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New Experimentul Techniques with the Split Hopkinson Pressure Bar

C. E. Frantz, P. S. Follansbhee, and W. J. Wright

Materials Science and Technology Nivision
Los Alamos National Laboratory

Los Alamos, New Mexico, 87545

Abstract

The split Hopkinson pressure har or Kolsky bar has provided for mauy
years a technique for performing compression tests at strain rates approaching,
10* s~'. At these strain rates, the small dimens'ons possible 1a a
compression test specimen give an advantage over a dynamic tensile test ny
allowing the stress within the specimen to equilibrate within the shortest
possible time. The maxiwum strain rates posaible with this technique are
limited by stress wave propagation in the elastic Qreasure bars as well as In
the deforming specimen. This subjezt is reviewed in thic paper, and it 1is
emnhasized that a slowlw rising exclitation is preferred to one that riges
steeplv., FExperimental techniques for pulse shaping and a numerical procedure
for correcting the raw data for wave dispersion in the preasasure hars are
presented.

For teats at elevated temperature a “har mover” apparatus has heen
developed which effectively brings the cold preasure hars {into contact with
the gapecimen, which {a hented with a specially deasigned furnace, shortly
hefore the presmsure wave arvives. This procedure hay been used Bsuccesnafully

In tenats at temperatures as high as 1000 G.

1 Tntroduction

The {nteresat In mechanlcenl properties at high rates of atraln han over the
voary led to variousn experimental technfquea for  measuring  these  propertles.
Methoda  banad on the Hopkinson har generally have omerped as the most popular of
thene techniquen.  In thia paper we desertbhe  some new  oxporimental  technlquen
that  have heen  developed for experimenta with the aplit lHopkinson pressure bar
(SHPnY. We firat will review the uae of the Hopkinson bar, as  conflgured Ffor

comprennfon  tearing, and then descritbe nome  of the problems annociated with
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elastic =ad plastic wave propagaticn. We also review the analytical work of a
nunber of previons investigators that defines the optimum couditions for a valid
SHPB test. In section 2 we describe experimental techniques for achieving these
conditions. A numerical correction for wave dispersion 1s described and
demonstrated in section 3. Finally, a new method for performing elevated

temperature compression tests in a SHPB 1s presented in section 4.

1.1 Historical Perspective. The Fopkinson bar derives 1ts name from its
originator who early in this century used a single, long, elastic bar to study
pressures produced by the iapact of bullets [l]. Many years later Davies [2],
then Kolsky [3], followed with significant i{improvements {n the experimental
techniques. Davies introduced the use of a condenser to measure displacements in
the bars. Kolsky introduced the split Hopkinson pressure bar technique and first
described how stress and strain within the deforming specimen are related to
displacements in the transmitter and incident presgsure bars*. The use of strain
gages to meansure displacements in the pressure bars was first reported by Hauser,
Simmons and Dorn [4]. Lindholm proposed further advances 1{In experimental
techniques to 1load in tension [5] and to perform elevated temperature tests [5]
and has provided standardized test techniques that are the basis for Honkinson

bar testing today [6,7].

1.2 Wave Propagation. Along with these developments {a the experimental
techniques has evolved an increase in the understauding of wave propagation.
This has heen esgsential gince the test techniquea involve the propagation of
elastic waves In the pressure bars and of elastic and plastic waves In the
specimen. Navies [2] analyzed wave propagation in the elastic preasure har hy
applying the mathematical solution, derfved hv Pochhammer [8] and Chree [9], for
the vibrationa! hehavior of a semi-infinite cyllnder. Among the contributtons of
havies” work wera the demeriptions of disperslve phenomena and of conditions

raquired for planar wave propapgntion In the pressure bars.

Dinpersion of elanstle waven Lo the predonure bary results from the vartation
of sound velocelty with the wavelongth of the excltatfon; these offects have heon
Becnuve of these major concributions the SUPR ta often referred to an the

Koluky bar.
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described generally [10,11) as well as for the specific configuration of the SHPB
[12]. There are at least two consequences of wave disperison that affect the
test results. Wave dispersion 1leuds to the appearance of oscillations in the
waves, and, because stress and strairn in the specimen are deduced from the strain
gage records, thrse oscillations can mask trends in the stregss atrain curve.
Wave dispersion also will tend tou broaden a steeply rising wave which 1is
comprised of mauy short wavelength fourier components; thus a second effect of
wave dispersion on the stress strain curve will be the decreased resolution and
accuracy 1In the yleld region. These effacts are magnified and do not truly
represent material behavior due to the extra dispersion that has occurred as the
waves propagate from the specimen to the strain gapges. A few Iinvestigators have
concluded that if the strain gages are placed equidistant from the specimen, then
disperison effecta will cancel. But rhis 1s true only {f both the reflected wave
and the transmitted wave are 1dentical, which is seldom the case. Because the
short wavelength fourier components that comprise the leading eodge of the
incident wave are particularly dispersive, one technique for minimizing the
effects of disperaion‘is to increase the rise time of this wavr. 1TIn section 2 we
will describe some experimentai techniques that have this effect, A numerical
procedure to correct for the artifical effects of wave dispersion will be

presented in section 3.

Tlagtic wrve propagation 13 now well understood. MHowever, wave propagation
within the deforming specimen is far more compiicated. Tt has been emphasized by
many previous {investigators a wvalid SHPB test requires a uniform stress
throughout the spnrcimen. When the stress wave flrst enters the specimen, axial
and radial inertla oppose the equilibratfion of stress. Kolaky [3] minimtzed
effects due to axial in~artia by using very thin snecimens (1/d ~ 0.1). Kolsgky
alao derived an approximate correctfon for radfal Inertia In the apecimen.

However, this correction asaumed frictionlossy contact, and [t {8 now genernlly

acknowledped that this condition (g difficult to achleve with sauch thin
apecimenn. Davies and Hunter [13] conatdered the conditionas required for
minimization of friction effects and concluded that the 1/d ratfo should bhe
closer  to uanfuty, These  Investigatorn also derftved a correction for fonrtial
effects and a condittor, hased on the gound velocity withia vhe apeclmen and  the
rise time T, for a valld tenr, For o plantically deforming wmetal thina

requirement (na
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where Pg4 1s the density of the specimen. Davierc and Hunter suggested that the

) (1)

test should be rejected when this equality 1s violated.

The criterion proposed by Davies and Hunter was an attempt to establish
conditions for the equilibration of stress. Due to the importance of the uniform
stress assumption, numerous investigators have undertaken more complex analyses
of plastic wave propagation. TUsing a one-dimensional analysis, for 1nstance,
Jahaman [14] noted discrepancies between the elastic portion of the
"reconstituted” and actual stress strain curves. It was also concluded in this
study thav a trapezoidal stress pulse was preferred to a square-wave pulse, which

i3 consistent with the criteria of eq. (1).

A full two-dimensional numericel] analysis was performed by Bertholf and
Karnes [l15] for the case of an ataminum specimen; it 1is this work which most
thoroughly defines the conditicny required for a valid SHPB experiment. These
investipgators concluded that the effect of frictfon could be substantial, bur
that it was systemic ({.e., straiu rate independent). Furthermore they concluded
that the corrections for inertial effects proposed by Davies and Hunter [13] were
re.sonable and this this led to an optimum 1/d ratio of ~ 0.5. Finally the
numerical results 1led Bertholf and Karnes to propose that, based on inertia,

experimental results are valld provided that
d¢ 8 5x10° em-s”! (2)
and that the excltation {3 a ramp wave where

> 16 wa=em~ ! . (M

a3

A comparigon of eq. (1) with eq. (1) leads to the conclusion *that these two
condittons are analagous. That I, {f eq. (3) Lla subatituted {nto eq. (1), the
minfmum value of do/dv ts computed to equal 1100 MPa (for aluminum) which g
/65, where F la the oelastic modulus, and fs a typleal value for vhe Iniftial
alope of the atresa—plantic straln curve [0 pure and aolutfon atrenpilened metals

[16]. Thua, {1t fa concluded that account can be made of tnertial effects In the



~5-

.

SHPB experiment and that th: approximate expressions proposed by Davies and

Hunter are remarkably useful.

In this section some complexities associated with wave projagation have beeu
reviewed. In particular, a slow rise time pulse has been shown to be preferable
to & steeply rising pulse 1n order to allow for inertial effects as well as to
minimize some of the effects of wave dispersion. With this background, we will
turn to a description of some new experimental techniques for the SHPB test,
These procedures have been developed to counter the effects of wave propagation
and to yield reliable test resultg, particularly at higher strain rates. We
begin with a general description of the test facility in the Materials Sclence

and Technology Division at lL.os Alamos Nationel Laboratory.

2 Experimental Tecliniques

The test facility and 1ts operation, JIncluding associated hardware and
instrumentation, is described 1in this section. Also discussed are unique

procedures such as techniques for wave shaping.

2.1 The Test Apparatus. The test apparatus, {llustrated in Fig. 1, consists rf
a gas gun for propelling the striker bar toward the iIncident bar, the twn
pressure bars, and the assocfiated mounting and alignment hardwarc. This specific
apparzatus was originally constructed by General Motors NDefense Raegearch
lL.aboratorles and hus heen described by Ma!den and Green [17]. ilowever it has
undergone auhatantial modification since being delivered to Los Alamos Natlonal
Lahoratory. The entlre device {3 mounted on a 8 m lonpg T-beam for stability.
The pas gun {8 2.6 m long, has a 2.54 cm diameter bore, 18 equipped with a
massive hreech, and [3 gsupported at Ffour points with adjustable brackets for

allgnment,

Pregsure bars are conatructed from maraging steel, heat treated to a  yleld

stress  of 2500 MPa and centerleas pround. Nominal 4.7 mm, 6.7 mm and 9.2 mm
diameter bary have bheen used and a length to diameter ratio of 125 {a  typleally
malntained. Striker bary are cut from fdentical material to lengths varyling from

2.5 em to 40 cm.e For teatsy with the 9,2 mm  dlameter bara, two polycarbonate
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cylinders with a length and diameter of 2.54 cm are drilled slightly subsized and
press fit onto the ends of the striker bars. These shoes pguide the striker down
the axis of the gun and provide a seal between the high pregsure and atmospheric
gases. For tests with the smaller diameter pressure bars, . single plastic shoe
of tha same diameter but up to 10 cm long 1s used with a singie 10 mm diameter
hole drilled along the axis but not the full length of the shoe. Small rings of
10 mm outer diameter and the inner diameter determined by the bar size are press
fit onto the striker bar. Upon firing the entire assembly is propelled down the
gun but hefore impact with the incident bar the shne 1is stopped while the striker
bar continues along t%e axis and alone strikes the incident bar.

2.1.1 Alignment. Preclse alignment is critical for a valld test, yet the
entire support system must facilitate the removal and replacement of the pressure
bars and wust not vver constraln radial or 1longitudinal displacemenrs 1ip the
pressure bars. The bar mcunting eystem employed is shown in Fig. 2. Each
pressure bar i1is mounted In 7.6 e¢m x 7.6 e¢m x 5.1 cm alYuminum blocks spaced 20 cm
to 30 ecm apart and in turn mounted on a 7.6 ¢m x 7.6 cm by 1.22 m long aluminum
bed which 1s clamped to the I-beam. When the smaller diametcer pressure bars are
used only onc¢ large aluminuu bed is required. The smaller mounts are aligned io
the bed through a series of precision machined 1.27 cm wilde grooves 1in the bed
and bhlocks and a squu.e peg as illustrated in Fig. 2. The pressure bars slide
through olilite bushings precisely mounted in the aluminum mounts. The diameter
ot the hole through the bushing is marhined to witiiin .025 mm over the final bhar

diameter.

Final alignment of the gas pun and of the long aluminum beds 13 performed
with a bore gcope mounted on the free end of the T-beam. A target upon which fto
focus 1s first placed at various positions along the gun hore .nd then within one
of the small mounting brackets at various positions along the aluminum bed.
Adjustment of the clamps and the ude cof ghimg lends aventually to optimum
allgnuent. Once this procedure 18 complete, the bars can he removed and replaced

withour dlagrupting the allgnment.

2.1.2 bha vlmenalons and  Lubricaclorn. As  deseribed hy a  number of
previous Inveatlpaters, errorn due to both =a’{al and longlitudinal inertla and to

frictlion are reduced by minfwizing the aren mismatch at the sample~-pressure  har
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interface and by maintaining a sample 1length to diameter ratio of 0.5 to 1.
Typically the sample diameter is machined to 80% of the bar diameter, which
allows around 302 true strain before the har diameter is exceeded. A lengt’ to

diameter ratio of 0.6 is speclified for most experiments.

For the room temperature experiments a molybdenum disulfide lubricant 1s
typically used at the sample-bar interface. The thickness of the grease film
must be minimized; failure to do this can 1lead to errors in the strain
measurement as well as to uncertain timing between ' ™e various waves due to the

extrusion of lubricant during t*'e test.

2.1.3 Instrumentation and Data Acquisition. Strain gages are used as
sensors fcr the Hopkinson bar tests. They are mounted in pairs, at diametrically
opposlite positions, at the midlength of the incident and transm.’ :er bars. Paper
back gages avallable from BLH have been used successfully. These gages are
pliable, conform readily to the bar curvature, and can be attached with Duco
cement. The most difficult part of the procedure 13 the installation and
attaching of the lead wires, and failure of the gages most often occurs in this
region.” Figure 3 is a photograph of a strain gaged bar assembly. Leads are 28
gauge insulated copper wire and are lashed to the bar with monofilament nvlon
line. A short exposed plece of the lead wire is aoldered to the internal gage
lead wire. Arching of the lead wire (see Fig. 1) seems to add tolerance to the

strong stress waves Iin the bhars.

Standard Wheatstone bhridge circuitry i1y used with the gages. The output of
the bridge 15 fed through a low nolse differential ampliflfer with a handwidth
greater than 1 MHz. The amplifier outputa are recorded by Biomation 1010 digital
transien: recorders (10 MHz sampling rate, 10 bit resolutlon). The use of
digital recorders simplifies the significant problem of establishing timing
relat{fonships between the wavea since the time bases of the two recorders can bhe

precisely correlated through digital tripgpering and delay.

On:e the gtrnin gape traces are captured with the tranatent recorders, the
data can be triansferred to and processed by a desk top computer and stored on
magnetic medta. The calculatlon of sgtress and gtrain from the straln pgage

algnalye roquires knewledpe of the lonpgitudinal sound veloclity and elastic moduluna
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in the pressure bars; these are obtained from 1independent ultrasonic
measurements. Wave propagation times for large amplitude excitations also have
been measured 1in the bars and generally lead to estimates of the sound velocity

which exceed those from the ultrasonic measurements by 1/2 % to 1%.

2.2 Wave Shaping. 1In section 1 some of the errors arising from wave propagation
in the press.re bars ard the specimen were described, and it was pointed out that
a slowly rising incident wave 1is preferred to a sharply rising wave. The rise
time increases naturally during propagation due to wave dispersion. However,
there are far more effectlve ways to Iincrease the rige time of the 1leading edge
of t+the 1Incident wave. A standard technique 1s to machine a large radius on the
input face of the striker baf; we typlcally specify a radius of £8.9 cm. This
produces a slightly non-planar inpact condition at the striker bar—incident bar
interface, but these effects become insignificant a short distance from this

interface.

Another effective technique for increasing the rise time of the incident
wave 13 to place a2 "tip material” between the striker bar and incident bar. The
tip material 1is a disc slightly larger in diameter than the bar and 0.1 mm to 2
mm in thickness. It can be made from paper, aluminum, copper, brass, stainless
steel, etc. and 1s often the same material as .he sample. The disc Is attached
to the impact face of the incident bar. Upon Iimpact it ylelds and softens the
{nltial 1impact, leading to an 1Increase 1in the rise time. Unfortunately the

choice of tip material and its thickness 13 olten a trial snd error process.

A properly chosen tip material can also be used to generate & constant
strain rate experiment. A simple impect between a striker bar and the incident
hor producen a square wave of apprnximately constant strass. However as the
sample work hardena and as it {ncreases in dlameter the straln rate typlcally
decreases rapfdly which 1s undesireable when fundamental material properties or
congtitutlve relatlons are being {nvestigated. Shaping the incident wave to
yleld an {ncreasing stress can bhe used to produce a more uniform straln rate. Tn
fact, Ellwood et al [18] have demonstrated that a three lar gystem with {dentfcal
samples sandwitched between the bars will yield such a result. We have not found
lt necessary to add a third pressure bar, althoupgh this method might remove the

puessgwork from the cholce of a tip material and likely would be more effectlve at
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low strain rates and large strains where the use of a tip material has heen found

to be insufficlent to produce a constant strain rate during the entire test. An

example of the effect of a tip material on the shape of the Incident wave and of

the resulting strain rate is shown in Fig. 4. A 0.7 mm thick brass disc was

used 1in this experiment on annealed 3041 stainless steel at a straln rate of
-1

4500 s .

At very high straln rates the stress levels in the incident wave far exceed
those 1in the sample and thus relatively small changes in the strength of the
sample have little influence on the strain rate. The true straipr rate 1s often
quite wuniforz In these experiments. However at these strain rates the use of a

tip material to increase the rise time of the incident wave 1s essential.

3 Dispersion Correction

In the previous section techniques for pulse shaping were described. An
additional benefit of pulse shaping 1s that increasing the rise time of the
leading (and trailing) edge of the wave reduces the amplitude of the high
frequency components within the wave which disperse readily. This 1is evident is
Flg. 4; the straln rate curve for the case of a tip material contains l-wer

amplitude oscillations than when no tip material was used.

As described 1in sectloa 1 wave dispersion can mask trends in the stress
strain curve, particularly at high strain rates where the period of the
oscillations can he a large fraction of the duration of the test. Wave
dispersion can not be eliminated, but techniques have been developed to correct
for any additional disperion that occurs during travel tfrom the specimen-preasure
bar interfaces to the strain gages. The technique, which has been described 1n
detall by Follanshee and Frantz [19] and used earlier by Gorham [20], will be

briefly reviewed below.

At any position z along the bar the wave f(t) can be represented hy the

infinite cosine series
Ao 8 .
f(t) = - + L D, cos (nwyt - § ) (4)

where = {g the frequency of the longest wavelength component (n = 1) and 6n is

the phase angle of component nd . Wave digperslon occurs {n long cylindrical
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bars because the higher frequency components travel more slowly than lower
frequency components and thus lag behind the 1leading edge of the wave.
Dispersion affects the value of the phase angle §; at a position z + Az, the new

phase angle is

nw Az C
§(z +8z) =8(z) +_2 _(_2-1) (5)
CO Cn

where C, is the velocity of an infinitely long component (the longitudinal sound

speed) and C, 1s the velocity of component nw The value of C, depends on the

0
wavelength and on the mode of vibration and can be determined analytically. For
conditions of Hopkinson bar experiments, Davies [2] concluded that the
fundamental mode dominated vibration; this was verified in [19). Thus the phase
angle at any new position can be computed frem equation (5) and the wave

reconstructed at that new position according to equation (4).

Actually the Pochhammer-Chree solution of the equaticn of motion for an
infinitely long cylinder lea'ls to a correspondence between Ch/Coy and R/A where R
is the bar radius and Xn is the wavelength of component n . For the fundamental
mode of vibration C,/C, decreases from 1 at r/A = 0 to 0.57 at R/A 2 1. Thus for
a given wavelength, R/A decreases with decreasing bar diameter. This 1implies
that the velocity of that component will increase with decreasing bar diameter
which will decrease the effects of dispersion and 1s one reascn why smaller

pressure bars are desireable for the higher strain rate tests.

To demonstrate the effectiveness of the dispersion correction procedure
described above the following experiment was performed. A single 2 m long
pressure bar was instrumented with two gsets of strain gages at points 0.5 m from
the fmpact end (position 1) and 1.0 m from the impact end (position 2), which are
the typical locations of the incident bar strain zage and sample raspectively. A
striker bar was impacted with the pressure bar and the strain gage signals
recorded as described previously. Figure Sa shows a comparison of the measured
wave at positlon 1 with the wave measured at position 2 and moved (corrected)
back to position 1. Likewise, Fig. 5bh compares the wave measured at position 2
with that measured at position 1 and moved up to posftlon 2. It 1s evident In
these flgures that the correction forward (Fig. 5b) I3 sllghtly better ‘han the

correction backward (Fig. 5a). However in both cagses the correctfon descrihes
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the major features of wave dispersion and deviations between the correctlon and

actual dispersion is in the finer details.

The effect cf the dispersion correction on the appearance of a stress strain
curve 1Is shown 1In Fig. 6 for a stainless steel sample (annealed Nitronic 40)
tested at a strain rate of 5x10% s~'. 1In this case the correction has vielded a
much smoother stress straln curve that 1s easier to Interpret than the

uncorrected curve.
4 High Temperature Testing

The extension of Hopkinson bar techniques to elevated temperature poses
several problem. Because the stress and strain within the deforming specimen are
determined from strain gage measurements on the elastic pressure bars, which
depend on the elastic modulus and sound velocity of the bar material, the
temperature of the pressure bars 1s {1wmportant. One technique for elevated
temperature testing might be to wuni{iformly heat the pressure bar and specimen
assembly. However, this would necessitate refractory metal pressure bars for
temperatures greater than about 600 C and would require new strain gage

technology.

A number of invegtigators hav: placed a furnace around the specimen and a
pertion of the pressure bars and have allowed heat condu~tion through the bhars.
This leads to a temperature gradient along the pressure bars and thus to a sound
velocity and an elastic modulus gradient that will distort the elastic wave. 1If
the temperature gradient 18 known, the strain gape records can be corrected for
these effects. Such corrections have heen dedscribed by Lindholm and Yeakley [5],

Chiddister and Malvern [21], and Sierakowski, Malvern, and Ross [22].

We have developed a new technique for rerforming high temperature
compression tests with the aplit Hopklnson pressure bar. Tn tnis procedure, only
the sample {8 heaited within a apeclfally designed furnace assembly; the pressure
bars Infitially are separated from the specimen and kept c¢ool. When the test 1s
Inftiated, the pressure bars are brought I[nto contact with the specimen an

Inatanr hefore the wave passes through. The Intent I3 to limit countact such that
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there 1s insufficient time for heat flow from the specimen to significantly

reduce the specimen temperature.

A schematic of the furnace and furnace housing ils shown in Fig. 7. The
furnace housing is a small vacuum chamber with double O-ring sgeals through which
the pressure bars pass. A film of molybdenum disultide grease on the bars
lubricatcs the seels. Pressures of 107® torr are typically obtained with the

diffusion pumping system.

The furnace is constructed from a 1.91 c¢m diameter by 3,18 cm long plece of
boron nitride with a 1.11 cm diameter hole drilled through 1ts center.
Molybdenum heating wire is threaded through twenty—-three 0.76 mm diameter holes

that are drilled along hnle circles of 17 mm and 21 mnm.

The sample, which for these tests i{s typlcally 7.62 mm in dtameter by 7.62
mn long, is supported by twe “I.”" shaped rings extruded from 51 Hm thick sheets of
tantalum or copper. These supports are strong enough to support the specimen yet
wenk enough to not Interfere with the diametrial expansion of the specimen during
compression. Between the sample and the pressure bars are mountec geveral layers
(4 to 6 depending on the test temperature) of 2.5 um thick nickel radiation
shields. The three outermost shields, lncated near the end of the furnace, are
,1it radially such that the pressure bars can pass through unimpeded. The
remaining layers, located directly adjacent te the specimen, are sandwiched at
the pressure bar-apecimen 1interface. Room temperature teats in the furnace
configuratfon with and without these radiation shields have (ndicated that the
presence of these shields har no offect on the resulting measurements. A thin
laver of fine boron nitride powder {s used as a Ilubricant at the specimen

{nterface,

At the beginning of a test the enda of the pressure bars are proclaely

locatud tuast tnstde the furnace houaing but outside the actunl Ffurnace. the
destred temperature ls set and measured with a thermocoup.e In the hot sectlion of
the furnace. When ready, the bar mover rapidly slidea the harn through the {-at

radfation shiclds and {ato the furnace. Tn the bar mover {a o serew drive with
apposlng thremds on each end.  An electric motor drives the serew  with o chaln

1inkap-. Two  arms  connect the gerew drfve to the pressure harga. When the arm
p
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connected to the transmitter bar passes a carefuliy positioned switch consist’ in
of a light and photodiode the gas gun 1s triggered. The switch 13 se: such that
the bars are in cortact with the specimen for 50 ms to 150 ms before the
comnression wave enters the specimen. Serarate tests with an instrumented
specimen have indicated less than 5 C decreasa2 in sample temperature for contact
times up to 400 ms. In these experiments the contact time 1s the difference
between the time of zero bar velocity and the arrival of the incident wave; the

former 1s measured with a velocity transducer on the arm driving the transmitter

bar.

An example of a 1000 C test of iridium at a strain rate of 4500 s~ 1s shown
in Fig. 8. The data 1in Fig., B indicate that an advantage of the procalure
descrited in this section over other elevated temperature test configurations 1is
the temperature capability. Although 1000 C is the highest temperature tested to
date in thig facility, atill higher temperatures are possihle.

5. Summary

Several new experimental techniques for teating with the s9gplit Hopkinson
pressure bar have bheen described 1in this paper. With the exceptionvof the
elevated temperature testing technique described in the previous section, these
procedures have heen degtgned to counter effects of wave propagation. Tt has
heen emphasized that the rise time of the incident wave can critically affect the
test results. Although the bhenefits of a slowly rising wave over a steeply
rising wave In promoting the equilibiation of stress within the deforming
specimen have heen deacribed previously [13,15], a contribution of this work "as

heen to show liow this rise time can he adlusted experimentally.

An Increased rige time in the {ncldent wave also will reduce the mapnitude

of the short wavelenpth Ffourier components In  the wave which diaperse more

rendl{ly and thus will lend tn na more reliable mensurement. However, wave
dlsperstfon can att!l]l become a problem at the hipghent gtraln ratea. When thia In
the caae, a numerfcal procedure, described In geertlon 3, cean he applt -l to
correct  for  any "extra” dtapersfon due to wave propagation from the upecimen to

the atraln papes.
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One question that is of continued interest involves the limits, particularly
in regard to the strain rate, of the SHPB test technique. A criterion proposed
by Bertholf and Karnes [15] was given 1in eqs. (2) and (3). However, this
criterion was based on a specific set of calculations for an aluminum specimen.
It 1is 1likely that for a lower work hardening material (which implies a lower
sound velocity) eq. (2) would be too optimistic. On the other hand, inspection
of the actual comparisons in {15) might lead one to conclude that eq. (2) is too
regtrictive. Clearly, additional calculations that specifically investigate the
effects of strain rate and the shape of the stress strain curve would help answer

this question.

Inspection of eqs. (2) and (3) suggesats that the maximum strain rate in a
SHPB test 1s limited only by the ability to construct smaller diameter pressure
bars and sy :clmens. 1In practice this 13 not the case due to uncertainty in the
timing between the incident and reflected waves. FEven when the strain gages on
the pressure bars are equidistant from the specimen—-pressure bar interface, the
reflected and transmitted wavea do not arrive ac the records at the same instant.
The transmitted wave typically lags behind the incident wave due to ) transit
time through the specimen and 1i) transit time at the imperfect [nterfaces. The
fermer effect does scale wlth the apecimen dimensfons, but the latter doen not;
it 13 rather a function o. the specimen preparation and lubrication techniques.
The uncertainty in the time rclationshlps of tne waves can be on the order of
2 g, which becomas aignificant as the straln rate lncreases. To see this, rote
that for a test at an average straln rate of 10" ¢! to na straln of 0.2, the
duration of the entire teat s only 20 us. Thuas, although inertin effect:s can he
minimizad through adherence to eq. (1) and through appropriate cholece of bar
size and the usc of wave shaplng, the uncertainties (n the timing of the waves
uged to coastruct a streas atraln curve can In practice 1{mit rhe maximum strain

rate {n a SHPR test.

The SHPB  temst hns galned popularfty because mechanienl properties at high
straln rates can be {nvestigated without tncorporating Ianta the data  reduction
procedure  detatls  of wave propagatton., That {a, the atrean within the specimen
Is nsgumed to be uniform at any fnatant. When higher straln raten are  denired,
the experimental techulques miet Involve non—-unlform deformatfon that

slpnlflicantly complicaten the analyals. The Taylor teat (23] and the flver plate
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impact test (see, for example [24]) are examples of experiments involving higher
rates of deformation than possible in the SHPB but which involve complicated
stress wave phenomena. It has been emphasized in this paper, however, that wave
propagation does influence the SHPA test and that a proper u—~derstanding of these
effects 18 required in order to establish conditicns for test validity and strain

rate limitations.
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Figure Captions

Fig. 1. Overall view of the Hopkinson bar with the gas gun at the far ernd anc

the bore scope and bar stopper at the rear end.

Fig. 2. Bar mount showing & bearing recessed In a mount!ng block, the tie-down

clamp, mounting bed, and the alignment slots with a square pap>.

ﬁig. 3. A strain gage and lead wire assembly installed on a bar, Underneath

the hlack tape is additiuvnal lashing with moncfilament nylon.

Fig. 4. Comparison of teats on 3041 stainless ateel using no tip material
(dashed linae) and uslng 0.7 mm brass tip material (soiic¢ 1line): (a) shows the
incident waves while (b) shows the resulting strain rece curves. In (a) one time

index point equals 0.1 ha and channel number is proportional to strain.

Fig. 5. Demonatration of the disperalion correction. Urper curves: wavea at 0.5
m (solid 1line) versus wave measured at 1.0 m and correrted to 0.5 m. Lower
curven: wave at 1.0 m (dashed line) ‘ersus wave measured at 0.7 m and corrected

to 1.0 m« One time {ndex point equals 0.1 ug.

Iig. 6. Comparison of the strena—-atrain curve {n Nitronic 40 with (solld curve)

and without (dashed curve) the dispersion correction.

Figs 7. Schematic drawing of the Ffurnace configuration showing the bars,

furnace housing, heating element, shlelds, sample support, and sample.

Fig. . Stresa-atrain curve (golid 1lna) and gtrain rate ver-us strain surve

for Irtdfum at 1000 C,.
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