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ABSTRACT

At increased tensile strain rates or decreased test temperatures,
face-centered-cubic (fee) metals show an increased uniform strain
to the maximum load point, in contrast to the decreased uniform
strain behavior exhibited by body-centered-cubic (bec) metals under
the same conditions. The opposite tensile plastic instability
behaviors of the two structure-types are explained on a thermal
activation/strain rate analysis (TASRA) basis in terms of strain-
dependent dislocation "forest" intersections controlling the fee
thermal component of stress as compared with a strain-independent
intrinsic Peierls stress for individual dislocations being
responsible for the relatively larger bec thermal component of
stress. Bec metals are differentiated from fee metals, also, by
showing an initial discontinuous yield point behavior that is
increasingly pronounced as the polycrystal grain size is smaller.
The yield point behavior is explained by the breakthroughs at grain
boundaries of blocked dislocation pile-ups in slip bands. The
behavior is gauged by the microstructural stress intensity value
determined from the dependence of yield stress on the reciprocal
square root of the average polycrystal grain diameter. Substantial
temperature rises are calculated on a dislocation pile-up avalanche
basis for this instability behavior in metallic, ionic, and
energetic (explosive) materials.

Microstructures and Dislocation Pile-Ups

Figure 1 relates to a number of grain morphology and dislocation
modeling considerations (1-4). RSaumur, in 1722, and Grignon,
fifty-three years later in 1775, reported from observing iron
cleavage facet reflections on fractured steel specimens that
improved mechanical properties were obtained with finer grained
microstructures (1). The topology of grain structures composing a
polycrystalline aggregate remains a subject of interest to
researchers today, for one reason because the dislocation slip and
deformation twinning mechanisms responsible for permanent
.deformation and fracturing are tied to the crystal axes within an
individual grain (2) and are limited in movement to the areal
extent of planes confined within the grain perimeter (3) . A recent
consideration has involved the role of dislocation pile-ups in
effecting a transition from ductile fracturing to cleavage
initiation at particle clumps in structural steel materials (4).

Discontinuous load drops obtained in titanium (5) and steel (6)
materials tested at liquid helium temperature are shown in Figure
2. The load drops are attributed to deformation twinning "bursts"
that were initiated at micro-slip dislocation pile-ups. Figure 3



gives a sampling of mathematical descriptions of dislocation pile-
up behavior, including static and dynamic considerations. The
yield and flow strength/microstructural consequences of the pile-up
description of slip band behavior have been reviewed (7) . Figure
4 relates to the predicted dependence of yield and fracture
strength on reciprocal square root of interlamellar spacing for
unidirectionally-solidified intermetallic compound materials
designed for use in gas turbine engines. The low values of
fracture strain preceding fracture at ambient temperature are
attributed to the relatively large value of the microstructural
stress intensity determined from the slope dependence that is
shown. The experimental slope value is near to the computed
theoretical limit for brittle fracturing.

The Thermal Activation/Strain Rate Analysis (TASRA)

Zener and Hollomon (8) described the coupled temperature and strain
rate dependence of the flow stresses of various steel materials in
their pioneering investigation of shear banding produced by a
blunt-edged punch. Zerilli and Armstrong (9) have given a
dislocation mechanics description of the thermally-activated flow
stress behavior for steel and related body-centered-cubic (bcc)
metals as compared with the quite different behavior exhibited by
face-centered-cubic (fee) metals such as copper. The TASRA
equations, including the strain rate dependent activation area
expression, are combined with the Hall-Petch stress/grain size
equation in Figure 5 as applicable to the bcc and fee cases. The
bcc case involves a strain-independent TASRA description of the
Peierls friction stress for individual dislocation motion as
compared with strain-dependent dislocation "forest" intersections
controlling the thermal friction stress in the fee case.

The fee flow stress equation is shown again in Figure 6 that also
includes experimental results obtained on copper over a range of
temperatures, strain rate and grain size by Carreker and Hibbard
(10) . The increased temperature dependence of the tensile strength
over that of the yield stress, at all grain sizes, and the strain
rate dependence of the flow stress at two grain sizes is in
agreement with the combined TASRA and grain size prediction, in
this case including a TASRA contribution to the microstructural
stress intensity. Figure 7 shows counterpart temperature and
strain rate measurements reported by Marchand and Duffy (11) for a
structural steel. The roughly parallel shift of the flow stress
curves at different temperatures, for a strain rate of 1000 per
second, and at different strains are in agreement with the bcc
constitutive equation. Both equations have been usefully applied
to predicting independent measurements of the full deformation
shapes of solid cylinders impacted onto essentially rigid targets.

Plastic Instability for BCC and FCC Metals

The plastic instability property of the bcc and fee equations has
been analyzed from the viewpoint of obtaining material constants
for the strain hardening behavior from reference tests and



comparing the maximum load point strain conditions for the two
structure types. Figure 8 shows the form of the equations from
which the effects of temperature and, implicitly, of strain rate
produce opposite influences on the uniform strain to the maximum
load point for bcc and fee structures (12) .

Figures 9 and 10 show an example of reference experimental and
fitted stress/strain curves for tantalum material, including the
maximum load point strain dependence that has been described (13).
The constitutive equation constants were employed then to compute
the solid cylinder impact results that are shown to be in agreement
with experiment in Figure 11. The opposite dependencies predicted
for bcc tantalum and Armco iron as compared with fee copper are
shown in Figure 12. Petch and Armstrong (14) have given a
tabulation of measurements for various metals and alloys showing
agreement with these results. Thus, this average constitutive
equation description of strain rate and temperature influences on
the deformation behavior of bcc and fee metals indicates on a
uniform strain to the maximum load point basis that the former
structure type should be relatively shear band prone.

Dislocation Pile-Up Initiation of Shear Banding?

The discontinuous yield point behavior of steel that is associated
with the propagation of Luders' bands was noted in the pioneering
work of Zener and Hollomon (8) . Petch (15) has given a recent
review of the behavior that is increasingly pronounced as the
polycrystal grain size is smaller, reflecting the increasing
importance of dislocation pile-ups and the microstructural stress
intensity term in the Hall-Petch polycrystal flow stress equation.
Armstrong, Coffey and Elban (16) have proposed that very
appreciable heating can occur locally when individual dislocation
pile-ups are released from their blocking obstacles, particularly
at stress intensity values near to the theoretical limit for
cracking.

The model for this behavior is indicated in Figure 13 along with an
equation for the limiting temperature rise that could be expected.
In this case, the ratio of the microstructural stress intensity and
the thermal conductivity provides an index of a material
susceptibility to such heating (17). The results on discontinuous
load drops shown in Figure 2 seem in line with the proposed
behavior. New results obtained on shear banding in Ti6A14V alloy,
as indicated in Figure 14, show it to be even more sensitive to
shear banding than titanium (18). Current research involves the
application of this proposal to understanding the drop-weight
impact sensitivity of energetic (explosive) crystals where an
effect of crystal size as shown in Figure 15 has been accounted for
on a dislocation pile-up avalanche basis (19,20).
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TENSILE DEFORMATION OF HIGH-PURITY COPPER AS A FUNCTION
OF TEMPERATURE, STRAIN RATE, AND GRAIN SIZE
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Tensile strength of copper as a function of
temperature for each of several grain sizes.
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ADIABATIC HEATING AT A DISLOCATION
PILE-UP AVALANCHE

R. W. ARMSTRONGS C. S. COFFEY and W. L. ELBAN
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IMPACT SENSITIVITY vs. PARTICLE SIZE FOR RDX

AND OCTANITROBENZIDINE (CL-12)

3 flMfl2 Q135S CKAJ

150

100
80

60

E 40
u
6
tnc

20

10

5

-

-

nox

-

-

I

A - 2

s

i

RDX COMPRESSED
AT 15.000 PSI

I 1 1

o^

1 1 1

10 20 40 60 100 200
AVERAGE PARTICLE SIZE, pm

400

A.T. NIELSEN, Working Group Meeting on Sensitivity of Explosives, CETR, New Mexico
Tech, 1987, pp. 256-276.

Crystal size dependence for impact initiation £ a " £ C ? v . F. DeVost

of cyciotrimethyienetrinitramine explosive w. L Eiban
J. Appl. Phys. 68 (3), 1 August 1990 979

500

200 -

100 -

" 50 -

20 -

10 -

0.5 1.0 2.0

-

• Pr
Jy / H50, INITIATION

7 P / vs (CRYSTAL

I I I I I i i I I I I I I I

RDX -
/ NAVSWC _

^^CL-12
NWC I

•

NWC
m

SIZE.!)"1 '2 1

1 I t

5.0 10
I" 1 ' 2 , mm"1'2

20 50

RDX :

CL-12 :


