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Bertram Hopkinson was prescient in writing of
the importance of better measuring, albeit better
understanding, the nature of high rate deformation
of materials in general and, in particular, of the
importance of heat in initiating detonation of
explosives. This report deals with these subjects
in terms of post-Hopkinson crystal dislocation
mechanics applied to high rate deformations,
including impact tests, Hopkinson pressure bar
results, Zerilli-Armstrong-type constitutive relations,
shock-induced deformations, isentropic compression
experiments, mechanical initiation of explosive
crystals and shear banding in metals.

1. Introduction

An early introduction of the present author to split-
Hopkinson pressure bar (SHPB) testing was provided
by Harry Kolsky [1]. Kolsky had employed the SHPB
to study the dynamic fracture of glass and polymeric
solids with end-of-bar reflected tensile waves. The same
technique was employed to achieve basal plane cleavage
stresses exceeding 160MPa for [0001] axis-direction
cylindrical single crystal bars of zinc. The influence of
pre-cleavage plastic flow was minimized in the tests.
Hopkinson had described the tensile wave conversion
on reflection of a compressive wave [2]. Modern reports
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have described direct use of a split-Hopkinson tension bar [3] and a split-Hopkinson tension bar
modification employing a “U-shaped’ striker bar as projectile to produce virtually oscillation-free
square pulses [4].

Later connection of the present author and colleagues was with SHPB plasticity results
obtained on copper and showing an upturn in the material strength at dynamic deformation
rates exceeding approximately 103571, as will be described in this report in relation to higher rate
comparisons with shock and isentropic compression experiments (ICEs) also done on copper. In
the same connection, an analysis of important shock results obtained on Armco iron materials at
different grain sizes is to be described [5].

Hopkinson had reported early results on detonation-induced (back-side) spalling of mild steel
material and this behaviour is to be connected here with modern spall results and modelling of
them. And lastly, there is consideration of the influence of plastic deformation on shear banding
that is associated with localized adiabatic heating and the initiation of detonation in energetic
crystals, this relating to Hopkinson’s concern with the critical influence of heat (or temperature)
in promoting chemical decomposition of gun-cotton [6]. An interesting point in Hopkinson’s 1914
report is a schematic picture of a flattened lead bullet relating to calculations of such generated
pressures [7]. The test result can be taken without too much imagination to presage Taylor’s solid
cylinder impact test for determining the dynamic yield strength of mild steel [8].

This review begins, first, with impact test results and coupled constitutive relation
descriptions. Different yield conditions for body-centred cubic (BCC) slip and deformation
twinning are described for steel and Armco iron materials [9]. Then another somewhat different
constitutive deformation behaviour, which is focused on the temperature and strain rate
dependence of strain hardening for face-centred cubic (FCC) copper, is described [10]. The
constitutive modelling is related to other deformations including spall-related spherical impacts
on copper [11]. Very different strength levels obtained in shock versus ICE results are described
for copper. For Armco iron, a twinning-determined grain-size dependence of the Hugoniot elastic
limit (HEL) stress is shown to disappear for good reason in the subsequent plastic flow stress
dependence on strain rate [5]. The grain-size dependence is explained in terms of dislocation
pile-ups. The sudden release of a pile-up provides a fundamental explanation of shear banding
behaviour in the high rate deformation behaviour of metals [12]. Such dislocation pile-up
avalanches have been employed also to explain greater drop-weight heights being required to
initiate chemical decomposition of smaller explosive crystals [13].

2. Taylor impact test results on mild steel and Armco iron

Taylor provided an analysis by which the average dynamic yield strength of a metal could be
determined from the length change of a solid cylinder after impacting onto a rigid target [8];
and colleague, Wiffen [14], demonstrated application of the method to impact results obtained
for a variety of materials. Included in the project was a study by Carrington & Gaylor [15] of the
hardness properties measured at various positions along the longitudinal section of an impacted
mild steel specimen, as shown in figure 1. Much later, Johnson & Cook [16] employed such
Taylor-type impact results in developing numerical relations for application in the elastic plastic
impact computation (EPIC) code. At that time until the present, a major effort, with advancement
in such hydrocode descriptions, is to compute the complete deformation shape of Taylor and
other type impacted specimens. Zerilli & Armstrong [17] followed on from Johnson and Cook
with development of dislocation mechanics based constitutive relations, now known as the Z-A
equations, for material dynamics calculations.

A Z-A-type relation for the flow stress, o, of Armco iron and related BCC metals and alloys
was obtained in the form

0: = oG + Boexp { [—ﬂo + 1ln (%)] T} + Ke" + ket 12, (2.1)

i 2 73 i ] B



<126 = VHN

136 *128 128 148
1386123 137 139 ¢
134125 #122° 7' 15" 138

limit of
Neumann

zone of few 163 0333123 ¢ 27165\ lamellae

lamellae

many
lamellae

mild steel cylinder; impact velocity
338 ms™!

Figure 1. Longitudinal section of a Taylorimpact specimen with local post-impact Vickers hardness numbers (VHNS) listed at the
indicated positions to demonstrate a greater hardness within the zone of induced deformation twinning (Neumann banding).

In the physical model development of equation (2.1), og is an athermal stress component
determined by the presence of solute, precipitates and an initial dislocation density; By is a
reference stress at temperature T=0K; By and p; are exponential temperature coefficients,
including the effect of strain rate (de/dt); K and n apply for power law strain hardening; k, is
a microstructural stress intensity; and ¢ is the average polycrystal grain diameter, i.e. generally
determined on a line-intercept basis. Most often, the first three terms on the right-hand side of
equation (2.1) are combined into a single ‘friction stress’, og, for the plastic flow of the average
polycrystal grain volume and when added to the k. £~1/2 term is known eponymously as the Hall-
Petch (H-P) relation that was determined from measurements made of the yield and cleavage
stresses of iron and steel materials [18-20]. The major temperature and strain rate dependence
in equation (2.1) was shown to produce reasonably constant values of By, Sy and p for different
steel materials [21].

(a) Therole of deformation twinning

Direct employment of equation (2.1) in the EPIC code led to prediction of the deformed specimen
being softer than the measured shape, particularly at the impact end, and deformation twinning
was held to be responsible [17]. Twinning was incorporated into the EPIC calculation by
employment of an H-P-type deformation twinning relation

or =ooT + kTZ_l/Z, (2.2)

where ogr is a micro-slip friction stress associated with the local stress intensity, kT, required
for twin nucleation at grain boundaries; kt ~ 90 MPa mm?/2 for twinning as compared with
ke ~22MPamm!/? for slip. Figure 2 shows the excellent match of computed and experimental
result when twinning was taken into account [22].

(b) The time dependence

The hardening produced by deformation twinning was attributed to a reduction in grain size
immediately caused by the new twin interfaces producing similar obstacles to slip as for grain
boundaries. Examination of the sectioned Armco iron specimen showed that approximately four
twins per grain were produced when twinning occurred and a reduction in grain size was
estimated [22]. Further investigation of the time sequence for twinning and slip was carried out
within the EPIC code as shown in figure 3 for which the sequential development of the interface
between twinned and twin-free material, at ‘A’, could be followed [23]. Very interestingly, the
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Figure 2. Experimental Taylor test result of Johnson & Cook [16] for Armco iron.
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Figure 3. Time sequence for EPIC-modelled twinning versus slip in Armco iron.

initial twinning that occurred within approximately 1ps produced a convex interface at A
that subsequently changed over a time period of approximately 50 us, because of the follow-
on deformation by slip, to a concave shape in agreement with the mild steel interface shown
in figure 1. The times compare favourably with Hopkinson’s measurements of approximately
20-60 ps for the individual cases of completion of bullet impacts or full lifetimes of detonation
pressures [6,7]. And very importantly, one could regard the effect of the deformation twinning in
the sequential stages just described as producing a new hardened front-end of the bar that then
was to be deformed by slip.
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Figure 4. SHPB measurements of the strain rate dependence of the flow stress of OFE copper.

3. Dislocation dynamics for several copper results

Taylor test results reported by Johnson & Cook [16] for copper material were shown to be closely
matched (in the absence of any deformation twinning) with code computations made for an
FCC-structure-based Z-A relation of the form [17]

—& 172 de 1/2
o =0G+ By {sy |:1 —exp (8—)] } exp |:—Ot0 + a1ln (a>:| + ko012, (3.1)

r

where oG has the same explanation as for the BCC case but, for the next term, the temperature
and strain rate characterized coefficients By, ap and a1 apply for a dislocation modelled strain-
hardening behaviour that is moderated at larger strains by ¢,. At smaller strains, the stress—strain
curve approximates to a parabolic dependence [24]. A lower k. = 5MPamm'/? applies for copper.
With Z-A constants determined from other reference test results, the closely modelled Taylor test
shape was shown to involve a range of true strains of 0 <& < 1.5, strain rates of 0 < (de/dt) <
~10°s~! and 300 < T < 600 K.

In contrast with agreement being reported on a Z-A basis for the copper Taylor test result [17],
figure 4 shows a somewhat surprisingly strong upturn at the high strain rate end of SHPB flow
stress measurements reported by Follansbee et al. [25], in testing of oxygen-free electronic (OFE)
copper material. In the figure, tangent slopes are shown at both lower and higher (de/dt) values
to indicate activation area dimensions, A*, specified for a thermal stress dependence according to

the relationship
A* = (kl) (3[ln(d7//dt)]) (3.2)
o b aTTh T ! '

where k is Boltzmann’s constant; b is dislocation Burgers vector; (dy/dt) =m(de/dt), in which
m=23.1 is the Taylor factor for transformation of strains among the five independent slip
systems of the polycrystal grains [24]; and 71, = (0. — og)/m. Values of 100 < A* < 1000b* are
typical of plastic flow controlled within FCC metals by the intersection of dislocations [26].
Of additional interest in connection with relationship of Hopkinson and Taylor researches is
a report by Volterra who described experimental results obtained on a proprietary polymeric
material via a Hopkinson bar test system constructed at Cambridge and whose deformation curve
approximated to a parabolic flow stress dependence on strain [27].

(a) Evidence for dislocation generation

Follansbee et al. [25] put forward the consideration that dislocation drag (resistance between
thermally activated obstacles) was responsible for the upturn in flow stress dependence.
However, the severe reduction in A* indicated in figure 4 favours a strong increase in generation
of an enhanced dislocation density. An increase in the dislocation density is more in line with
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Figure 5. (a) Model and (b) experiment for spherical aluminium impact on a copper target [30].

corresponding measurements reported for an increase in the material ductility through a larger
uniform strain to the maximum load point. And later connection to be made here between these
flow stress measurements and pioneering results reported for shock-determined plastic flow
stresses is in agreement with the upturn being attributed to an enhanced dislocation generation.
Nevertheless, the issue is still undecided. For example, Cai ef al. [28] have provided a close match
of the Follansbee et al. results and model description of them based both on a drag-modified Z-A
type description and on a new relationship. Fan et al. [29] have suggested that such an upturn
may be a result of non-thermal effect entering at high strain rate.

(b) Spall test results

Hopkinson’s pioneering interest in back-side spall caused by dynamic loading [8] has a modern
counterpart in modelling of the impact penetration experiment shown in figure 5 [31]. In the
figure, a Eulerian autodyne code computation involving the Johnson—-Cook numerical relations is
shown for comparison with a crater shape and spall produced by gas gun propelled impact of a
3.16 mm diameter 1100 aluminium alloy sphere onto a 1.3 cm thick oxygen-free high conductivity
copper plate. The impact velocity was 6.01kms~! and was modelled on a microsecond time
scale. Hopkinson commented on such spall-type cracking produced in mild steel plates by
the detonation of gun-cotton compacts and described the results as being comparable to those
achieved by bullet impacts [6]. Murr [30] has produced an extensive review of microstructures
developed by different types of impact penetrations that also were monitored by performing
local post-impact hardness measurements in the same manner as employed by Carrington
& Gaylor [15].

4. Dislocation generation in shocks versus isentropic compression experiments

Consideration of a nanoscale dislocation structure being generated at a propagating shock
front brings forth again the issue of a limiting small activation area at the atomic level [32].
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Figure 6. Comparison of SHPB and shock results for OFE copper.

Armstrong et al. [5] extended the Z-A-type dislocation mechanics analysis to consider the case
for which a smallest limiting value of A* should be applicable for determining the magnitude
of the unidirectional shock stress, og, and proposed such model connection with shock-induced
deformation for which a post-shock state of one-dimensional strain might be achieved. The rather
simple constitutive relationship was obtained

2GoG 2kT (de/dt)og
— | = )In|—"L—""%= 4.1
= (5%) - (5 )T ) b
where Gy is the reference Gibbs free energy for dislocation generation and (de/dt)og is the upper
limiting strain rate for the process.

(a) Comparison with Swegle and Grady results for copper

Figure 6 shows at a different ordinate scale the Follansbee et al. SHPB results for copper in
comparison with pioneering shock measurements reported by Swegle & Grady [33] and, also,
with application of several constitutive relations. The lower line is the Z-A prediction from
equation (3.1). The short-dashed line is a (1/4) power relationship developed by Swegle and
Grady. The nearly vertical long-dashed line is equation (4.1) fitted to the Swegle and Grady
results. Evaluation of the slope value (2kT/ b%) gives b =0.255nm in remarkable agreement with
the known Burgers vector for unit slip in copper.

(b) Grain-size aspects of Arnold results for Armco iron

Arnold obtained comprehensive shock results at different grain sizes on Armco iron material
[34]. The measurements have provided another example to compare with model prediction.
Figure 7 illustrates an important aspect of the resultant grain-size dependence, or its absence,
for test results obtained for three grain sizes. The closely spaced curves shown at the foot of
the figure followed results obtained in SHPB tests as matched with the Z-A relationship from
equation (2.1). The encompassing three horizontal lines are the computed deformation twinning
stresses obtained from equation (2.2). The filled square, triangle and inverted triangle points are
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Figure 7. Shock results for Armco iron at different grain sizes. (Online version in colour.)

for the determined HEL stresses. The points show that the HEL corresponds to the onset of
deformation twinning and give reasonable verification of the athermal nature of the twinning
stress. The close proximity of the Z-A slip and H-P twinning stresses at the operative strain
rates is in line with the material being in the region of the ductile-brittle transition as was
referenced above [21]. The nearly vertical dot-and-dashed line, which includes both Arnold [34]
and Swegle & Grady [33] results, has been fitted with equation (4.1) that gives in this case a
value of b®/3 that was matched with a double partial Burgers vector for nucleation of nanoscale
twinning at the shock front [5]. The lack of grain-size dependence for the shock results is explained
by plastic deformation being generated at nanoscale dimensions at the lattice points along the
propagating shock front.

(c) Isentropic compression results for copper

Relatively more recent ICE testing has been developed whereby uniform loading may be
accomplished sufficiently rapidly to achieve stress levels comparable to those generated in
shocks. Such testing presents a different physical situation from that described for shock-induced
deformations. Armstrong et al. [5] have pointed out that the situation for ICE should involve
plastic deformation being largely controlled by the initially resident dislocation density. The
required dislocation velocities do necessitate in this situation the inclusion of dislocation drag
into the predicted strain rate; thus, a modification of the conventional Z-A description for the
thermal stress is obtained in the form

—B1T
ds/dt}] / w2

oTh = Bexp(—BT) |:1 —c { Brom

where v is the dislocation velocity and c is a measure of the drag resistance specified in terms of a
drag coefficient, cp, as
. com? By
pb?

(4.3)
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Figure 8. Comparison of ICE results and drag-modified Z-A prediction for copper.

With t1, = cov/b, then a linear dependence of the thermal stress on strain rate is obtained as

w-(3)(5)

Figure 8 shows a comparison of the predicted dependence of thermal stress on strain rate
and experimental results obtained in quasi-ICE gas gun tests performed on copper [35]. At
these strength levels, the other terms in equation (2.1) can be neglected. The derived value of
co=8x10"*Pasis higher than other measurements reported for co = (1-8) x 10~ Pass for orders
of magnitude smaller strain rates and was attributed to an increase in drag coefficient for the
dislocation velocity when near to the shear wave speed [5].

5. Dislocation pile-up avalanches

One could hardly imagine without presentation of evidence that the H-P grain-size dependence
and dislocation pile-up model proposed for equations (2.1)—(3.1), including the description of
HEL results in figure 7, might also connect with Hopkinson’s concern [6,7] for heat generated
during rapid mechanical loading and leading to subsequent detonation of an energetic material.
However, figure 9 shows a model consideration for the development of intense localized heating
at a pile-up avalanche on breaking through a grain boundary or other suitable obstacle.

In the figure, sequential stages are shown for a local build-up of shear stress and its subsequent
release, as follows: in figure 9a there is an initial formation of a dislocation pile-up of 14
dislocations acting under an effective applied shear stress, t1 = 7,1 — 79, in which z; is the applied
shear stress and tg is the slip plane friction resistance; then at the stage shown in figure 9b,
under an increasing effective stress, 1, reaching a higher critical value of local shear stress
concentration from 1, dislocations bearing on the obstacle; and at ny 7> = %, the obstacle collapses
and the pile-up is released, as indicated in figure 9c. The build-up mechanism and breakthrough
avalanche is matched in figure 94 to a schematic impact pressure curve. Sudden localization of
plastic work and adiabatic heating is promoted in the avalanching process because the released
dislocations are driven by the concentrated shear stress at the pile-up tip [36]. Heavens & Field
[37] had earlier indicated that initiation of detonation was promoted for materials exhibiting
discontinuous loading in drop-weight impact tests.

(a) Initiation of detonation in explosive crystals

The model consideration shown in figure 9 was developed by Armstrong ef al. [38] in an effort to
account for evidence accumulated in the literature of ‘hot spot” temperature rises occurring during

2 753 i ] e



(b) 7,
o
____________ i SN —— S— L
—C
« .

critical stress concentration: 1,7, =‘L'C*
c T
(©) 3 v,oov
_______ o P P PR bl e VBN

1 L—-—IAxl

adiabatic collapse—dlscontmuous load drop

(d)

t
pressure—time curve for 7, 7, and 7

Figure 9. Schematic dislocation pile-up avalanche model for adiabatic heating.

rapid plastic deformation, particularly as would be involved in drop-weight impact testing.
A relationship for the temperature rise, AT, for the mechanism described in figure 7 was obtained
for an explosive material in the expression

K2\ [ 20\
ATZ<167T <c*bK*> / (5.1)

where kg is the H-P shear stress intensity for obstacle collapse, v is dislocation velocity, c*
specific heat at constant volume and K* is thermal conductivity. Very importantly, the temperature
rise is predicted to be greater for a larger grain (or crystal) size. With employment of the
dislocation velocity being thermally activated and the value of stress being dependent on drop-
weight height for 50% probability of initiation, Hsp, a predicted dependence of Hsg on crystal size
was obtained for impact of a loose bed of crystals as [39]

Hsg~ (%ﬁ) log[f{AT, T,...}e~?], (5.2)
0

where 7 is a power exponent for the stress dependence on drop-weight height, Wy = t1,bA*
is a constant and f is the indicated function of AT, T and other lesser variables all multiplied
by the reciprocal square root of the grain or crystal size. In line with equation (5.2), figure 10
gives a compilation of drop-weight impact results showing agreement for a number of high
explosives [40].

In figure 10, RDX is cyclotrimethylenetrinitramine, (CH,—-N-NO,)3, explosives tested at the
Naval Surface Weapons Center (NAVSWC) and at the Naval Weapons Center (NWC), CL-12 is
the molecular compound (NH-Cg—[NO3]4)2, and HNIW is e-hexanitrohexaazaisoisowurtzitane,
known as CL-20. The material science aspects of such explosive materials have been described
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Figure 10. Drop-weight impact results obtained as a function of crystal size.

with particular emphasis given to the reduced sensitivity to mechanical loading predicted
for finer material crystal sizes, whether employed individually or, more often, in composite
formulations [41].

(b) Shear banding in metals

The model consideration for adiabatic heating at a dislocation pile-up avalanche led to a
somewhat different description for the temperature rise, AT, to be expected for pile-up release

in a metal system, as follows [38]:
kgt 2y 2K*
AT 1 . .
= (1671[(* n(c*vb) (5:3)

Again, as for equation (5.1), a greater temperature rise is associated with a larger grain size.
Armstrong & Elban [42] reported a tabulation of temperature rises predicted for a number of
explosives and metals according to equations (5.1) and (5.3). An upper limiting value of kg
was taken as the pile-up shear stress needed to produce a double Burgers vector dislocation.

Such value of kg is known to approximate well to the stress necessary for cleavage fracturing.
In addition, it was noted for equation (5.3) that, except for the dislocation velocity, v, the two
material-sensitive parameters determining AT are in the ratio ks/K*. Figure 11 shows a graph of
ks versus K*, taking v as the shear wave speed for the different metals.

The right-hand ordinate scale in figure 11, when divided by K*, may be seen to give for
ordinate slope values to the individual filled-circle points the computed values of AT. Clearly,
such values are overestimated because of v having been taken as the elastic shear wave speed.
A reduction in v by two orders of magnitude would be more realistic for actual dislocation
velocities and then the values of AT might be taken as more reasonable. Otherwise, the relative
positions of the points for the different metals are in line with experience. For example, evidence
has been presented of a localized molten metal spray produced in shear plugging experiments
performed on Ti6Al4V material that in figure 11 has the highest predicted susceptibility of hot
spot heating [43].
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6. Discussion

Hopkinson, in his seminal 1914 paper [7], added importantly to the topics of impact and
detonation covered in his two earlier publications [2,6]. In [2], Hopkinson begins with discussion
of the elastic impact of ivory (billiard) balls and notes the rapid build-up of higher pressures at
exceedingly small ball separations and thus leading for balls made of mild steel to much higher
plastic flow strengths. Fig. 1 of [2] is a description of the Hertzian elastic contact force between
the impacting ivory balls. It is important to know that the high velocity ball penetration described
here in figure 5 starts with elastic contact between the ball and target. With modern indentation
hardness methods, including nano-indentation hardness testing, the elastic, plastic and cracking
behaviours of materials are usefully probed in order to determine the full loading response of any
material, including elastic/plastic rebound experiments [44].

By means of hardness testing or conventional tension/compression testing, a reasonable
flow stress of copper at ambient temperature and strain rate, say, of approximately 1072571 is
approximately 40 MPa that can be raised as shown in figure 4 to approximately 350 MPa through
strain hardening at a strain rate of approximately 2 x 10*s™!. Figure 6 shows that a higher flow
stress of approximately 3 GPa is reached for shock-induced deformation at a plastic strain rate of
approximately 8 x 10°s~!; and then figure 8 shows a highest flow stress value of approximately
40 GPa is reached at an ICE-determined strain rate of approximately 3 x 10*s~!. The increase in
flow stress by a factor of 1000 is noteworthy. The same is true for comparison of a higher copper
flow stress result obtained as an ICE result at a slower strain rate than the higher one quoted for
the lower shock stress. The different physical situations of shock-induced dislocation generation
as compared with drag-controlled motion of a resident dislocation density explain the relative
standing of the two measurements. The drag coefficient becomes infinite at the shear wave speed.

Figure 12 shows a more recent compilation of shock measurements obtained for copper
material and for which the issue of subsequent movement of an enhanced shock-induced density
of dislocations has been considered [45]. The results of Swegle & Grady [33] from figure 6 have
been added to the figure [46]. The figure also includes a more complete description (on a shear
stress basis) of the Follansbee et al. [25] results at increasing strain values. The observed increase
in strain rate dependence is predicted by equation (4.1) that has been drawn in the figure for
the lower stress SHPB results. Equation (3.1), designated as AAZ, is included in the figure for
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the Swegle and Grady results. The same shock dependence is shown at the several shifted
positions to include the higher strain rates achieved in other cases. The suggestion was put
forward by Armstrong and Zerilli that the greater strain rates, past the Swegle and Grady results,
may be primarily attributed to subsequent movement of dislocations within the higher densities
generated at the shock fronts. A dislocation density of approximately 10'® m~2 was produced in
simulation of both molecular dynamics and X-ray diffraction results on a sub-nanosecond time
scale, thus placing dislocations at approximately 1 nm separation along the shock front [47].

The turn-up in the high strain rate dependence of the flow stress for copper has been reported
also for a number of other materials, most notably in SHPB results reported for Armco iron
material by Ostwaldt et al. [48]. A strain rate equal to 90005~ was achieved in material with
a grain size of 15 um. Again, deformation twinning was found to have occurred and the twinning
structure was reported to have been fragmented at a small dimensional scale by generation of a
high dislocation density. Such twinning has been shown to be relatively more difficult in similar
SHPB and shock tests reported for tantalum material. A similar partial Burgers vector twinning
explanation was given for the fit of equation (4.1) to the shock results [10]. And a tabulation of
Z-A constants for equation (3.1) had been given previously for conventional deformation results
obtained on tantalum, including prediction of the uniform strain leading to tensile instability
[49]. The information was employed by Pappu & Murr [50] to model the shapes of tantalum
material formed into explosively fired projectiles. Agreement has been shown also [50] with
Z-A prediction for an upturn of SHPB results reported for tantalum crystal and polycrystal
materials [51]. Latest measurements reported for aluminium at very high pressures [52] have
been described as well on the same Z-A-type model basis [53].

m-

7. Summary

Bertram Hopkinson deserves much credit for his contributions to starting researches on the
combined topics of high rate loading of materials and better understanding of explosive
detonations. This article gives some indication of how far the topics have progressed during
these past 100 years and provides evidence of the continuing researches. New SHPB systems
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continue to be developed and these systems and other dynamic mechanical testing methods and
model material performance relationships are being extended to ever higher loading rates and
consequent stress levels.
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