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Abstract A modified miniaturized version of the Direct
Impact Compression Test (DICT) technique is described
in this paper. The method permits determination of the
rate-sensitive plastic properties of materials up to strain
rate ~10° s~'. Miniaturization of the experimental setup
with specimen dimensions: diameter ds=2.0 mm and
thickness /s=1.0 mm, Hopkinson bar diameter 5.2 mm,
with application of a novel optical arrangement in mea-
surement of specimen strain, makes possible compression
tests at strain rates from ~10° ™' to ~10° s™'. In order to
estimate the rate sensitivity of a low-alloy construction
steel, quasi-static, Split Hopkinson Pressure Bar (SHPB)
and DICT tests have been performed at room temperature
within the rate spectrum ranging from 5*10°* s™' to
5%10* s'. Adiabatic heating and friction effects are
analyzed and the final true stress versus true strain curves
at different strain rates are corrected to a constant
temperature and zero friction. The results have been
analyzed in the form of true stress versus the logarithm of
strain rate and they show two regions of a constant rate
sensitivity 3 = ( Ao /loge ) : relatively low up to the strain

rate threshold ~50 s !, and relatively high above the
threshold, up to strain rate ~4.5%10* s™!.
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Introduction

It is well known that experimental determination of
mechanical properties of materials at high strain rates is a
difficult problem. It has also been known for a long time
that most materials are dependent on the rate of deforma-
tion and temperature. Other factors are strain rate, temper-
ature history effects, and microstructure. At strain rates
above ~10° s7', the rate sensitivity for most metals and
alloys substantially increases and an accurate and complete
picture is necessary in formulation of constitutive relations
in the range of the strain rate spectrum up to ~10% 57"

Although advances in electronics and recordings of short
time processes have made it so that compression impact
experiments are much easier at present to perform, some
improvements in both mechanical design and measuring
techniques are possible. One possibility is miniaturization
of experimental set-ups. The miniaturization enables for a
substantial increase of strain rate and also for reduction of
the radial and longitudinal inertia of specimen. The
miniaturization concepts have been employed in this study
in order to reach strain rates up to ~10° s .

One of the most popular experimental techniques applied
in determination of visco-plastic properties of materials at
strain rates from ~5*10> s°' to ~10* s7' is the Kolsky
apparatus [1] or called Split Hopkinson Pressure Bar
(SHPB). A modified version of the Kolsky apparatus,
presently used in most laboratories, was developed by
Lindholm [2]. In both versions, a wafer specimen is placed
between bars. Such experimental technique can be applied
in many configurations, for example in compression [3, 4],
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tension [5, 6], torsion [7, 8], in shear [9, 10], and also in
different sizes. In the case of the compression test, the disk
specimens are prone to friction and inertia. Moreover, the
use of the SHPB technique is limited by the elastic limit of
the incident bar. According to the one-dimensional elastic
wave propagation theory, the “safe” maximum impact
velocity is directly related to the elastic limit of the incident
bar [1]. Such a condition limits the maximum strain rate in
the test. Assuming the same mechanical impedances of the
striker and the incident bar, the maximum impact velocity
(Vm) can be estimated from the relation V), = 20, / p Co,
where oy ,p and C are, respectively, the yield stress, the
density, and the elastic wave speed in a slender rod. If the
striker and the incident bar are of the same yield stress, for
example 0,~2.0 GPa then V,=100 m/s, then the mass
velocity in both bars is v~50 m/s. Assuming further that the
typical specimen length /,=8.0 mm, an estimation of the
maximum strain rate yields the value €,, ~ 6.2%10°s~". In
order to reach higher strain rates than ~10* s™', Dharan and
Hauser [11] introduced a modification of the SHPB concept
by eliminating the incident bar. Thus, application of the
direct impact of a striker onto a small disk specimen
supported by the transmitter bar enabled to reach strain
rates ~10° s '. Such modification can be defined as the
Direct Impact Compression Test (DICT). The removal of
the incident bar introduces some difficulty in determining
the velocity and displacement as a function of time of the
interface between the striker bar and specimen. The axial
displacement of the interface specimen-transmitter bar can
be determined via the theory of elastic wave propagation.
This difficulty was omitted in the first arrangement [11] by
the application of a striker with a much larger diameter D=
50.8 mm (2.0 in) and a transmitter bar with D;=9.52 mm
(3/8 in), and the ratio Dy/D=8.0. Thus, the striker was
assumed as being perfectly rigid. With specimen lengths
from 6.35 mm to 1.6 mm, the range of strain rates obtained
was: 4*10° s™' to 1.2%10° 57",

It is clear that the elimination of the incident bar and the
reduction of the specimen size leads to a substantial
increase of the maximum nominal strain rate in DICT
experimental technique. By definition, an approximate
value of the nominal strain rate is é,, = Vy/ly, where Vj is
the impact velocity of a striker. Of course, specimen
reduction can be applied for both SHPB and DICT
arrangements. A specimen reduction must be performed
proportionally to the length-to-diameter ratio /,/d,, usually
~0.5 due to optimization of friction and inertia effects [3,
12, 13]. As a consequence of the specimen reduction, the
whole arrangement, that is SHPB or DICT, must also be
reduced. Several attempts to reduce the SHPB size, the
striker and both bars, were reported in the past [14—16].
Safford [17] reported another miniaturization of SHPB in
1992. The wave dispersion was taken into account. In
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general, in elastic bars of small dimensions, the wave
dispersion is a secondary effect. A new design and some
problems associated with miniaturization were published
more recently [18]. Those three examples indicate that
miniaturization of the conventional SHPB arrangement
enables it to reach maximum strain rate ~4.5%10* s7'.

The DICT technique offers much higher flexibility in
programming of the nominal strain rate due to a wide range
of the striker velocity, typically from ~1.0 m/s up to
~150 m/s"'. Impact velocities with the gage length I,=
1.0 mm yield nominal strain rates from 10° s ' to
1.5%10° s '. A more recent review on the DICT technique
[19] provides more details on the theory and advantages of
such arrangement. In both cases, namely the conventional
and miniaturized DICT arrangements, the technical problem
arises regarding how to determine the displacement of the
interface striker-specimen as a function of time. This
technical problem has been solved in several ways. Some
of those cases are discussed below. In addition to the initial
assumption that the striker is perfectly rigid [11], the
velocity measurement of the opposite face of the striker
was applied in the early development of DICT [20, 21].
Also, the striker was assumed as a rigid body. The difficulty
in strain measurement in DICT arrangement was avoided
by the application of a high-speed camera incorporating an
optical system with the image-splitting refraction element
and lens [15, 22]. The maximum strain rate ~10°> s
attained by further miniaturization of the DICT up to
1.5 mm transmitter bar diameter was also reported in
literature [16].

An arrangement to perform jump tests by DICT with
abruptly decreased strain rate was introduced by Shioiri et
al. [23, 24]. Those authors showed that well-controlled
stepwise change in the velocity of the front surface of the
striker could be obtained.

Although the DICT, including miniaturization, was
developed some decades ago, the concept can be used
nowadays with a more advanced instrumentation. For
example, in the Laboratory of Physics and Mechanics of
Materials (LPMM) in Metz University, France, substantial
improvements in this technique have been introduced by
applying a two-channel non-contact displacement gage [19,
25]. The main improvement lies in precise measurement of
the specimen deformation. Two optical transducers react to
the movement of the black and white fields. The specimen
is painted in white and end parts of the striker and
transmitter bar is painted in black.

Miniaturization of the DICT technique with precise
measurement of the net displacement of the specimen
interfaces is more difficult. The research project reported in
this paper was focused on miniaturization of the DICT
arrangement with special attention on precise measurement
of stress versus strain at strain rates up to ~10° s™'.
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Advantages of the DICT Arrangement

The review of the previous papers on the DICT clearly
shows many advantages introduced by miniaturization.
Among the most important are the following:

1. Shorter specimen length leads to an increase of the
nominal strain rate. For specimen length 1.0 mm, the
impact velocity to reach the nominal strain rate 10° s~
is only 100 m/s.

2. Since the specimen length can be limited, the force
equilibrium on both specimen interfaces is reached in a
relatively short time. However, in the DICT, a direct
verification of the level of the force equilibrium is
difficult. One possibility is the application of numerical
methods; for example a code of Finite Elements.
Another possibility is the application of the symmetric
impact [19].

3. A short specimen leads to the reduction of strain
gradients caused by plastic waves along the compres-
sion direction.

4. Overall, small specimen dimensions reduce the effects
of the longitudinal and radial inertia that must be taken
into account in the correction analysis of the mean
stress in the specimen [3, 11-13].

5. Application of Hopkinson bar (transmitter bar) of a
small diameter reduces substantially the geometry
dispersion of elastic longitudinal waves that occur in
slender rods, reducing at the same time the amplitude of
the so-called Pochhammer—Chree vibrations [1, 3, 26].

Recent reviews on new experimental methods of
materials testing at high strain rates, including several
correction methods of wave dispersion effects in bars and
different versions of the direct impact techniques, clearly
indicate why miniaturization of dynamic tests is advanta-
geous [19, 27, 28].

The most difficult task in miniaturized DICT is determi-
nation the net velocity, or the net displacement, of a small
specimen. An exact determination of the net displacement,
that is Aly = los — [s, where [y, and [ are, respectively, the
initial and the current specimen length, is crucial in an exact
determination of strain. For example, assuming the speci-
men length /ps=1.0 mm, the displacement to determine
deformation £,=0.01 is Al,=10 um. Up until now, the best
techniques to measure fast displacements were based on
optical principles. The optical methods, practically with no
time delay, can assure, due to short wave lengths of light,
an excellent precision. In the present case, three optical
techniques could be applied for the DICT scheme. This one
is the so-called LORD (Laser Occlusive Radius Detector)
and was applied in determination of the radial displacement
of the specimen in SHPB [29]. This technique for direct,

non-contact measurement of the radial displacement, and
also strain, is based on the shadow principle. The integrated
optics produces a sheet of coherent light that can be focused
to a thickness of a fraction of millimeter at the specimen.
The sheet is orthogonal to the specimen axis. The sensing
system consists of a collector lens that integrates all of the
incoming light to a silicon PIN photodiode located at its
focus. The output of this system consists of a voltage that is
proportional to the total amount of light entering the
collector lens. The specimen blocks part of the laser sheet,
and when the specimen is deformed it occludes the light
resulting in a drop of the voltage output from the
photodiode. The photodiode signal is calibrated in relation
to the radial expansion of the specimen.

Another technique of strain measurement applied in the
DICT is based on a two-channel optical gage (extensom-
eter). Such a configuration can detect two longitudinal
displacements along the specimen axis [19, 25]. The impact
side of striker, as well as a small length of the transmitter
bar, is painted in black. The specimens are painted in white,
therefore the two-channel displacement transducer can
record directly the longitudinal displacements of the
striker/specimen and specimen/transmitter bar interfaces.
Thus, the specimen strain could be directly determined as a
function of time [19, 25]. However, when a specimen is
very short, the two-channel displacement transducer cannot
be applied because technical difficulties arise due to very
small distances between specimen interfaces. The minimum
distance for the displacement transducer used in LPMM is
3.0 mm. Therefore in the case of a very short specimen, a
shadow measurement of strain, different than the LORD
technique, has been developed. The shadow method is
described in detail in the next part of this paper.

Novel Miniaturized Arrangement

A new miniaturized DICT is shown schematically in Fig. 1.
Modification in the mechanical part, similar to reported
earlier [23] lies in an introduction of the decelerator tube 5
in which a small Hopkinson bar 3 with miniature SR gages
4 is inserted. The decelerator tube is mounted in supports 7
slightly ahead of the Hopkinson bar 3 with possibility to
change the distance between them. Such configuration
permits programming of different plastic deformations of
specimens. Both the tube and the bar are attached to the
bumper 8. The tube can be exactly adjusted to the axis of
striker 2 by special support 6, which prevents vibrations. In
Fig. 2, the main details of the miniaturized DICT are
shown. The striker (No 2 in Fig. 1) of diameter is slightly
lower than that of the decelerator tube (No 5 in Fig. 1)
triggers deformation of a small cylindrical specimen until it
stops by the decelerator tube. The transmitted elastic wave
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Fig. 1 General scheme of
DICT, 1—air gun; 2—striker;
3—transmitter bar; 4—SR gage;
5—decelerator tube; 6—main
support; 7—supports;
8—dumper; 9—Ilight sources;
10—photodiodes; 11—Tlaser

diode; 12—supply of 11; —_— X I| ; e o
13—photodiode (displacement | | === \3,\ ~  Zozezezezss | A '
measurement); 14—time count- ; é A ; 2 ' /
er; 15—supply unit of 13; S 10 1 3 1 8
16—DC amplifier; 17—SR am- \
plifier; 18—digital oscillo-
scope; 19—PC 14 1 5 1 6 1 7 w\

NI U W= \

T T
L pa e [ % ‘i’ 7 7 7% 7%

is detected by the SR gage (No 4 in Fig. 1). The net
displacement between the striker and the decelerator tube is
measured by the shadow technique. Strikers of diameter
11 mm and of different lengths from 12.5 to 50 mm can be
launched by an air-gun up to 100 m/s. Specimens of diameter
2.0 mm and lengths from 1.0 to 0.8 mm were supported by
the transmitter bar of diameter 5.2 mm and length 243 mm.
The transmitter bar was made of maraging steel with the
yield stress 2.1 GPa. The relative distance between the tube
and the transmitter bar could be varied from 0 up to 2.0 mm.
This distance defines the maximum deformation of the
specimen. In addition, application of the combination tube—
bar enables it to recover specimens after testing, to verify
microstructure, for example. The arrangement permits also
tests with a negative jump in strain rate [23, 24].

Measurements

The scheme of measurements is shown schematically in
Fig. 1. Three independent circuits permit precise measure-
ment of the impact velocity ¥ , the net displacement during
specimen deformation AU(f)=Als (f), and the transmitted
elastic wave & (¢), where t is time.

The striker is accelerated in the launcher tube 1 of length
840 mm up to pre-programmed impact velocity after pressure
calibration, which is Vy(p). The mean impact velocity ¥ is
determined by two channels consisting two laser diodes 9,
two diaphragms of diameter 0.5 mm, and two photodiodes
10. The perpendicular axis of the laser diodes and photo-
diodes to the direction of the launcher tube are situated,
respectively, 140 and 60 mm from the specimen. Thus, the
distance on which the impact velocity is measured is 80 mm.
Signals from the photodiodes are recorded by time counter.

The net displacement, and the net mean velocity Vay of
specimen deformation, is measured by the principle of
shadow, Figs. 1 and 2, and the wave mechanics in the
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Hopkinson bar. The light emitted by laser diode 11 is formed
by a diaphragm and goes through the gap in between the
moving striker and the stationary deceleration tube. During
the test, the gap is closing up when the specimen is
deformed. The displacement of the interface striker/speci-
men is proportional to the light passed by the gap. The
transmitted light is detected by photodiode 13. The photo-
diode is supplied by unit 15. The electric signal from the
photodiode after amplification in 16 is recorded by a two-
channel digital oscilloscope 18. It is clear that after cali-
bration, the photodiode voltage can be transformed into the
displacement of the interface striker/specimen versus time.
The displacement of the specimen/transmitter bar can be
determined via a recording of the signal from the SR. The
two SR gages of length 0.6 mm are cemented on the
opposite sides of the transmitter bar at the distance of x,=
35 mm from the specimen end, the aspect ratio x /dy=
6.154, where dy; is the diameter of the transmitter bar. The
aspect ratio x,/dy ~5.0 is recommended by theoretical as
well as numerical analysis of the dynamic St.Venant
principle [1, 3, 24, 26]. Assuming the maximum strain rate
10° s7', the velocity of compression is 80 m/s for the
specimen length 0.8 mm. Assuming further the maximum
nominal strain 0.4 (present case), the period of deformation
is 7=4.0 us, therefore the wave length A=C,T is in that
case 20.0 mm and the aspect ratio is A/dy=3.85, Cop=

70—

._'._._.T_ranmitte_r._@_i._
|
|

Striker

Deceleration Tube
Fig. 2 Zoom of the specimen arrangement
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5.0 mm/pus and dy=5.2 mm. Such extreme conditions
constitute the application limit of the theory of elastic
waves in slender bars without dispersion.

From the experiment, the following quantities are deter-
mined: the impact velocity V, the transmitted elastic wave
er(f) and the specimen displacement AU(¢) = Ux(t)—
Ug(t), where Uy is the displacement of the striker/specimen
interface and Uy is the displacement of the specimen/
transmitter bar interface. The average velocity of the
specimen compression is Vay = d[AU(t)]/dt. Having
recorded all of those quantities, the specimen strain €g (t),
the strain rate £(¢), and the mean stress o (7), all as a function
of time, can be calculated by application of the DICT theory.

Theory of the DICT

Although a simplified theory of the DICT has been
developed some time ago [11], new points of view can
always be added especially on the measurement side [19].
The definitions of the nominal strain rate is given by
1 |:dUA(Z) dUB(t):|

Y  dUs (1)
el =" di

(1)

where Igo is the initial length of specimen. Since the
displacement U, (f) is measured directly, the velocity Va(¥)
can be found by the fist time derivative of Ua (f). The
velocity of the specimen/transmitter bar interface can be
found from the relation Vg(¢) = %}(’). This velocity can be

found directly via &r(?)

V(1) = Coer(t) (2)

Thus the nominal strain rate is determined

. 1 [dUa(t

() == |20 e G)
Iso dt

An inconvenience is that in order to determine the nominal
strain rate, the U,(f) displacement record must be differen-
tiated. Of course, the nominal strain €,(¢) can be found by
integration of equation (3), thus

ea(?) L[UA(z)—co / 6T(t)dt} O<i<T (4)

~ s

If strikers are assumed to be rigid during the whole process
of specimen deformation, and their kinetic energies are
sufficiently high, then deceleration of a striker is zero.
Dharan and Hauser [11] assumed the rigid striker in the first
version of the DICT. However, it may be assumed that
deceleration of the interface A is an increasing function of
time, similarly as interaction force F,(f) between the
specimen and the striker. Then, deceleration ay=—Bt?, where

B is a constant, is determined from the test via Ux(?) record.
This procedure eliminates difficulties in finding V() by the
time derivative of Ua(f). Thus, the velocity Va(¢) is given
by

t

Valt) = Vo —B/ Edé and  Va(t) = Vo — %Btz 5
0

0<t<T

Assuming that the test is complete in time 7, the mean
velocity of the interface 4 is given by

T

— 1 1

VA = 7/ (V() —EBtz)dt and
0

(6)
Va=Vo— BT
A=Y~ ¢
From equations (5) and (6) one obtains
— £\ 2
Val) = Vo—3(Ho—Ta) (%) (7)

The parameters in equation (7) ¥,, V4 and T must be de-
termined from experiment. Approximation of equation (7)
taking into account equations (1) and (2) leads to the
following formulas for the nominal strain rate

1 [Vo _3 ((V0 —Va) (%)2> - C05T(t)} (8)

" s

en(t)

After integration the nominal strain is obtained

1

t — 2 C
- = VO—(VO—VA)<7> —ﬁo/sT(ﬁ)dﬁ 9)

en(?)

The true strain £(f) can be obtained from the standard
formula £(¢) = [In (1 — &,4(2))].

A simple verification of this procedure is possible by
assuming the force equilibrium F, (£)=F3 (?), then

t

1
h@—%%!%@wf (10)
Va0 =1 [ex($)as (1)
P 0

where m,, is the striker mass, 4, and E}, are respectively the
cross section of the transmitter bar and its Young’s
modulus. The values of V(f) calculated from equations
(10) and (7) on the basis of experimental data exhibit
negligible differences. In order to calculate V,(7) the
following data were used: V,=36.6 m/s, V4 = 34.9m/s, T=
8.6%107° s, m,=9.38*10 kg. Level of the assumed force
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Fg(f) may be defined as a product of mean stress o(f)
presented in Fig. 9 and the area of specimen cross section of
initial diameter dyo=2 mm. The maximum difference of V,(?)
values for such experimental data in the entire time period
0<¢<T does not exceed 2%. In addition the difference
between mean values of V,(?) is only 0.8%. Such differences
are small and indicate accurately the procedure applied for
determination of V(7).

The nominal stress, o,(t) = Fg(t)/Aso, in the specimen
can be obtained as a function of time, assuming that the force
equilibrium occurs during the entire process of specimen
deformation. This assumption, which is a good approximation
for very short specimens, should be confirmed every time by a
FE analysis, for example. In the present case the specimen is
very short, I5o=0.8 mm, and the transit time of the elastic
wave through the specimen is Azg=160 ns. It is well
recognized that after 3 to 5 the equilibrium is satisfied [26].
Currently, 3A#5=480 ns and this period of time is much
shorter than the total time of deformation 7=20 us at strain
rate 2*10* s, In real tests, the total time of deformation is
still longer. The force F in the transmitter bar is determined
after introduction of the Hook’s law

Fg(t) = AwpCler(t) (12)

where A4, is the cross section area of the transmitter bar. Thus,
the average nominal stress o, = Fp(t)/Ago is given by

2
) =G (G ) erl0 (13)
S0

where dgo and dy are, respectively, the initial diameter of
specimen, and diameter of the transmitter bar, dy>ds, p is
the density of the transmitter bar material. Because all
constitutive relations are defined in true values, or true
stress, true strain, and true strain rate, it is important to
transform the nominal values into the true quantities like
o(f), £(t) and £(¢). After the elimination of time, the final
material characterization can be found: o(€) and &(¢).

Elimination of Friction, Inertia and Adiabatic Heating

It is well known that friction occurring on the specimen
interfaces with platens during a quasi-static compression
test increases the mean axial pressure [12, 13, 26, 30]. By
the integration of the equation of force equilibrium,
several authors estimated in the past the effect of friction
at different levels of approximation. For example, Siebel
[30] derived an approximate formula for the mean stress
on the cylindrical specimen in terms of the axial yield
stress

—1
_ uds _ uds

= 14+ = 14+
o 0'( + 315) or o o-< + 3ls>

SEM

(14)

where o and o are the mean stress determined from
experiment and the net flow stress of a material, respec-
tively, p is the coefficient of Coulomb friction, /g is the
length, and dg is the specimen diameter. If the coefficient
of friction is known, then the flow stress of a material can
be found. For example, for specimen dimensions Ig=
1.0 mm, ds=2.0 mm and p=0.06 the relative increment of
stress is (/o) — 1 = 0.04, thus the increase is 4.0%. It is
interesting to note that the coefficient of dynamic friction
is lower as a rule than the quasi-static one (slow gliding)
[31]. Another possibility to reduce the friction effects is
application of a ring specimen [32]. Application of ring
specimens in dynamic tests was also reported in several
papers [11, 15, 33]. In conclusion, the effect of friction in
determination of the flow stress in fast compression of
specimens having a length to diameter ratio //d~1 and with
a good lubrication is expected to be relatively limited in
comparison to other effects, like the radial and longitudinal
specimen inertia. However, since the effect of friction may
reach a relatively high level for flat specimens of ratio //d<
0.5, it should be taken into account in determinating the
flow stress.

Effects of inertia in DICT are very important because of
high accelerations and mass velocities observed in such
circumstances. One possibility of estimating the radial
inertia is integration of the equilibrium equation in the
radial direction and application of the Huber—Mises yield
condition [11, 19, 34], then

3 (dw )\ V)
o(t)—a(ﬁ—gP(zz_sso) (1—es(t)]

where V() is the current axial velocity of specimen
compression V(¢) = Va(z) — V(). The second term in
equation (15) is the stress correction for the radial inertia.

Another approach to estimation of the inertia effects,
axial and radial at the same time, is possible by analysis of
the energy balance. Simplified analysis was derived by
Davies and Hunter [3] and more exact analyses were
reported later [13, 35]. When the energy analysis is
applied [3, 13, 35, 36], the following relations are obtained
for the pressures o, and op on the specimen side A and
side B

R: 2\ - R: 2\ -2
ool ) a(ie-5):

RZ 2\ - R: B\ .2 plsu
=oc—pl=>—-= —= 4= - 17
op=0 p(8 6)8+p(16+6>5 > (17)
where u is the convection velocity. The convection velocity

is never very high because the specimen mass is supported
all the time by the transmitter bar and its face B moves with

(15)

plsu
— 16
+25 ()
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the velocity Vg=Cy €7(t)which is relatively low. The mean
pressure (05 +op )/2 minus the flow stress, that is the inertia
overstress, is given by

1
AG:§(0A+GB)70' (18)
Thus, the explicit form for the overstress is found
Ry L\ Ry I\ 2
N = —p| =8 + S o8 s 1
“ p<8+12>6+p<16 12)° (19)

Finally, the pressure difference due to combined effects of
specimen strain acceleration and strain rate is found

[2 . .2 .
oA—GB:—pfs(s—&—s)—i—plsu (20)

where p is the specimen density, Rg and /g are, respectively,
the current specimen radius and the current specimen
length. Definitions of €, € are given by:

2
s:—g and 52—[%%4—(%)] (21)
The early numerical analysis of both friction and inertia in
SHPB was reported in 1975 [26]. Currently, many
numerical analyses have been published on specimen
behavior in high-speed compression and it is out of scope
of this paper to review those results.

The most general solutions for both effects the friction
and inertia in the form of overstress is given by [12, 37]

LMo pdS (5 3N\ (2 o\ 3pds
Ao =37+ (S 16 (£+e)+ 64 - (22)

where s is the current ratio of the specimen length to the
specimen diameter, s = lg/ds. The effect of the convection
velocity is not taken into consideration. The first term
appears due to friction and the next two are the results of
inertia. The second term vanishes for all specimens
satisfying the conditions: s> —3/6 =0, or when € +¢ =
0 which may occur for £>¢,, where ¢, is the rise time of the
initial portion of the transmitted wave &r(f). The ratio
Sp = \/5/4, (sp=0.433) for Poisson’s ratio v=1/2 was
derived as the optimal one by Davies and Hunter [3], but
under assumption p=0. According to equation (22) the
stress difference Ao = G — o shows the absolute minimum
and the following s, is determined as

1/3
2uo

Sopt =

Since during the process of specimen deformation, both
terms uo, particularly € +¢, change continuously, a
specific value of 5., should be calculated individually

for a region of strains and strain rates which are of interest
for experimenter. For example, when s,, has been cal-
culated for the present conditions of DICT: ¢ = 1.0 GPa,
p=7.8 glem’ (steel), ds=2.0 mm, p=0.06,c =2 10*s~",
€ =2%10""s2, the result 1s Sopt=0.57, when € = 4.5 %
10°s7! and € = 4.5% 100572, sopt—0.43. The specimens
with ratio s equal to 0.5 and 0.4 were used in the fast
compression tests. This optimization is only valid around
the rise time at the beginning of deformation. At larger
mean strain, the mean strain acceleration diminishes
substantially (around 100 times) and s, increases (for
example for € = 5% 108572 the value of Sopt increases to
1.14). At the end of the test the strain acceleration is close
to zero and at € = 4.5 % 10* s’lsopt=5.7 with /go=11.4 mm.
Of course, such dimensions are not acceptable. Now it is
known that there is no one optimal specimen dimension. In
fast compression, only an approximate value can be esti-
mated depending on the conditions of experiment.

In conclusion, the inertia, and therefore elastic-plastic
wave propagation, cause non-uniformity of stress and strain
fields during fast deformation of the specimen. The overstress
Ao increases when the coefficient of friction is higher, the
density increases, the strain rate and strain acceleration are
higher, and specimen diameter is larger, equation (22). It
has been shown that the most important parameter causing
initial oscillations of Ao, the inertia peak, is the rise time £,
and its frequency corresponds closely to radial propagation
of bulk waves [26]. Since the strain acceleration substantially
changes during specimen deformation, generally it increases
sharply and next diminishes, or in the case of SHPB can be
also negative, variations of Ao(€) can be quite high in
comparison to the mean stress 6. The miniaturization re-
duces those effects enormously. On the other hand, a very
small diameter of Hopkinson bar can reduce oscillations
caused by the radial inertia and the wave dispersion during
propagation of transmitted waves. This is why the wave
dispersion is not discussed in this paper.

One of the most important problems in correct
determination of stress—strain characteristics at high and
very high strain rates is the thermal softening of
specimen material due to adiabatic heating. Due to many
publications on this subject, only the most useful in the
present analysis are mentioned. When plastic deformation
increases, the adiabatic heating due to conversion of
plastic work into thermal energy triggers a “closed loop”
process of the material softening leading to a decrease of
the tangent modulus of stress—strain relation and conse-
quently to a decrease of the flow stress. Because of a
positive strain rate sensitivity, the process intensifies at
very high strain rates. In the final stages of compression,
some forms of mechanical instability appear in the form of
Adiabatic Shear Bands (ASB) leading to failure [38-40].
Since at lower strain rates, typically € < 10s — 1, plastic

SEM
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deformation is practically isothermal, in order to compare the
adiabatic stress—strain characteristics obtained at higher strain
rates than ~10% s~ they should be corrected into isothermal
conditions [38]. A simple correction procedure applied in
this paper is given below [38].

The equation of heat conduction with internal sources
applicable to dynamic plasticity is given by

T
pCa

or 9 0T
P ot

==

(24)
Ot Ox?

:ﬁa(smé, T)

where p, Cp,, 3 and A are, respectively, the density, specific
heat, Taylor—Quinney coefficient and thermal conductivity,
€, and o are, respectively, the plastic strain and true stress.
It can be assumed in fast processes of plastic deformation
that the conductivity is zero, A=0, then the adiabatic
deformation occurs and equation (24) is reduced to the
ordinary differential equation

dT B A

—=—————0l¢&p, e, T 25

& = e e T) (23)

After integration of equation (25)

ATa(5)., ~ / ol¢, Tolde (26)
= p(To)Cy(To) /

where AT, =T — Ty is the temperature increment during
adiabatic deformation, Ty is the initial temperature, and £,
is the maximal plastic strain under consideration. Here it is
assumed that the strain rate is a parameter. In adiabatic
conditions, the tangent modulus (do/de,)s versus plastic
strain for most of metals and alloys are lower than the
isothermal one. Therefore, when the constitutive relation is
defined in general form

sz(é75,T>

ATA(Epm) is evaluated from equation (26), the stress dif-
ference between isothermal and adiabatic conditions is
given by

(27)

Ao = o1 (g, :, To) — o4 [g, e, (Ty + AT (2)) (28)

where o1 and o, denote, respectively, the flow stress in iso-
hermal and adiabatic conditions. Thus, from equation (28) the
isothermal stress—strain characteristics can be found when
the adiabatic curve is obtained from experiment. But in such
an approach the constitutive relation, equation (27), must be
given in explicit form, which means that all constants should
be identified. The simplest method of obtaining an upper
bound for Ao is to determine experimentally the decrease of
flow stress caused by temperature increase A7. This is kind

SEM

of constant for a limited range of temperature at specific
values of strain and strain rate is

().

Typical values of the temperature sensitivity 1} are within the
limits [38] —1.0 MPa/K>9¥>-3 MPa/K and ¢ is of course
negative. Then the absolute decrease of stress Ao due to adi-
abatic increase of temperature AT (&), ;. equation (28), is
given by

eI’

Ao (ep) =0 ATa(ep): ; (30)

Experimental results for steels indicate that the temperature
sensitivity 1) is approximately constant around room temper-
ature and at temperatures higher that RT, but only for steels
without dynamic strain ageing [38]. It appears that ¥ does
not depend on strain rate to any great extent. For example,
the temperature sensitivity ¢ can be estimated from
experimental data reported recently for the annealed 34GS
steel tested with SHPB [41]. The results at strain rate 10° s~
are shown in Fig. 3 for the range of temperatures from 190 to
470 K. The same steel was tested by DICT and the results
are reported in this paper. As expected, the yield stress as
well as the flow stress for strain level 0.1, decreases almost
linearly with temperature. The temperature sensitivity is
relatively low, 9=—0.8 MPa/K. To estimate the adiabatic
change of stress Ao it may be assumed, as a first
approximation, that the flow stress at constant strain rate is
a linear function of strain

o(e). = (oy + Eg)f(é) with ¢~ ¢, (31)

TEMPERATURE SENSITIVITY - 34GS STEEL
1100 . i : ; I !

I~ [sramo1 |
i e : :

HIES

STRESS [MPa]

b IELD STRESS
H B r

-

BBG _"""'""E’""'""'"i’""'"""'E"'"'""")i"""'""":"""':_'-\"‘i"\'--':"_é""_
STRAIN RATE 1000 1/s ] i

150 200 250 300 350 400 450 500

ABSOLUTE TEMPERATURE [K]
Fig. 3 Effect of temperature on flow stress for two levels of
deformation (34GS steel)
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Fig. 4 True stress vs true strain curves for two strain rates (a)
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where oy and Eg are, respectively, the yield stress and the
secant modulus of strain hardening, () is unspecified
increasing function of strain rate. Substitution of equation
(31) into equation (25) yields

#(¢)
ATy (e), = mo/ (oy + Es&)dé

(32)

The adiabatic increment of temperature after integration of
equation (32) is given by

# (e i
ATp(e), =~ /ngam (oya +%E55 )

Finally, the stress correction for the adiabatic increase of
temperature is obtained in the following form

(33)

9pf <5>

Ao(e). ~ m <0'ys + %ES@) (34)

This equation has been used in further analysis of DICT
experiments reported in this paper.
VBo,cf e

Ao(e),. = p—(To)Cp(To) or

Ao(e). ~ A(To)aosf(é)

It can be shown that this approximation is relatively exact for
mild steels due to a very limited strain hardening at high
strain rates [38]. Of course, the highest decrease of stress due
to adiabatic heating occurs for large plastic strains, when the
mean stress and the temperature sensitivity are high and the
density and the specific heat are low. Since f(e) is an
increasing function of strain rate the effect of adiabatic
heating intensifies at high strain rates.

In conclusion, the correction of the flow stress from
adiabatic to isothermal conditions becomes more important
at high and very high strain rates. After correction into
isothermal conditions the constitutive surface (O‘, g, é) =
0 can be determined for any metallic material. fo

(35)

Quasi-static and SHPB Tests of Construction Steel

Compression tests of construction steel 34GS (Polish
Standards) were performed at room temperature in as-
delivered state at two strain rates, that is 5*10™% s and
1.0 s™'. Composition of this steel is as follows: (0.3-0.37%
C©); (0.9-1.2%Mn); (0.6-0.9%S1); Pax —0.05; Spax —0.05.
The tests were performed on a servo-controlled universal
machine. The specimens of diameter ds=5.0 mm and of
three different initial lengths: Ig50=6.5; 4.0, and 2.5 mm
permitted for estimation of the effect of friction according
to equation (14). The initial aspect ratios sy were so;=1.3,
502=0.8 and s503=0.5. The mean o(&,) curves at each strain
rate have been obtained as the mean of two compression tests.

1200 ~
1000 -
800 -
600
400
200

0

True Stress [MPa]

0O 0.05 0.1 0.15 0.2 0.25 0.3
Plastic True Strain

Fig. 5 Mean true stress vs true strain curves for &€ = 10°s~,
SHPB data
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Fig. 6 Comparison of o(€) mean curves for three strain rates

Each mean o(g,) curve is adequate to the mean aspect ratio
s0 = 2801802/ (So01 + S02), thus 5o & 1.0. After equation (14)
is possible to estimate the stress increment due to friction
for each aspect ratio. With lubrication of MoS,, the relative
stress increment due to friction is within the limits from 2 to
2.66% of the mean flow stress for 1.0<5¢<0.75 and =0.06.
The complete test results, that is three curves with three
aspect ratios for two strain rates 5¥10 % s ' and 1.0 s, are
shown respectively in Fig. 4(a) and (b).

Compression tests were performed with the standard
SHPB of diameter dy=15.0 mm with application of the
two-wave analysis, that is incident and transmitted waves
[4]. The specimen dimensions were dsp=5.0 mm and /gy=
6.5, 4.0, and 2.5 mm. The mean o(&,) curves obtained at
strain rate ~10° s~ ' for three above aspect ratios are shown
in Fig. 5. Comparison of the mean stress versus plastic
strain curves for three strain rates 5*10* sfl, 1.0 sfl, and
10° s are shown in Fig. 6. The stress—strain curve for
10° s7! has been corrected for both friction and adiabatic
heating, equations (14) and (30). Thus all curves are
transformed into the isothermal conditions. It is noted that
this construction steel shows substantial strain rate sensi-
tivity as expected for BCC microstructures [9, 25].

Direct Impact Compression Tests

The tests with DICT technique were performed with two
high strain rates, that is ~2*10* s ! and ~4.5*10% s™'. Those
tests permitted not only the evaluation of the technical
details of the experimental technique but also to find
behavior of the 34GS construction steel within eight orders
of strain rate. The specimen dimensions were dgp=2.0 mm
and, respectively, /5o=1.0 and 0.8 mm for the lower and the
higher strain rate. In Fig. 7, a typical record obtained by the
DICT technique is shown. The descending, almost straight,
line is the signal from the photodiode showing time

SEM

evolution of the displacement of the striker—specimen
interface A. More exactly, the signal starts after the striker
touched the specimen. No substantial deceleration of the
striker was observed after the instant of contact. The initial
velocity of striker measured by the time counter was V=
23.50 m/s and the mean velocity determined from the
photodiode record (the mean slope) was V,,=21.10 m/s.
The time interval of specimen deformation was 7=23.70 us
and during that time the interface A was displaced by
0.5 mm. Thus, the absolute value of the maximum true
deformation € = |In (1 — &,)| determined from equation (9)
was 0.46. The mean strain rate defined as € = £,,/T was
£ = 1.94 % 10*s~! The transmitted wave has a typical shape
proportional to the nominal stress versus time, equation (13).
It may be noted that the time of deformation is shorter by
several ps in comparison to the total time of the transmitted
wave. This is caused by the fact that the face of the decel-
erator tube is slightly moving during stopping of the striker.
Inserting the precise thin plates and measuring the resulting
photodiode voltages performed calibration of the gap be-
tween the striker and the decelerator tube. The calibration
voltage U [mV] versus the gap between the striker and the
decelerator tube A/ [mm] is shown in Fig. 8. The calibration
yields a straight line in the range of the gap 0.5 mm>A/>
0.05 mm.

In Fig. 9, the time histories of stress, strain, and strain
rate for the mean strain rate ~4.5%10* s are shown. The
specimen was placed 0.3 mm ahead the face of the
decelerator tube. The initial and the mean velocities of
the interface A were respectively V,=36.6 and 34.9 m/s.
The stress rise time was f#.~1.1 ps, the total time of
deformation was 7=8.6 us, and the true final strain was
0.382. The oscillations of stress, caused by relatively short
rise time, trigger the Pochhammer—Chree oscillations due
to radial inertia in elastic wave propagation [22, 26, 27].
On the contrary, oscillations in strain rate are relatively
small. The main reason is that the mass of the striker, and
its kinetic energy, are much higher than the energy needed
for the specimen deformation. On the other hand, the

0.5mm)

Voltage U

(al

Fig. 7 Digital record of DICT, 7 is the time of loading
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effective mechanical impedance Is=A4g5pCy of the striker is
much higher than that of the Hopkinson bar Iz=AgpC.
Since the time histories of strain rate £(f) and strain
acceleration £(7) can be determined for each test the relations
(16) and (17) enable estimation of the inertia effects for each
interface and the increment of the mean stress due to inertia,
equation (18). In the case of miniaturized specimen for the
mean strain rate € = 4.5 * 10*s~! and the acceleration & =
4.5% 10572 the increments of stress due to specimen
inertia og—o and og—o4 are —16.2 and 93 MPa. Theoretical

value of the increment of stress Ao due to acceleration of the
specimen mass center V. = (Va + Vp)/2t is Aca=
124 MPa for € = 4.5 % 10*s™! (ls=0.8 mm, Vx=34.9 m/s,
Vg=4.5 m/s and #,=1.0 ps).

Comparison of all mean curves in the form the true stress
vs. true strain obtained at strain rates 5*10% s!, 2%10% s7!,
and 4.5%10* s7' by the DICT is shown in Fig. 10. All
experimental curves have been corrected for the effects of
friction and inertia as well as for adiabatic heating, =0.06
and ¥=-0.8 MPa/K. As expected, the effect of friction, the
apparent stress is higher than the true flow stress, and the
effect of thermal softening, that is the apparent stress is
lower than the true flow stress, cancel each other to some
extent. For larger strains 0.1<g,<0.4 both effects super-
imposed cause stress difference true and apparent not higher
than 3.0%. In general, when lubrication is correct the thermal
softening dominates, but in the present case the temperature
sensitivity ¥ for 35GS steel is relatively low, normally for
BCC alloys —1.8 MPa/K<19<-2.6 MPa/K [38].

The set of quasi-static and dynamic o(€) curves is shown
in Fig. 11. The range of strain rate is from 5*107* s™' to
5%10* s™'. All curves are in true coordinates and corrected to
isothermal conditions with elimination of friction effects.
The effect of strain rate on the flow stress is shown in Fig. 12
for four levels of strain. The rate sensitivity 0=
(80 / alogé) shows two ranges, at lower strain rates 3=

e

24.6 MPa and (3~87.8 MPa above the strain rate threshold
gc &~ 505", Such result suggests existence of two thermally
activated dislocation micro-mechanisms of plastic deformation
in those two ranges of strain rate [38]. The pseudo-viscosity 7
defined as o = ne, e=constant has not been found.

Fig. 9 Complete result of DICT 4 7] r
ate=4.5%10%s"! 15004  0.6- -6x10*
T ] £ 0.5 -5x10"
o 18 1<} M - -
— n
=.10004 & 0.4 4x10* 2
) { o | | Q
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Fig. 10 Mean o(€) curves at three strain rates

Discussion and Conclusions

Introduction of specimen miniaturization in high strain
rate materials testing, in both cases SHPB and DICT,
enables reaching of high strain rates up to ~10° s .
Typical dimensions applied in miniaturized tests are
1.0 mm</gn<2.0 mm, 1.0 mm<dgy<2.0 mm and 0.5<sy<
1.0. Such specimen dimensions reduce substantially the
effects of inertia reducing at the same time errors when the
inertia analysis is neglected. Although a simple inertia
analysis or even FE calculations are recommended, appli-
cation of very small specimens assures minimum errors in
determination of material behavior at very high strain rates.
Previous analyses of the inertia effects related to the
specimen dimensions indicated that the stress increment
due to inertia rises rapidly with strain rate and with
specimen dimensions [42]. The strain rate threshold from
the thermally activated rate sensitivity to the so-called

True Stress [MPa]

Plastic True Strain

Fig. 11 Comparison of all mean true stress vs. true strain curves for
34 GS steel

SEM

Compressive True Stress [MPa]

0 1 1 ! 1 ! 1 1 1 1

10 102 102 10" 10° 10" 102 10® 10* 10°
Plastic Strain Rate [s-1]

Fig. 12 Rate sensitivity of 34 GS steel at four levels of true strain

pseudo-viscosity [9, 11] must be carefully evaluated in the
future. Specimen miniaturization on the other hand leads to
limitation of grain number in small specimens. For
example, if the specimen volume is vs=2.51 mm’ (ds=
2.0 mm and /g=0.8 mm) and the mean grain diameter is
0.1 mm then the volume of each grain is vy =
5.23*10"* mm?® and the number of grains in the specimen
volume is N=4.8*10°.

Application of small diameter Hopkinson bars substan-
tially reduces dispersion of elastic waves. Because in DICT
technique strain gages are cemented closely to the speci-
men-bar interface, recommended distance ~5 dy , where dy
is diameter of Hopkinson bar, the transmitted wave is not
much distorted in comparison to the signal originating in
that interface. In addition, the bar vibration in the
longitudinal mode superimposed on the transmitted wave
is relatively low [3]. However, it is impossible to monitor
the force equilibrium, that is F(¢) and F(?) as a function of
time, and the force equilibrium must be assumed. One
possibility is an analytic estimation or analysis by a FE
(Finite Element) code. Because specimens applied in the
miniaturized DICT are short, the stress gradients within a
typical specimen are assumed to be small.

In the version of the DICT arrangement reported in this
paper, the original and not expensive optical technique to
measure displacement of the interface striker—specimen has
been applied. Therefore, the combination of the opto-
electronic measurement of the displacement of interface A
and the theory of elastic wave propagation enabling
measurement of the displacement of interface B, has
provided an exact measurement of the specimen strain and
strain rate as a functions of time.

Combination of the quasi-static precision compression
test, with the application of SHPB along with the
miniaturized DICT, makes possible the determination of
the rate sensitivity of materials for very wide strain rate
spectrum, from 5*107* s7! to 5%10* 57
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