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DESI/N AND OPERATING CHARNCTERISTICS OF A
SPLIT HOPKINSON PRESSURE BAR APPARATUS

ABSTRACT

A split Horkinson bar apparaiss capable of conducting compressive strain
rate tests at rates ranging from 50 vo 10* in./in./sec has been designed and
assenbled. Ip principle, the apparstus is similar to that first used by Kolsky
in 1949. The design of the apparatus is presentad in two parts: the stress-
gener( ting system, and the stress-determination systes. Detailed drawings of
major componentz of the stress-generating system are included. The techaigue
used tv analyze results is presented. A listing of a computer code which incor-
orates this technique is also included. The code provid~s a rapid metbod for
computing the one-dimensiocnal response of the sample of interest. Results foi
6G51-T6 and 1100-C aluminum, which are in gond agresment with those obtained by
other investigators, are given as a check case for the system desigued.
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This report presents desipu details and operational procedurc of a split

Hopkinsown ™ar apparaztus and tie technique to analyze data in the determination

of dynamic siress-strain relationships of hoth metaliic and ncnmetallic materials,
In principle the cpparatus is similar to that used by Kolsky;! Camphe’l and Duby; -
¥rafft, Suilivaa, and Tipper;3 Maiden and Campbeli;* Hauser, Simmons, and Dorn;~
Davies and Hunter;® Chiddister and Malvern;’ and Maiden and Green.® In thic tech-
nique, stress-strair velationships at rates ranging from 50 in./in./sec to about
10* in./in./sec can be obtained by considering the transmission of a siresc wave
through « test specimen sandwiched between two elastic Lars, The aforementioned
investigators differ only in the manner in which they generate und record the
ctress wave, Since itc first usage by Kolsky over 20 years dpn to determine dy-
namic scress-strain curves using the split Hopkinson bar arparatus, the assumption
of stress uniformity in the specimen and effect of friciionr ac the specinen-dar
interfaces and specimen geomecry have been examined Ly wmany investigators., Davies
and Hunter® have found thzt in order to neglect radial friction effects at the
specimen-bar interfaces, the 1atio of specims. longth to radius chould be at least
unity. Effects of sxial inertic and radizi inertia were aiso investigated by
Davies and Hunter; they pelnt sut that che radizi and axial cffects sre compensat-
ing and will compensate exacily if -pecimens of length 1 = ¥3 ycr sre used {where - .
r is the specimen radjus, and v, is an <ffective Poisson ratio for the specimen

under the conditions of the Urperimenz}, It is ziso found that the axial isevcia

effect is a cause 5f the .wuuniformity of conditions along the spacimen <nd 1s

greatest at early times when the stroun acceleration is greatest. Msiden and

Green® have feund thzt for me<t of the tesiing time in the majority of 1-3ts, the
difference betwcep the iwo stross-time curves at the specimen-bar ini-sfaces is

less than i or 2 percen:. XRajnak and Hauser® hsve also studied ihe varistion in
conditions along a specimen tesied in the present manner, Thev concluded that
although rather high stress and strain gradients exist uitiuily in impacted thin
specimens, the data obtained from sach experiments £u rervesent the average Sy-
namic plastic behavior of materiais. .ost receptiy Jahsmen'?d carricc out s one-
imensioual wave propagation analysis to asse-s the validity of the assumption
of the stress uniformity along the specimcn by comparing the original zssumed
stress-strain curve with that calculat«d by using the dsta reduction formula
suggested by Kolsky. He concluded that the split Hopkinson bar apparatus when
properly employed can reconstitute the stress-strain curve guite well,

1T, PRINCIPLE OF TECHNIQUE

A split Hopkinson bar apparatus {shown schematically in Figure 1) has been
designad and used to conduct compression tests at strain rates ranqing from 50
to 10% in,/in./sec. The actual magnitude of the strain rate is governed Ly the
iength and strengih of the elastic bars and the length and strength of the test
specimen.

The principle of the method is that an elastic striker is accelerated down
a barrel by compresced gas to impact an elastic weigh bar., The resulting stress
wave passes down the weigh har, with part of the wave being reflected at the
specimen and part being transmitted into the anvil bar, Strain gages mounted on
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Figure 1. SCHEMATIC OF A SPLIT HOFKINSON BAR APPARATUS

the weigh ba~ and anvil bar record th= wave shapes which are analyzed to obtain
a aynamic stresse-strain cucve €or e test nvarial by sssuming that the theory
of onz-diminsional wave propagaticnr holds,

111, DESIGN DETAILS

The split liopkinson bar apparatus primarily consist of two major sub-systems;
a stress generating system and a stress de’ermination system, Components of each

of thcse sub-systems will be identified and discussed in detail in the following
sections,

1, Stress Generating System

Figure 1 shows that the stress generating systom consists of a reservoir,
quick opening valve, launch tubz, striker, weigh bar, anvil bar, and momentum

to
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bar, which ars cousidered as primary equipment, In addition to the primary equip-
ment, there i« some auxiliary cquipment which is also of interest, These two
groups of equipment will be discussed in detail in the following two sections,
Detzil drawings of major components are included in Appendix A,

AT

A

a, Primary Equipment

The reservoir acts as an accumulator for a measured amount of gas under high
pressure, Before each testing, the reservoir is charged to the desired pressure
from compressed gas cylinders; later during firing, this gas (under pressure} is
suddenly released through a quick-opening valve into the launch tube and behind
the striker, Expansion of this gas behind the striker accelerates it down the
launch tube., The reservoir, iaunch tube, and striker thus constitute a unified
system for converting potential gas energy into useful striker kinetic energy.

It is assumed as a first approximation for design purpose that the gas obeys the
perfect gas laws and that expansion occurs adiabatically, Furthermore, it is
assumed that the amount of energy loss in the system is negligible, Thus a rela-
tionship among the pressure, velumes, velccity, and mass may be obtained by equat-
ing the potential erergy of gas and the kinetic energy of the striker.

Potential Energy of Gas = Kinetie Energy of Striker

P1V1 - PoVo  m V2
T (1)

[}

where pg = Initial gas pressure

p; = Final gas pressure

Vg = Initial gas volume

V) = Final volume expanded gases
m, = Mass of striker

v, = Final velocity of striker

Specific heat ratio

It sheuld be noted here that for actual application, a calibration of gas
pressure versus velocity of the striker was conducted, Using the above approxi-
mations as a starting point however, the reservoir-launch tube-striker system
was designed,

The reservoir was designed with sufficient capacity (volume and pressure)
to accelerate the striker to a maximum velocity of 115 fps., This reservoir was
made of double extra strong (XX strong) steel pipe rated at 3,000 psi (static,
nonshock), 4-inch nominal pipe size, 3.15 inch ID by 14 inches long and threaded
at both ends, Threaded 200-1b flanges were fitted on each end of the pipe #nd
the chamber was closed with 900-1b reducing .langes which reduced the inlet and
outlet connections to l-inch diameter, The reservoir volume, including the end




flanges was approximately 145 cu in, The maximum an*icipated operating pressure
was 200 psi. This vould theoretically produce a striier velocity of 115 fps, A
safety pressure-rontrol valve in the supply line was s:t to actuate at 205 psi.,

The reservoir is connected to the launch tube through a short length of
l-inch pips and a quick-opening valve, This valve, also I-inch ID, is a two-way
(one inlet and one outlet) through-flow solenoid activated valve, It is designed
to operzte between 0 and 300 psi and is normally in the closed position., When
activated, it opens fully in 32 msec to allow full and unrestricted flow from
reserveir to launch tube,

The launch tube is used during the firing cycle to produce controlled ex-
pansion - one-dimensional expansion - of the propellant gas accompanied by accel-
eration and displacement of the striker, The striker and the tube form a close
fit with a 0.001~-inch clearance on the diameter, minimizing propellant leakage
and providing guidance for the striker. In the tube, the striker is accelerated
to its final velocity (depending on the gas pressure) in the first 65.5 inches of
travel, At a point 65,5 inches from the rear *breech” end, the launch tube is
vented ta atmosphere, Ten diametrically cpposed relief holes, five on a side,
0.25 inch in diameter and 2 inches on centers, are used to relieve the propellant
pressure. This allows the striker to travel the remaining distance at an essen-
tially constant velocity before it impacts on the weigh bar,

impact between striker and weigh bar should cccur on a plane normal to the
desired diraction of stress propagation, To accomplish this purpose, the striker,
near the end ol its travel must be properly aligned with the weigh bar. The .
launcih tube with its rugged walls and close fit on the striker provides the nec-
essary alignment and assures proper impact conditions, It has beer calculated
that impact occurs with a maximum angular error of 0.04 degree. .

The iawnach tube was made of annealed 4340 steel of 3 inches 0D and 1 inch ID.
This i-inch wall! thickness was prescribed more from straightness requirements
than from strength requirements - a thick-walied tube is mechanically more stable
than a thin-walled tube. The ID was honed to a surface finish of 16 mitroinches
to reduce friction and wear. The tube and striker were initially coated with
liberal amounts of cil to further zeduce €riction, It was subsequsntly found (in
calibration tests) that too muich oil caused excessive variations in striker ve-
locities. (Consequently, only a slight amount of oil is now applicd to the
striker and none to the tube,

The striker is the device used to convert the potential energy of the gases
into useful kinetic energy (striker velocity) and subsequently, via impact, con-
verted into strain energy in the weigh bar, The expansion of gases in the launch
tube behind che striker accelerates it to a high velocity, During this period of
acceleration, the bearings of the striker act as obturators to seal off the tube
and retain the gasec, The acceleration period ends when the striker passes the
tube vents, Thereafter, the striker travels at essentially constant velocity.

It is during this period of constant velocity and before impact that subsequent )
velocity measurements are made,




S Y I PR Oy v v Yy Y Y

5 2

At the enc of its travel, the striker impacts the wejgh bar, T.is impact
produces a stress wave, originating at the striker-weigh var interface and propa.
gating into the bars in opposite direcvions wi'h a speed ¢, a materizl constant,

By assuming that one-dimensicnal wave theery holds, the pesition of the X
wave front at anytime is expressed by the folloving equation:

X - Ct 12)
where X = distance, measured from interf:ce A
¢ = wave speed
t = time. :

The stress wave which originated at ihe interface was compressional: this
wave travels down the striker, reflects off the rvear surfuce as a tension wave
and returns to the interface, Since tension cannu® b transmi'ted across the
interface, impact ceases, The period of tie stres: wave generuated is given by:

2 )
T X - S -
i €
where 1 = period of pulse
L = length of striker,

The stress produced in the weigh bar after impact by the striker is related
to the striker velocity aad the areas of bota striker and weigh bar., These rela-
tions, although admittedly inexact, ' give a reasonable upproximation to the
actual stress,

} 2AS

[ R = g (4)
wh AS*Awb s

’ ocV
T 3 e 5
£ 22 )

where C.p = Stress in weigh bar
o4 = stress in striker,

The striker is essentially a cylindrical rod, aﬂ]zox1n3 1y 1 inch in diameter
and 15 inches long ficted with bearings fore anl aft, “te *orward bearing of

the striker is recessed approximately 2 inches fron the striking surface to allow
the striker to protrude beyond the tube at impact,

A striker, together with a weigh bar, anvil bar, and somentum triyp, to be o
described later, constitute a set, These sets are made ¢f the same material and .
are used to test materials of lowor vicld strength. The present sei was made of ’
4340 steel, aeat-trcated to a hardness of Ru 41, At this hkardnoss, it nas a

w
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yield strength of 175,000 psi, A striker with velocity of 100 fps will produce
a pulse with maximum stress (in the weigh bar) of 155,000 psi for a duration of
150 microsecond,

The specimen is incated between the weigh bar and anvil bar, The weigh bar
together with the anvil bar constitute a link between the stress producing sys-
tem and the stress determination system. Both bars are instrumented with strain
gages, to measure strain and both bars are subjected sequentially to the stresses
produced at impact. The momentum trap on the cther hand is not instrumented. It
is used to eliminate stress reflections and stress build-ups via reflections, It
is also used to conduct cnergy out of the system.

The layout of the striker, weigh bar, specimen, anvil bar, and momentum trap
is shown in Figure 1, These bars must be in correct aiignment for proper opera-
tions, Consequently, these three bars: weigh, anvil, and momentum trap, ride in
close fitting sieeve bearings supported by adjustible ring clamps., The complete
assembly, launch tube, weigh bar, anvil bar, and momentum trap are accurately
aligned at installatior and periodically checked thereafter to assure alignment,

All bars are 20 inches long znd have the same diameters, between 0.3750
inch and 0.3745 inch and all are straight within 0.0005 inch/ft. This straight-
ness requirement is associated with the alignment problem and helps to eliminate
bending stresses in the rods and specimen. The ends of all rods {except the im-
pact end of the weigh bar) are machined normal tc the rod axiz. Ones end, the
impact end, of the weigh bar is rounded with a spherical radius of 10 inches to
accommodate an,; misalignment between strider and weigh bar. The pianarity caused
by this rounded end is less than 5 nanosecond.

b. Auxiliary Equipaent

Certdin parts of the Hopkinson bar apparatus serve suberdinate roles, i.e.,
roles which do not affect the primary operating characteristics of the device,
These parts include stoppers, bumpers, vacuum pumps, catchers, etc,, and are con-
sidered auxiliary equipment which will be gruuped together and described in this
- section,

The stoppers are rubber cylinders used to decelerate the rods when the test
-is finished, After a limited amount of travel, approximately l/4-inch, these
stoppers, which are attached to the rods, engage bumpers which prevent their fur-
ther travel, At this time, the primary stress wave has already passed the stop-
rers. Subsequent operation of the stoppers depends on the development of
sufficiently Jarge frictional forcas Detween stoppers and rods to decelerate the
rods, (Since the frictional process is dissipative, this method alsc absorbs
energy and reduces rebound of the rods,) The frictional forces previously men-
tioned are derived from the large radial forces existing between the rods and
stoppers produced by clamps on the stoppers. (It should be noted here that the
stoppers are located beyond the specimen and gages so that even if the wave form
is affected by the clamping action it does not affect the test results.) With
the constraints meniioned above, the rods move approximateiy 1 inch through the
stoppers at the maximum allowabie stress of 150,000 psi, before finally coming
to a stop., Tre stoppers are slit rubber cylinders, 1-i/2-inch OB x 3/8-inch }D,




and approximately 2 inches long with a 1/1S-inch Jongitudinal slit on the side to
allow. for clamping compression. These stoppers are secured to the rods with ad- :
justable clamps whick can be tightened tu compress tne s:opper on the rod. The :
bumpers are flat rectangular plates which are held in the vertical positions by E
heavy angle clamps attacned to the foumlation, A 5/4-inch-diameter hole near 3
the top cinter of the bumpers allows the reds to protrude through, vet restricts z
the stoppers to limited travel,

An additional safety feature, a catcher, is located 2t the extreme limit
of travel of the momentvm trap, This catcher is used to decelezate the moving
. systems: striker, weigh bar, anvil bar, and momentum trap, in the event of :
stopper failure, It consists of a holloved out steel cylinder, open at one end -
and partially closed zt the opposite end, The catcher is filled with lead sheet -
which compacts when struck by the momentum trap, The catcher is threaded at one
end and supported in . plate similar o the bumpers,

0
E
&

At the enqd of each test, the striker remains at the muzzie end of the tube.
Before each test, it must be returned to the breech vad of the tube, To accom-
plish this retrieval, a vacuum pupp is attached to the breech end to evacuate
the tube., To maintain the vacuum, a sleeve is roved over the vent holes and the
striker is returned to its starting position by the pressure differential -
atmospheric versus vacuum,

G

%? A stopper valve, located at the breech end of the tube is used to limit

= the return travel of the striker, This valve is always open during firing and
é% cloged during striker recovery. (The valve is so designed that it never cioses
BE : completely, a small vent always vemains open,)

g% Ring clamps are used to support and align the tube and bearings. These

= . clanps allow up to 1-1/2 inches of adjustment in the horizontal or vertical di-

= -

1

rection. After aiignment, the screws of the ring clamps are locked in place by
double nuts,

2. Stress Determination System

The main component of the stress determination system is the strain gage.
Semiconductor strain gages (BLH-SNR3-06-1256) are chosen to eliminute the magneto-
strictive effect which is often observed in tests when foil or wire gages are
used. The gage has a length of 0,06 inch. The symbol "N in the catalog number
stands for negative strain semsitivity, Gages with this property are more sensi- :

tive than those with positive strain sensitivity when the strain exceeds 4,000
micreinch/in, -

Strain gages are cemented with Eastmar 910 cement on both weigh bar and B

s anvil bar. Since gages ar: repeatedly subjected to impact, certain precautions -

must be taken to prevent gage failure., The gage output wire is a three conductor :

STC-30V-3RWB wire witn a resistance of 0,04 ohm/ft. Leads of the gages are :

locped and wrapped lightly with two layers of wax-coated harness lacing, The - 2

output wires are wrapped tightly with six layers of lacing, All the lacing i3 =
covered with a 1! :al coating of Duco cement, :
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Three sets of strain gages are used jin the set up; two of them are placed
at 1/2 inch from the specimen faces, and the other one is 1-3/4 inch from the

impact end of the weigh bar. Each gage set consists of two gages mounted on Op-

posite sides of the bar so resistance change due to bending will be cancelled,

A potentiometer circuit (Figure 2) which gives an essentially constant Cur-
rent of 0.01 ampere is used in this measuring system., The circuit consists of a
power supply and a nonirductive ballast resistor cf 20,002 onms, A set of gages
is connected to the resistor in series, When the gages are under strair, the -
change of resistance (in the gages) will affect the voltage across the gages.
The change of the voltage is then recorded on the oscilloscopes, The voltage
output versus time may be converted to stress versus time by using the following
calibrations: - ' -

a, Stress Bar (Gage) Calibration

Each set of gages on either weigh bar or anvil bar is calibrated statically
on a Tinius-Olsen Machine to obtain load versus the change in resistance oi gages
by using a General Radio impedance bridge. The stress (load/area of bars) versus
vesistance is fitted with a thicd-degree polynomial, Since the waigh bar and
anvil bar always remain in the elastic region, the static calibration is appli-
cable in the dynamic condition,

b, Oscilloscope Gain

A decade resistance box is placed in series with the strain gages. When
the decade box is set at different resistance levels, the oscilloscope beam is
deflected accordingly and recorded on Polaroid film., Thus, a calibration curve
of centimeters defiaction "gainst change in strain-gage resistance is cbtained
for cach gage-oscilloscope system,

The oscilloscopes are triggered by a trigger and delay system (Figure 1).
The system consists of a crystal pinducer (VP-1093-3/4), a Monsantc model 300 A
Pulse Generator and a time delay generator. As the striker impacts the weigh
bar, a stress wave is generzted and travels through the weigh bar, When the
crystal, which is cemented near the impact end of the xeigh bar, is pressurized,
a voltage is produced, This voltage
triggers the first scepe and sends a
Oscilioscope trjgpering output to the pulse genera-

Strain % tor, which in turn sends a triggering
Gages % pulse of -2v to the time delay genera-

tor. The time delay gencrator has

Power ~2— three power inputs and three output
Supply =_ ‘s channels. The outputs are pulses from

T capacitor discharges. Rise time of the

pulse is about 520 ranoseconds and the
Ballast
Resistor

ASLAS RN,

Each channel has a separsie, adjustable
delay ranging from 3 microszconds te 2

Figura 2. POTENTIOMETER CIRCUIT a specific time during a test,

peak amplitude is greater than 50 volts.

milliseconds te teigger a scope trace at
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IV,  PNALYSIS OF TEST RESULTS

For evary test conducted, three wave forms are measured, namecly: incident
wave, resultant of jincident and reflected waves, and traasmitted wave. Figure 3
shows a sct of typical Polaroid pictures obtained from a test, The top picture
is the incident wave recorded from the set of strain gages near the impact end
of the weigh bar., The top trace of the bottom picture is the resultant of inci-
dent and reflected wuves from the weigh bar strain gages near the specimen, and
the hottom trace is the transmitted wave from the anvil bar gages., 3such Pclaroid
records are converted to digital representation using a Telereader coupled with
an IBM key punch., This digital representation is then changed to stress versus
time by using the proper scale factors, which consist of the measured oscillo-

scope gain and a curve of stress versus change in gage resistance, obtsined by

statically loading cach bar on a Tinius-Olsen testing machine. Once these stress-
time curves are obtained, the analysis to determine the dynamic stress-strain
relation of a sampie will preoceed on the assumption that the strain in toth weigh
bar and anvil bar always remuins clastic and that the theory of one-dimeunsional
propagation holds,

1. Determination of Conditions on Both Specimen Faces

Based on the conditior of continvity, the siress and particle velocity in
the elastic bars (weigh bar and anvil bar) at the interfaces should be the same
as those in the specimen. Thus, if the atress-time histories in the elastic
bars at the interfaces are obtained, the dynamic stress.strain relation of a
specimer is automatically determined.

- Etastic, Incident Wave
20 psec/cm, 100 miltivolts/em (~ 10,000 psifem)

:100-0 Atluminum
0.375-In.-Diameter X 0.500-In.4Long Specimen
20 usec/cm, 100 mittivoits/cm (™~ 10,000 psi)

- Frgure 2. SPLIT HOFKINGON BAR
COMPRESSION TEST (0.375-INCH
GIAMETER X 1B-INCH LONG
WEIGH BAR AND ANVIL BAR)
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The elastic wave motion in a long Tod may be shown on a Lagrange or x,t-
diagram, (Figure 4) where x gives the position on the rcd and t the time., By us-
ing the method of characteristics, it can be shown that the characteristic lines
in x,t space, along which che stresses and partic’e velocities are related by total
derivatives; are dx/dt = # c, where ¢ is the bar_speed of sound. The correspond-
ing characteri -ic relations along these lines are do = L pedv respectively, where

o is density, v is particie velocity and o _is stress at point. After integra- -
~ tion, the relations may be shown as follows:- - -~ A )
2x/dt = ¢ o+ pCV = 2a . 6y ‘.
dx/dt = wc -0-+ pcv = 28 (7

where o and 8 are constants, Hence, at a point ~here two such lines intersect

- c=a-8 ’ S ®

{9) )

Now consider the Lagrangian diggram {Figure 4) relevant tn the present experimental
arrangement, The incident wave preduced by the impact is measured by gage set A,
Before the reflscted wave travels back from the interface 1, tne test is com-
sidered complete, In this situation, B = 9, Eguetions 6 and 7 show that

and pev = o + 8,

ga{t) = pc v, (t) = a (1) \10)

where g, (t) and vp(t) are the measured stress and particle velocity at time t. B
Since this is an elastic wave and it is assumed that the theory of one-dimensioncl

t

i

v a4
©w
-
St
1
Wk

Figure 4. LAGRANGIAN DIAGRAMS

Time t’

La,

.-!

Striker A Weigh Bar 81 2¢C Anvit Bar B
- Test Specimen -

10 :
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= wave propagation holds, the incident wave is expected to travel from section A
Ee ‘o xcction B without changing its shape. As the incident wave reaches the inter-
= face 1, part of the wave is refiected, In this case £ # 0 and, a* any time t,

= the vaiue of 8 at section B is given by Equation 8 as

~ B(r) = alt) - og(t) = g, (1) - op(t) an

¥

where 2 (t) is the stress measured hy the weigh bar gage set B at time t. Thus
the hlagorv of stress ¢ and particle velocity v at the interfrce 1 can be deter-
nined easily since, for any point on sectiol 1

e

c;(t ) = al(‘ ) 8»(t 42At3) = UA(E j-o,(t +2M}j+08(tg+2At3) (12

Atg

and ocvi(t ) :x}{t )»s;(t #’Afl) A‘tg’*o

R AR

t +2At -c {t +24t 13
ALt P2t 1) -0yt +20t)) 13

where At; is the time for wave traveling from section B to section 1, 2nd t
the time <vaxe:u*th origin at the time wher the wave front just reaches gnge
> set B.

AR

Figure 4 also shows that, until the arrival of the iefi>cted unloading

h:

% Fod » » . -
= wave from the end of the anvil bar at section C, the gage sev C in the anvil bar
égf records, with a small time delay, th2 stress and particle velocity on the
= ‘interface 2, .
& ) +At
B Gz(tg) = Gc(tg Aty) (14)
f%i . wherc At; is the time for wave traveling from section 2 to secticn C.
%; £ 2. Oynamic Stress-Strain Relation
£ To cbtain a dynamic stress-strain curve, a mean siress-time curve is

obtained by averaging the stress-time curves for the two specimen fsces, i.e.,

A :J; %? o {1&“’3“
i
i

: J1{ty)+02{t,)
- c(tg) - g - g (15)

it il

4

Also, the average strain rate iu the specimen at any time is given by

Cde(r) ovi(t)) - va(r))
dtg&. = g 7 £, (16)

SATRAE, SRR SR AL S A

it

on the specimen upper and lower faces., The average specimen strain history is
then obtained by integration of Equation 16

’ te i - valn) 7
E(tg) = Jy T dr (17}

11

~where £ is the specimen length, and v1(t§) and Vva(tg) are the particle velocities
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From the histories of mean stress, Equation 15 and mean strain, Fquation 17, the
dynamic stress-strain relation is found by plotting stress against strain at cor-
responding times, A computer program has been written to provide a rapid method
for computing the _average stress-, strain-time hisJory in the specimen of inter-
est, A listing of the code is given in Appendix B.

V. TEST RESULTS AND CONCLUSIONS

In order to verify the entire apparatus, two well characterized aluminum
alloys. were tested, One of them was €061-16 alumzndm which has been determined
to be atrain-rate insensitive at rates up to 10% in./in./sec. The other material
wis 1100-0 aluminum which was chosen because of its wzdespread use in strain-rate
sensitivity testing, Results of these two materials were in good agreement with
those obtained by other invectip-tous,

Figure 5 shows the results for 6061-T6 aiuminum which is an intermediate
strength wrought aluminum alioy. The results at each strain rate (average rates)
are plotted as a succession of points, rather than lines, in order td discrimi-
nate between ihe various strain rates, It is noticed that results in Figure 5
show clear!y that 606i-T6 zluminum is strain-rate insensitive up to strain rate

of 103 in./in./sec, It is also shown that the yield stress in compression is
about 42,000 psi. ’ -

The stressestrain strain-rate curves for 1100-0 aluminum are presented in
Figure 6, The results indicate that 1100-C aluminum i3 rate sensitive, The.
yield stress is about 4,000 psi. Many investigators have obtained dynawmic
strass-strain curves for 11G0-G a2luminum alloy: some of the rosults are obtained
in compression (or tension) and others are in torsien. Rasults obtained under -

_thes> two stress stdtes are not directly comparable, bLowever, if the Mises cri-

terion is applicable and the material is assumed tc be incomprezsitle, results

from compression tests and torsicn tests can be plotted on the same graph by

muitiplyirg the shear stress in torsion tests Dy v3 and dividing theé shear strain
by the same amount, Figure 6 shows the comparison of thc present results of
1160-0 aliminum at rstes of ?OO%QOO/sec with two typical dynamic stress-strain
curves obtaincd by Green et al.* in compression and Duff el al.!Z in torsien. It
is noticed that results are in good agreement,

Agreement in the results of 1100-0 and 6061.T6 aluminie allovs with those
cbtained by other investigaters has concluded the verification of the design of
the split Hopkinson bar apparatus in compression and the computer program which

is used to analyze the data. The tension and shear test nodes of the split

Hopkinson bar apparatus are in the process of design. . They will also be verified
aryl employed in characteritation of materials in the future,

*Green, S, J., Schierlch, F, L., and Baboeck, S, 6. Urpubiished results.
General Motors Coryovation, 1968,
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Figure 5. COMPRESSIVE STRAIN
RATC TESTS ON ALUMINUM
&251-T6

Figure 6. COMPARISON WITH RESULTS DBTAINED BY
OTHER INVESTIGATORS IN COMPRESSION TESTS ON
1:100-D ALUMINUM ALLOYS

*See footnote on page 12.
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APPENDIX A. DETAIL DRAWINGS

Figure A-1, Tube
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Figure A-2, Weigh Bar, Anvil Bar, Striker, and
Striker Bearings

Figure A-3. Rings - Suppert, Sleeve, and Rearing
Figure A-4. Stopper Valve Ccrgonents

Figure A-5, Stopper Valv: Components
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¢, Striker - Material: 4340 Steet

Figure A-2.
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Assembie on striker
pefore finish machining

WEIGH BAR, ANVIL BAR. STRILER, AND STRIKER BEAF
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Assemble on striker
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-4 , APPENDIX B, LISTING OF COMPUTER PROGRAM :
= -
3 ; :
g MAIN PROGRAM _ .
&
% NRUN - nupter of cases
g TEMP - temperature of teést
£ TESTN - test number
PRES - chamber pressure : -
g NCPLOYT - control for stress-time plots
- STPLOT -~ control for stresse-strain plot
£ SL - specimen length
] RHO - density of elastic bars
g E - modulus of slustic bars
: SPDIA - specimen diameter
- NU ~ Poissons ratio in plastic region
i BDIA - diametsr of elastic bars
: X8 - distance of gage set B from specimen interface
xC ~ distance of gage set C from specimen interface
TF - final time of test

TINC - increments of time

£ < - wave speed in the elastic bars )

s CoN - constant used in determining particle veiocity

L TTB - time required for wave .o travel from set B ta interface

£ 1TC - time required for wave to travel from ser € to interface -

£ - SIGMAW - stress in weigh bar

) SIGMAA -~ stress in anvil bar

: SIGMA . average specimen stress

£ VN - particle velocity in weigh bar

L VA - particle velocity in anvil bar

2 DEDT - strain ratc

E EPS ~ strain in specimen -

3 ™™ - time measured for intertace .
NP - time transfer from gage set 8 tn interface and return
TAP - time transfer from gage set B to gage set C

SETWM -~ stress in set A at TWNM

SNTNP - stress in set B at TXP

SETWP - stress in set A at WP

CATAP -~ stress in anvil bar at TAP

DDIA ~ area ratic betweer specimen and ciastic bars

SUBROUTINES* CALA; CALB, "ALL

T -~ time

N - nurber of points on oscilloccope traces

XSCALE - time be*ween time-mark pips

YSCALE - volts/div on scopes

X,B,C,D - coefficients of pvlynomial to change from voltage to stress
XXa* - number of units between time mark pips

YYA®* - number of units between divisions on trace

FA,GA* «~ zeros the X and Y axis )

.

]

TA® « time on the traces -
~ SA* - stress on the trace at time TA <
STA - stress on the trace at time T

*Last leiter refers to the gage set.
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PROGEAM MOP LINPUT WOUTPUT}

DIMENSISH T 2000 -

DENENSION STAL200) rSTBI2D01 «STCL200). -

DIMENSION SIGHMAM(2003 +SIGNAAL200) +SIGRALZOD) ¢VN{2GT) «YAL20C) >

lDEQY(2009OEPS(ZOO!-83‘!0)‘!9LOT'90.9! _

COMMON T oRCPLOTATING .
NUMBER UF STACKED RUHS

READ 67+RRUN N

00 1009 IIlsl«NRUN

PRINT @

TEMPERAYURE AND TEST NUMBER

READ 6BeTEWDTESTN

CHAMBER PRESSURE

READ -67+PRES
esede  NCPLOT=L PLOT TIME STRESS ese STPLOTx; STRESS STRAIA PLOT

READ 67 eNCPLOT+STPLOY

SPECIMER LENGTM POISSONS RATIC  BAR MODULUS SPEC, DIAMETER

READ 14SLORHUCESPDIA i

N PLASTIC POISSONS RATIO(USUALLY 2ERC FOR ENGe STRESS AR DI

READ 51+NUsDIA
DISTANCE FROM GAGE SEY B TG SPECIMEN NTERFALE SEY C 10 INTE

READ 1eXGeX(
FINAL, TINME TikE INCREMENT

READ G1¢TEWTINC

COMMENT CARD

READ i3«(BBUI)1clel)

FORMAT{SELS.7)

FORRATLI0AS)

FORMAT(SF10.%)

FORMAT (&15]

FLUMAT{ 5eAB1%)

C=SORTLE/RNUY

ANETER
RFACE

T 050

CON-1607 (RHONC) CHPY 06l

TIB2XB/C*15E+06

TTCsXC/CN L 20E 00

n=100

PRINT 102

FORMAT (1Ko ® HOPXINSON BAR TEST HESULTY ®o////1)

PRINT 103«TESTMTEMP PRES

FORMAT {IRe® TEST NUYHLER ®eAB0/7/0 TEMVERATUKE 2 #.]5<//+¢ CHAMBER
1 PRESHURE = ®u]S5+% P51 ®ez/)

PRINT 1064SLeANOEsSPDIA

TORMAT (IR e® SPECIMEN LENGTN 2 8¢ Flade® INCHES &e/7/% ELASTIC BAR
1 DENSITY = @E10eCe//0  ELASTIC BAR MUOULUS = ®e1PEL12.%4% PS5I%e/ /e
2% SPECIMEN DIAMETER = S.0PFTo4e® INCHES 847}

PRINT 111+BDIAeNY

FORMAT{IX+® ELASTIC BAR DIAMETER = #oFRehe® MU 2 #¢F8e3es/)

PRIHT 105+XBeTTE

FORMAT I1Xe® THE DISTANCE BEWMEEN GAGE SET B8 AND THE SPECIMEN INTER
LEACE 2 o FTebv0 INCHES @42ron  THE TIME BETNEEN GAGE SEY 5 AND TH
ZE SPECIMEN INTERFACE = ®4F 7,348 RICROSECONDS €47/}

PRINT 106eXCTIC ]

FORMAT{1Xe® THE DISTANCE BETWEEN YHE SPECINEN INTERFACE AND GAGE S
1ET € = %¢ F7e4e® INCHRES €o//7¢% TE TINE BETWEEN TE SPECIMEN INTE
2FRCE AND GAGE SET € © ®4F7,3+0 MISROSECONDS ®4/)

PRINT 10TCoCON

ra&*arc:x.- THE WAVE SPEED IN THE ELASTIC BARS = 8.2PE15.3¢® INCHE

; PER SECOND fes/7®  THE PARTICLE VELOCITY CONSTANTY = 8 GPEIZate//)

PR!NT 100 -

FORNAT(Z777s0  COMMENTS 04/7)

PAINT 13¢(BBIIIcI21e10)

CALL CALITeSTAS

CALL CAL:T«STR)

CALL CALET3C)

TF2TF=-TINC 2,

J=1 CMPY 0RO
SIOGMAw{1)=0.N CWPT 081
SIGHAA(132040 CHeT 082
SIGMAL1) 2240 T 083
¥n{l1:0.0 CWPT 08s
VAL1)=0.0 CMPT 083
DEOTI11=000 CHPT 086
EPS(1)20.0 CHPT 090
KLz C*PT 091
157} - CWT 092
PRINT @

FUSRMAT LIl

PIINT o
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[ FOIMAT ({BX+8  TIME GIRESS —  STRAIN STRAIN RATE
1 wLIGnt STHESS A4VIL SIRESS .  wEIGK VEL ARVIL VEL ®.//)
D0 400 I1z24N
IF(T(lel)-2Te TF ¥ G0 T 410 CMPT 120
JeJe} CHPT 130
TaM=T{1}
TuPsT LI eTYHR2,
TAPsT(13+TTC02,
ITITNM o6T.0.0 ) GO 1O 10 CHpT16L
SETUM =04 WPt 162
60 T1C 230 CMPT 183
170 DO 220 X:=KLeM CuPT 170
IFLTIXT oLEs TWM) GO YO 210 CWPT 180
CALL LNRET K= ) o TU{KIoSTAIK=1) oSTAIK) « TWM SE M)
GD Y0 230 CMPT 200
210 XL=KLe) CMPY 210
220 CONTINUE CHPY 220
230 DO 270 K=Kish CMPT 230
IF {TIK) oi€e TWPRY GO TO 270 . LEPT 240
CALL LNRITI(R<13eT{X) oSTBIK=F) oSTHLIK)  TWP o SHTNP)
CatL LNR(Y(K-lt-YC&)cSti(K-l)oSY&(KlolunaSE!aP)
GG TO 28U CHPY 260
27C LONTIMUE Y 270
280 DO 300 X=KLeN CHPT 280
IFLTIK) oLE. TAP) GO 10 3002 CHPY 290
CALL LNR (TUK=1) oV (K} eSTCUK=1145TCIK)+TAPCSATAP)
S T0 310 CAPY 2%2
300 CONTINUVE £MPT 300
319 CONTINUE
VRS CON® {SETWMeSETuP=-SNTwP) CePY 340
VALJIIZCONPSATAP CHMPT 350
DEDT LI (VI =VALIN I /SL CrPT 380
DSYRN:(O.S'(Y(!OR!-YII!)’(OEDT(J)6DED?(J-')))OI.BE—G CMPT 361
EPS(JISEPSIU=11+DSTRN CHPT 370
DOIAZ(BDIAI #0277 ((SPDIARR2)I R (], eNUREPS () ) #0)
SIGMAA{J) =SATAP
S1GHARII) 3 (SETHReSHTRP=SETaP)
ZIGMALIIZD SR {STGMAN (I ¢STGMAA(I) 1 2DDIA
PRINT ToT0JI) eSIOMALII ¢EPS I oDEDTIJ) o SIGMAMIII «SIGMARTJIS oVW (I3 o VAL
14
FURMAT CLX oS 1541 eF1000F100weF i54001CKeF:i000cIRkeF10e062F15eL4/)
400 CONTINUE CMPT 400

10 CONTINUVE
IFISTPLOTLEQ.O! GO TO 1009
PRINT 9
YMARX20
09 12 1=l
TFISIOMAL]) oGToYMAX] YRAXzSIOHALLY
19 CONTINUE
D0 21 1131490
21 IPLOT (114112040
JrJ=1
DX=z4001
NZYMAX/( 25.%884)
DYz (Nel1#25
00 20 I2Twi
MEPSIII/DXe,2
{FimMeTe 1CO) GO TO 20
NX290e=SIGMAL]) /DY ¢S
IPLOT (NN LI = iFLOT N 1) 0]
K2IPLOT (NN ]}l
IPLOT (NNK) =it
20 CONTINUE
D3 22 JJz1+%0
IFLIPLOTEJJeldeNEe O } GO TU 24
PRINY 3}
G519 22
24 00 23 ¥K=10200 B
a3 SIGMA(KKIZIH -
NIPLOTSIPLOT (IS0
00 &1 Ir2eNIPLOT
M2IPLOT LIS 1)
L3} SIGUA M) 2] He
BRINT 32+(51G¥ALT}elz]l 100}
22 CONTINUE
0G 4¢ [=zi+100

27
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28

&6 SIGMRII)z i
PR?NY 3ZeisICMALTY 012 IalOO)
3z FORMAT (2¢ Y4 16042)
31 FORMATIZ2H Y)
1009 CONT INUE
END

SUBROUTINE CALIT STA)
DIMENSION TI200] (SA(2001 131200
DINENSION STa1200)
DIFENOION XA(2002+YA(2001 +FA{I0U) «LALZ0D)
COMMON TFeNCPLUT«TINC
€ NUMEER OF DATA POINTS TIME SETTING ON SCOPE VOLTAGE SETTING
READ 1+¢NeXSCALEYSCALE
S POLYROMI AL LURVE FRUM FAOM VDL TAGE TO STRESS
READ Z+AeBeleDsLL -
4 DISTANCE TO TIME COXVEPSION CISTANCE TO VOLTAGE COMVERSIOe
READ SeXXAsYYA
ASKzIH*
YUAX=0o
D0 & Iz1eN
READ 3+RALL)oYALD)
FALLI=ABSIXALT)=XALLT}
GALI)=ABSIVALII=YALL)?
3 FORMAT(IF5.0)
TALIISFALL I *XSCALE/XXR
GAUTI=GACI)*YSCALT/YYA
SALI)={ACESGAL])o(SGA]TR024DAGAIII SO 4EERZA{[)B4¢)
IF (SAUTI)oOToYMAX) YMEX=SALL)
. CONT INUE
IFIPLOTEUeO) GO TC SS9
PRINT 17
FRINT 87
8T  FORNAT(e TIME STRESS VALUES FOR GAGE SET A 84777}
AIRC=904/7YRAX
DG 48 Xz1e300
& XAIQO zIMS
1T FORMATLIAL)
PRINT L1e(XAITI)¢]I=1e100)
GO 3 IsleR
00 12 Ksle200
12 XAX)ziH
MZAINCOSALI) e 1eS
D3 13 Jzlem
18 XAty =IH
FRINT 100TACI) oSALI) {XATISI o 2iz] «M) 4ASK
9 CONTINUE
10 FORMATU{IXet i10e1+F15%40¢8Ke2r ToRU0AD)
11 FORMPATIAIR «2H T« 10UAL)
H FORMATLIS3F1043)
2 FURMATIBELSST)
S FORMAT (3F1045)
99 T1:zG.
J=1
L2 91 122100
IF(TASl=11ekUeTT) GO TO 102
IFLTALL)WGTSTT) GU 10 90
GJ TC 51
5C $ALL ?¥R(!&(! l).TAt?r'Sl(l “~11e5ALIY7T451GA)
398
STALII=%10A
GJ TC 103
181 Yt =Ta(i=1)
STALJI=SAt]<t)
303 (ONTINUE
JEdel
IF11.GTe100 GO TO 8%
IT2iTeTiNCG

15 (TT.GT. TF) GO 7O 89 -
IF 1TV T TAETDT GO TC 90

*i SKNTINCE .
85 TONTINGE
RETURN
END

SUBROUTINE LARIXI eXZe¥1aVZeXPRYPR)
YPREVI4(V2-VI)® LEPR-XEF7IRS~REY
RETURN

(2.0

CHPY &3 2
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