an instrumented impact test system for measuring fracture tough-

ness using a Charpy specimen . The instrumentation was designed

to incorporate analog circuitry , digitized read-out and oscil—

loscope presen tat ion.

Discussion

The reliable prediction of material behavior under dynamic loading

necessitates the use of sophisticated engineering test methods as

well as the establishment of standardized test procedures. The

instrumented impact tester when adequately designed to assess

a range of strength levels possesses unique capabilit ies to

extend usefulness for both aspects . The properly designed

instrumen ted impact test system can automatical ly analyze and

rapidly furnish information regarding :

Maximum load

Time to maximum load

Total impact energy

Crack initiation energy

Crack propagation energy

Unstable fracture occurrence

Initial elastic energy (inertial)

KId (Max . load)

KId (W/A)

KId (COD)
Ki~ (empirical relationship)

1
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It has been demonstrated that the above parameters can be

ascertained with a high degree of precision using hybrid type

computers for data assimilation and processing . However , these

systems are somewhat costly which prohibits their widespread

use.

Numerous other types of instrumented impact test systems have

been introduced and are currently being utilized. However ,

these systems mainly suffer the limitation of providing only a

visual force—time display which is photographically recorded.

The subject system provides automatic electronic analyses and

read—out capabilities along ~~th oscilloscope presentation .

II. INS’FRUMENTATION

A. Tup

The load sensing element (strain gaged tup) is similar to

those employed in other systems . Figure 1. shows the arrange-

ment of the gages on the undercut flank section of the tup .

Four strain gages are bonded on each side of the tup . Two

of the gages are mounted for compression loading and two

are mounted for tension loading. A wiring diagram of gage

circuitry is shown in Figure 2. All strain gages are

MicroMeasurement type EA-06-062--AQ—350.

B. Analog Sensing Circuits and Hardware

The principal electronic components of all circuits are

operational amplifiers which are utilized as in tegrators ,

differentiators , root extraction , multipliers, peak

detection etc. A circuit diagram of the system is shown

in Figure 3.



Referring to Figure 3, the output signal from the strain

gage br idge is transmitted to four buffer amplifiers

(1, ii , 24 and 33). Since each buffer amplifier is the

initial stage of a principal circuit associated with a

particular terminal calculation , it is appropriate to cover

the various circuits in detail separately.

1. Calculation of impac t energy

Total energy absorbed by the specimen during impact

loading is calculated from the area (~~dt) under force—

time curve multiplied by the average pendulum velocity

(ga)

Total impact energy absorbed — Va £F.dt (1)

The output from buffer amplifier (1) is transmitted

to an integrator (2) which performs the summation of

F.dt . The average velocity (ga) is calcula ted from

initial impact velocity (‘to) and final pendulum

velocity (Vf) after fracture by the following equation .

ya = ~o + V~ — E. , where E~=’ absorbed 
(2)

impact energy

The final pendulum velocity can be expressed in terms

of absorbed energy and initial pendulum velocity at

impact by:

Vf . .  (~IJ 2 (3)

3
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Substi tu ting the equiv a len t of “f in equat ion (2 ) ,

2Va — V0 + (V02 - 2g E~ (4)
we

or

2’
~a 

‘

~

‘

~~~ 
+ (1’o~ — . Va 2f.dt) (4a)

wo

Simplifying and rearranging TERMS ,

— 
V0 -~~F. dt (4 b)

2m

mass of pendulum (m) = W9fg

At operational amplifier (3), which is a divider , the

area under the force-time curve is divided by 2m. This

signal is introduced to a differentiator amplifier (4)

which performs the operat ion V0 - Zp.dt resulting in Va
2m

At this point the signal is fed into a multiplier (5)

along with the signal from integrator (2) resulting in

complet ion of the Va~~F.dt operat ion . Th is value is

ultimately presented at terminal B for a print—out of

total impact energy absorbed by the specimen.

2. Calculation of Ki~ (Empirical Relationship)

An empirical relationship between fcsg*Charpy impact

energy and KIC was established in a separate study

(DAAG46—69—C—0005) in which the following correlation

was expressed:

(KIc,cy)2 — 4.9(fcsg energy + 4.3) - 0.05 (5)

ay x i0~~

*fcsg - fatigue crack—side groove

4
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The Kic fracture toughness value Is also calculated in

the first circuit where the strain gage signal is

trans mit ted to buf fe r  amplif ier (1) .  The sequence of

events is identical to preceding impact energy circuitry

through multiplier amplifier (5). At t his point , however ,

the K ic circuit  branches and the signal is conveyed to

ampl i f i e r  (6) where the iner t ia l  energy is subtracted

from the total calculated energy . A selector switch

with fixed resistors is provided for steel and

aluminum materials . The magnitude of the initial elastic

envelope due to inertial effects is a function of the

mater ial’s elas t ic modulus . For steels , a constan t

magnitude of 0.60 ft-lbs has been observed. With

alum inum , 0.30 ft—lbs was noted. The amplified signal

con tinues alon g the pat h to amplif ier (7) where t he

value of 4.3 is added. The value of 4.3 is the y—ordinate

intercept obtair’~4 upon plotting conventional Charpy impac-~

ener gy versus fcsg Char py impact energy. The complete

expression of the equation is:

fcsg impact energy — 0.77 CYN - 4.3 (6)

where :
CVN — conventional Charpy impact energy

The signal is conditioned next by a multiplier (8)

which mult iplies the term (fcsg impact energy + 4.3) . 
-

by 4.9. Next, signal condition ing continues by division

of material yield strength which is effected by potentio—

meter (8A). A subtractor (9) receives the s~~nal and

5
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reduces the preceding value by 0.05 which is the

y-ordinate intercept of equation (5).

The signal enters the  root ex t r ac to r  (10) and the

ensuing value is multiplied by the material ’s yield

strength at amplifier (b A). The KI~ fracture tough-

ness value is forthcoming at Terminal A.

3. Dynari ic  F rac ture  Toughness (~1aximum Load)

W i t h  m a t e r i a l  s t r eng th  levels in which  f r ac tu res

precedes general  y ie ld ing , f r a c t u r e  toughness (K Id)  can

be closely approximated by maximum specimen load and

specimen geometry.  The ASTY Plane s t r a i n  f r a c t u r e

toughness three point bend equation which incorporates

the use of maximum load and specimen geometry is given

by,

aPL f (a/w ) ( 7 )
~~3 /2

where :

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~

P = maximum load in lbs

B — Specimen thic kness

L specimen one-half span support (inches)

w = Specimen depth (inches )

a = Depth of notch plus precrack length ( inch)

6
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presenta t ion  or load-t ime curve p r i n t  out has been and

continues to be a controversial subject. Other

(*)investigators , notably Turner , suggest the use of a

correction factor to obtain an effective specimen load.

Figure 4 shows the Turner correction curves for various

specimen stiffnesses. The inertia correction is based

upon the rise time of each oscillation . Although the

authors take exception to this treatment , the Turner

correction concept is incorporated into the circuitry

for optional use by the operator .

The output signal from the strain gage enters buffer

amplifier 01) and is transmitted to peak detector

amplifier (12) which senses the peak voltage or- maximum - 

-

load. A trigger signal is also fed into the peak

detector to inhibit signal pickup during the initial

29 microseconds . The peak signal is next transmitted to

a poten t iometer (Turner correct ion f actor ) an d t hen to a

multip lier (13) which multip lies the corrected load (P)

by the specimen half-span length (L) via a potentiometer

shunted across multiplier (13). The signal corresponding

to the dividend (PL) is transferred to amplifier (14)

which is a divider .

The divisor quantity (~~3/2) is conveyed to the divider

(14) by a branch circuit which originates at the

potent iometer (W ) .  Two separate paths from (W) are fed

into a mult iplier (16) result ing in W2. A third leg (W)

*Turner , C .E ,, “Measurement of Fracture Toughness by
Instrumented Impact Test”, Impact Testing of Metals ,
ASTM SW 466, American Society for Testing and
Ma ter ials , 1970, pp. 93—114.
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which  is connected to the f i r s t  W pa th  prior to en te r ing

m u l t i p l i e r  (16) is fed aba~ g wi th  the s ignal  output  from

m u l t i p lier (16) into mul t ip l ie r  (17). The signal cor-

respon ding to the product (W3) arrives at the root

extrac tor (18) an d con tinues to mult iplier (19) at which

site the mul t ip l icand  signal (W3”2 ) is mult ip l ied by

signal  (B) which is a potentiometer shunted across

mul t iplier ( 19) . The resul t ing signal  (~~ 3/2 ) is the

divisor signal  which is coup led w i t h  the dividend s ignal

(PL) to e f fec t  PL

The Quotient signal is t ransmit ted  to mul t ip lier (15) and

is mul t ip l ied  by the specimen compliance factor  f (a / w )

which is indicated as a potentiome ter shunted across

m u l t i p l i e r  ( 15) . The KId f r a c t u r e  toughness value is

accessible at  Terminal C. Note , the comp liance factor

f( a / w ) must be computed manua l ly  a f t e r  the specimen is

broken . The value is then entered via the dial

potentiometer (a /w) .

4. Crack Open ing Disp lacement (K Id)

Although the crack opening displacement (COD ) measuremen t

can be used with  high s t rength or br i t t le  materials , it is

primari ly intended as a more reliable indicator of

fracture  toughness for lower strength materials in which

general yielding precedes fracture . The COD equation is

given by,

8
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C O D= x 9
C ( 9 )

where x = distance of axis of ro ta t ion  below crack root

bend angle in radians of the specimen at

crack growth instability.

The COD can be rela ted to frac ture toughness by stra in

ener gy re lease ra te  (GId ) .

01d = O
~rd (COD ) (10)

The liner elast ic fracture mechan ics equat ion perm it

an expression in terms of K ID ,

KID = (E GID/l_,2)~ (11)

The bend angle (QC ) as shown in Figure 5 can be

ascertained by elapsed time (t )  interval  between loading

of the specimen a f te r  in i t ia l  inert ia l  effects  and

unstable  crack propagation . Refer r ing  to Figure 5 ,

= 2 d/L (12 )

where ;

d = t . v

v = pendulum velocity

L = specimen half—span support length

The value of X was experimentally determined in a previous

study to be 0.0573 inch.

Referring to Figure 3 , the stra in gage signal out put

travels to buffer amplifiers (24 & 33). The signal

leaving amplifier (24) branches in two directions. The

signal is transmitted along one path to peak detector (25).

9
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The second path transmits the signal directly to a

comparator (26). Simultaneously, the signal leaving

bu f f er amplifier (33) is transm itted to trigger (34)

which inhibits signal transmission at the peak detector

(25) for 29 microseconds to negate inertial load time.

The delayed signal leaving peak detector (25) encounters

a resistor which reduces the voltage 90% and enters

comparator (26) .  This operation is solely introduced

to measur e a ramp voltage which is subsequently

integrated (27) to provide time to unstable crack

propagat ion. A timer is connecte d at the out put of

the integrated ramp voltage . This voltage which

corresponds to time is transmitted to multiplier (28).

Simul taneously ,  t he avera ge veloc ity (Va) signal from

the out put of ampl i f ier  (4) is also del ivered to

mult iplier (28). The product of these results in a

displacement (d) s ignal  which is transmitted to divider

ampl i f ie r  (29) where divisor is applied.  The 2 d/L

signal next encounters a f ixed resistor which is a

mult ipl ier  of the rotational constant value of 0.0573 .

At this point ,the COD value has been calculated .

However , no print-out or value is displayed. Instead ,

continuation of the circuit to express COD in terms

of KId is the goal. The COD signal is transmitted to

multiplier (30) to which dynamic yield strength ( Oyd)

is mult iplied. The dynamic yield strength value is

i n i t i a l l y  entered by a dial potentiometer . The product

10
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signal (2d/L. Oyd) is fed to multiplier amplifier (31)

where the mult iplican d signal is mult iplied by the

material’s elastic modulus (E). Again , this signal (E)

is preset by a fixed resistor . The signal continues

to a juncture where it is divided by the signal equivalen t

of (l-v 2). The quotient signal is acted upon by root

extractor (32) after which the final signal equivalen t

of t (COD) Cyd.E~ ~
L i - v 2

or K ID based upon COD is displayed at Terminal E.

5. S t ra in  Energy Release Rate (GId or WJA)

The s train energy release rat e (GId ) approximates W/A

for high strength materials or others that fracture in

a predominately cleavage mode (low temperature regions).

The total energy required to promote specimen fracture

is equal to W/A , where W is the to ta l  work required

and A is the ligament area. At low strength levels or

where general yielding occurs prior to f rac ture , the

propagation energy can be obtained by subtract ing G Id

from W/A .

Referr ing again to Figure 3 , the W,./A circuit has two

branches. The energy branch originates from buffer

amplifier (1) and is identical In sequence of operatior s

to the total energy circuit previously described which

terminates at terminal B. However , the WA circu4t

incurs an additional operation which negates the inertial

energy envelope at amplifier (6). The output from

11 :
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amplifier (6) is fed to the divider (23). The second

path or branch of the circuit which also arri~~s at

divider (23) is concerned with signal condition ing to

obtain the equivalent voltage corresponding to ligament

area. The second branch originates at two potentio-

meters. Signals from potentiometer (W) and poten tiometer

(A) are transmitted to amplifier (20) where the (w—a)

signal equivalen t is achieved. This signal travels to

mult iplier (21) and a thickness (B) control potentio-

meter which is connected in parallel with multiplier

(21). The resulting signal , B(W—a) is fed to

mul t i p lier (22) which e f fec ts  the conversion of ft-lb

to in—lb .  This is the divisor signal which arrives

at divider (23). The quotient (W/A ) is displayed at

Terminal D.

C. Front Panel Controls and Indicators

A photograph of front panel controls and indicators is

depicted in Figure 6 . The input jack on t he f ron t  panel

is for the insertion of an output plug from the strain gage

bridge. The strain gage signal is also transmitted

simultaneously to the storage oscilloscope .

1. Ready control — de—energizes integrating amplifiers

by internal manual connection to a —15 volt source.

2. Reset control - de—energizes peak detector amplifiers

by internal manual connection to ground.

3. Turner correction - For use at operator ’s option to

correct for maximum load. Graph of correction factors

is shown in Figure 4.
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4. Crack length (a) — Dept h of the notch and fa t igue crack.

5. Yield strength ( Oy) - 0.2% offset yield strength
6. Dynamic yield ( c7yd) - Point of deviation from linearity

at a given s t ra in  rate

a/w — Ratio of crack length to specimen depth incorporated

in a power series . Used for dial setting of the compliance

factor , f(a/w).

Fracture To~ghness Display Controls

(From top to bottom )
Kic Empir ical - Automatical ly calculates s ta t ic  f rac ture

toughness using energy value and relationship with static

yield strength.

KIC Jy [4.9t~fcsg energy + 4.3 )  — 0.O5~ ~
L a~~~ io 3

KId — Automatically calculates dynamic f rac ture  toughness 
-

by detecting peak load and inserting measured specimen

dimensions .

KId — !j,~ .f (a/w) , ~ is Turner correction

f(a/w) must be calculated off— line by operator and value

inserted by dial potentiometer .

Total Impact Energy — Complete area under the force-time

curve multiplied by average pendulum velocity during

fracture.

E 0— V~~~pj.dt 
13
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W/lt — Energy negated for i n i t i a l  ine r t i a l  envelope divided

by the l igament  area.

K Id (COD) - Automatical ly calculated dynamic fracture

toughness for materials  which yield before f racture  by

sensin g t ime interval between end of initial inertial

envelope and start of crack growth instability .

Kid ~~~T Yd(COI~3
j

~~

Mater ial  Selector Switch - Inhibi ts  assimilation of force-

t ime data corresponding to in i t i a l  iner t ia l  envelope.

This control can be expan ded upon to include other materials

such as t i t a n i u m , etc.

Display & Moduprint — Digital display and pr in t—out  of

f rac ture  toughness values calculated upon selection and

depression of a display control .

Time to Fracture — Digital display of t ime (microseconds )

to crack growth instability .

D. Internal Controls

For a fixed specimen geometry and material elastic constants

which do not vary for a series of tests, a continuous adjust-

ment is not required. However , prov isions have been made to

alter these constants if the material is changed such as

steel in lieu of aluminum or the spec imen is scaled—up or

scaled-down . These adj us tmen ts are provided by variable

resistors (screwdriver type ) tha t  are positioned internal ly

14
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at various circuit sites. Internal variable resistors are :

Specimen thickness (B)

Specimen depth (W)

Specimen half-span support length (L)

Poisson ’ s Ra t io  ( i ) )

Young ’ s Modulus (E) are f ixed res istors which are accessible

by a selector swi tch .  All in te rna l  controls are identified

by labe l attachments .

I I I. OPERAT ING PROCEDURE

A. Storage Oscilloscope

1. Connect power cord from oscilloscope to 110 VAC 50/60

Hertz single phase out le t .

2. Turn on oscilloscope (push—pull switch). Pull to

active oscilloscope .

3. Set oscilloscope controls as follows :

Note : Strain gage out put is connected to CR1 (Channel 1).

Figure 7 shows photographic i l lus t ra t ion of the  storage

oscilloscope.

a. Depress CH1 pushbutton on vert ical  mode switch.

b. Set VOLTh/DIV switch to 2V.

c. Set AC/DC switch to DC.

d. Adj ust TIME/DIV scale to .lMS.

e. Set TR IGGER SOURCE switch to CH1.

f .  Depress UPPER and LOWER SCREEN STORE pushbutton .

g. Set MODE switch to single .

h. Set LEVEL switch 4.
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i. Set SLOPE selector to slightly +.

j .  Depress RESET pushbutton (the READY light should

glow).

k. When specimen -is f rac tured  by impac t pendulum ,

force—time trace will  be displayed on scope screen .

1. To el iminate trace , depress ERASE pushbutton on the

UPPER and WWER screen .

m. Depress the RESET pushbutton (the READY light should

glow) .

m. The oscilloscope is now ready for the next specimen.

B. Fron t Panel Controls

Front panel controls are photographically illustrated in

Figur e 6. Position controls as indicated below.

1. Connect power cord from the uni t  to 110 VAC 50/60 Hertz

single phase outlet .

2.  Turn on power switch.

a.  Set MATERIAL selector to appropriate position

(Steel or aluminum )

b. Adjust  dial on STATIC YIELD control to appropriate

se t t ing . If 0.2% o f f se t  yield is 186 , 000 psi , set

dial to 186 .

c. Adjust dial on DYNAMIC YIELD control to appropriate

se t t ing .  If dynamic yield strength is 224,000 psi,

adjust dial to read 224.

d. Adjust MAX IMUM CONTROL CORRECTION dial to read 999.

e. Depress RESET button .

f. Depress READY button .

r 

~~ E:E~ 
m .  

supports and release ha~~er



h. Measur e precrac k len gt h in accord with ASTM

Method E399 .

i. Adjust dial “a” to rea d total  notc h depth an d

precrack length. If notch depth is 0.079 in. and

precrack length is 0.030 in., set dial to read 109.

j .  Calculate f(a/w), or read value which corresponds

to a/w from prepared chart.

k. Adjust f (a/w ) dial from ca lcu la ted  or char t

converted value . If value is 0.276 . set 276 on

d ia l .

1. If a correction for maximum load is desired , note

time to f rac ture  on digital display.  Refer to

Figure 4 in which correct ion fac tor is plotted

versus r ise t ime to maximum load.

m. Adjust MAXIMUM LOAD CORRECTION for  corresponding

r ise t ime value .

n .  If no correction is des ired , set dial to read 999 .

o. Press Ki~ button .

p. Press PRINT MAN button .

q. Press KId (max. load) button .

r .  Press PRINT MAN button .

s. Press ENERGY button .

t .  Press PR INT MAN button .

u.  Press W~’A button .

v. press PRINT MAN button .

w. Press KId (COD) button .

x. Press PRINT MAN button .
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Tup with Recessed Surface and
Arrangement of Strain Gages
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PARTS LIST

Symbol —
or Part Manufac tu re r ’s Part No. Description

1 BB 3622 Operational Amplifier
2 BB 9580/15 , 3402 , 9859/15 Integrator
3 100 K J)-., 43K Resistors
4 BB 3264/14 Subtractor
5 BB 4200 Multi plier
6 BB 3264/ 14  Operational Amp lifier
7 SB 3269/14 Operational Amplifier
8 1313 3269/14 Operational Amp lifier
9 88 3264/14 Operational Amp lifier
10 BB 4l26/l5C Square Rooter
IOA BB 4094/15C Multi plier
11 BB 3622 Operat ional Amplifier
12 BB 3401A (2) Peak Detector
13 13B 3009/15C Operational Amp lifier
14 SB 4094/15C Multiplier
15 BB 3269/14 Operational Amp lifier
16 BB 4094/15C Multip lier
17 SB 4094/l5C Multip lier
18 JIB 4126/l5C Square Rooter
12 SB 3269/14C Operational Amplifier
20 88 7264/ 14 Operational Amp lifier
21 SB 3269/14 Operational Amplifier
22 BB 3269/14 Operational Amp lifier
23 BB 4200 Multi plier
2~ BB 3622 Operational Amplifier
25 BB 3401A (2) Peak Detector
26 BB 4032/12C Comparator
27 SB 9580/15 , 3402, 9859/15 Integrator
28 SB 4200 Multip lier
29 BB 3269/ 14 Operat ional  Ampl i f ie r
30 88 3264/14 Operational Amplifier
31 BB 3269/14 Operational Amplifi er
32 SB 4126/ 15C Square Rooter

Timer Weston 0—9.99 vde Meter Voltmeter
Oscilloscope Tektron ics #434 Storage Oscilloscope
DVM Practical Automation #PDM600 Printer

1K Poten tiometer
a 50K Poten tiometer
Turner 50K Potentiometer
E 50K Potent iometer
f (a/w ) 20K Potent iometer
L 10K Potentiometer
W 20K Potentiometer
Power Supply Lambda Model 4000 ±l5Idc Power Supply

Figure 8
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LIST OF SYMBOLS

a Depth of notch p lus fatigue crack
A Charpy spec imen ligament area , B(w-a)

Turner correct ion factor
B Spec imen th ickness
COD Crack opening displacement
CYN Impact energy (conventional Charpy specimen)
d Specimen def lect ion at crack instability
dt Incremental t ime interval
E Young ’s modulus
E0 or W, Total impact energy as measured by area under

force-time curve
F Force or load on specimen
fcsg Fatigue crack-side grooved
g Acceleration due to grav ity
~‘IC Strain energy release rate
KIC Plane-strain static fracture toughness
KId Plane-strain dynamic fracture toughness
L One-half specimen span support
m Mass of pendulum
V Poisson ’s ratio
P Maximum load applied to specimen

Specimen bend angle at crack instability (in radians)
t Time to crack instabil i ty or fracture
Va Average pendulum velocity
Vj  Final pendulum velocity
V 0 Initial pendulum velocity
W Specimen depth
W0 Weight of pendulum
W] or E0 Total impact energy as measured by area under

force-time curve
O~y 0.2% offset yield strength
Cyd Dynamic yield strength
x Rotational constant for plastic hinges

I
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