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Effect of Metallurgical Parameters on Shear Band
Formation in Low-Carbon (~0.20 Wt Pct) Steels*

MARC A. MEYERS and CRAIG L. WITTMAN

With the objective of establishing the effects of the metallurgical condition on the propensity
to form adiabatic shear bands, low-carbon steels (AISI 1018 and 8620) having widely different
temperability responses were subjected to impact by cylindrical projectiles in the velocity range
of 450 to 1050 m/s. These steels received a variety of mechanical and thermal treatments that
provided a wide range of microstructures and mechanical responses. The propensity for shear
band formation was strongly dependent on the mechanical response. It was measured by count-
ing the length of shear bands per cross section. Microstructural characterization of the bands
revealed that white-etching bands were only observed in the quenched and quenched-and-tempered

conditions.

I. INTRODUCTION

WHEN the rate of work softening due to temperature
increase exceeds the rate of work hardening and strain-
rate hardening in a material undergoing deformation,
plastic strain might concentrate into narrow regions,
loosely termed “adiabatic shear bands.”-! The term
adiabatic is used because only a small amount of the heat
generated by the deformation process is considered to be
transferred to the surrounding area during the ongoing
deformation. While shear bands have been observed in
low strain-rate deformation, the term “adiabatic shear
bands” is reserved for materials deformed at high strain
rates (y > 10*s7).

Failure of materials by adiabatic shear occurs in ma-
chining, punching, forging, high-velocity deformation,
and ballistic impact. This last application is of great im-
portance, since it is known that adiabatic shear is a pre-
cursor to armor and projectile failure. Shear bands have
been reported in copper, brass, aluminum alloys, tita-
nium and its alloys, magnesium, plastics, and most com-
monly, in steels.!!! The thickness of such bands varies
from 0.1 to 100 um.™ These bands are often observed
to etch white with chemical etchants. White-etching shear
bands are commonly observed in quenched and tem-
pered steels. In pearlitic steels, adiabatic shear bands ap-
pear as a highly deformed material. The microstructural
and mechanical features of these bands are reviewed by
Rogers™ and Mescall and Weiss. !

The purpose of this investigation was to determine the
effect of metallurgical parameters on the formation of
shear bands in 0.18 to 0.20 wt pct carbon steels. Selec-
tion of these materials was based on results of previous
researchers in the area of adiabatic shear who have ex-
tensively studied the medium- and high-carbon steels and
who have shown in only a few studies the occurrence of
adiabatic shear in low-carbon steels.
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Bedford et al.'¥ studied a quenched-and-tempered
0.3 pct C steel. Rogers and Shastry!”! determined the
hardness of “transformed” bands in quenched-and-
tempered AISI 1018 and other steels. They found that
the hardness of these bands increased with increasing
carbon content. They attributed these very high hard-
nesses (higher than those obtained by austenitization and
quenching of the steels) to an extreme fine grain size and
supersaturated carbon in the lattice. More recently, Pintat'®
observed adiabatic shear bands in predeformed low-carbon
steel (0.1 pct C). The maximum microhardness was
380 HVH, and the band had the microstructural char-
acteristics of intense plastic deformation (“deformed
band”).

II. EXPERIMENTAL TECHNIQUES

The formation of adiabatic shear bands was studied
using steel targets impacted by cylindrical projectiles at
varying velocities. The recovered targets were sectioned
and observed. Two low-carbon steels with widely dif-
ferent hardenabilities were chosen as targets: AISI 1018
and 8620. These were impacted by a projectile of
AISI W-1 tool steel. Square targets were cut and ma-
chined from commercially available stock material to di-
mensions of 100 X 100 X 12.7 mm. Cylindrical projectiles
were cut from 11.1-mm-diameter round bar stock to a
length of 13.84 mm. A polypropylene sabot, with di-
mensions of 16.4 mm in diameter and 15.5 mm in length,
was used to carry this projectile through the gun tube.
This size was selected from previous researchers’ find-
ings that a one-to-one ratio in projectile diameter-to-target
thickness is best in such a study.™ The tail portion of
the sabot was flared to a diameter of 16.8 mm, produc-
ing a tight seal to the gun tube wall to contain the ex-
plosive gases.

The target materials were subjected to diverse
treatments in order to provide a wide variety of micro-
structures. The objectives of these treatments were to
provide varieties of yield strengths and work-hardening
responses. The microstructural parameters included grain
size variations, martensite, tempered martensite, bainite,
pearlite, and work-hardening (by preshocking).

Eight diverse treatments were given to the target
materials. The AISI 8620 steel has a much greater
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hardenability than does the 1018 steel. Therefore, the
quench and temper treatments were effective on it.

(1) Shocked: Shock loading was used to work harden
the targets without decreasing their thicknesses. A sec-
tion of the 1018 steel plate was shock loaded with 3 mm
of sheet explosive (DETA SHEET™). This was repeated

*DETA SHEET is a trademark of E.I. DuPont de Nemours & Com-
pany, Inc., Wilmington, DE.

for both faces of the plate, ensuring that the entire cross
section was hardened by the shock wave. The
DETA SHEET explosive was detonated remotely with a
blasting cap, and a 25.4-mm-thick steel anvil was used
as a momentum trap to prevent spalling from occurring
in the 1018 steel plate. This procedure was chosen to
work harden the material because grain sizes and micro-
structures are essentially retained while the yield strength
may rise as much as 20 pct using this procedure. The
pressure induced by this process may be estimated using
equations for the grazing incidence of explosive deto-
nation on the surface of a plate; it was determined to be
11 GPa.l'®

(2) 1018 Shock-annealed: 1018 shocked material was
annealed at 750 °C for 15 minutes, producing a small
grain-sized material. This temperature and time condi-
tion was determined by optimizing for minimal grain size
from different heat-treatment schedules. Grain size re-
duction has been shown to occur readily in steels shocked
and recovery-annealed by previous workers.[!!1%

(3) 1018 Normalized: 1018 targets were normalized by
austenitizing at 870 °C for 45 minutes in a commercial
nondecarburizing salt bath and air cooling.

(4) 1018 Annealed: 1018 targets were annealed for
72 hours at 870 °C and cooled at a rate of 10 °C per
hour, which produced a large grain spheroidized structure.
(5) 8620 Annealed: 8620 target plates were austenitized
in vacuum at 870 °C for 6 hours and cooled at a rate of
20 °C per hour, producing a structure with chromium
and molybdenum carbides.

(6) 8620 Austempered: 8620 target plates were austen-
itized at 870 °C for 45 minutes in a commercial non-
decarburizing salt bath, quenched into a 500 °C
nondecarburizing salt bath for a period of 10 minutes,
and then air-cooled. This austempering process produced
a bainitic structure.

(7) 8620 Quenched: 8620 target plates were austenit-
ized at 870 °C for 45 minutes in a commercial nonde-

@

carburizing salt bath and quenched into an 11 pct iced
brine solution, producing a 50 pct martensitic core
structure.

(8) 8620 Quenched-and-tempered 200 °C: 8620 steel
treated identically as in case 7 was tempered at 200 °C
for 1 hour, producing a lightly tempered martensitic core
structure.

(9) 8620 Quenched-and-tempered 400 °C: 8620 steel
treated identically as in case 7 was tempered at 400 °C
for 1 hour, producing a highly tempered martensitic core
structure.

Projectiles were austenitized at 800 °C for 10 minutes
and quenched into water, with subsequent tempering at
200 °C for 2.5 hours, providing added toughness to
maintain shape on impact.

Optical microscopy was performed on all targets prior
to impact. Grain sizes were determined for each of the
conditions by a mean linear intercept method and with
values reported in Table I. Compression specimens were
made from each of the material conditions to a standard
ASTM, medium length, size ratio. This requires that the
diameter-to-length ratio be maintained at 1:3. The spec-
imens were 5.5 mm in diameter and 16.7 mm in length.
These specimens were tested in a MTS 810 hydraulic
testing system. Tests were conducted at strain rates of
9.7 X 107* and 2.5 s™'. Yield strengths, work-hardening,
and strain-rate sensitivities were calculated by standard
methods. These data are reported in Table L.

For the eight heat-treated conditions and the shocked
condition, three separate ballistic impact tests were con-
ducted over a wide range of velocities (450 to 1000
m/s), providing various strain rates on each of the target
conditions,

Projectiles were fired from a 0.60 caliber, 1.52-m long,
smooth bore gun tube fixed to a Mitchell (V-block) mount
(Figure 1(a)). Firing was accomplished by percussion of
a mechanical hammer fixed to a 20-mm breach at the
end of the gun tube. Targets were positioned 90 deg to
the gun tube and at a distance of 35.5 mm with two “C”
clamps. Directly behind the target, a fiberboard recovery
pack was placed to catch any possible exiting projectile
and spall plug (Figure 1(a)). Improved Military Rifle
(IMR) 4895 powder of mixed lots was used to accelerate
the projectile and sabot. The powder was measured into
a 20-mm short case brass cartridge and seated with three
tissue wads. The amount of propellant used in each test
was dependent on the desired velocity. Impact velocities

Table . Material Parameters
Yield Strength (MPa) Strain-Rate
“Dynamic” “Static”  Grain Size  Brinell — Work-Hardening  Sensitivity
Material and Condition 2.5sH 1077 s™H (pm) Hardness Rate (n) (m)

8620 quenched 1,393 1,292 — 426 0.12 0.010
8620 quenched and tempered 200 °C 1,361 1,245 — 404 0.18 0.011
8620 quenched and tempered 400 °C 1,357 1,224 — 352 0.19 0.013
8620 ausquenched 1,057 646 — 290 0.18 0.063
8620 annealed 430 358 27.8 243 0.24 0.024
1018 shocked 717 664 15.5 270 0.15 0.016
1018 shock-annealed 474 358 11.2 240 0.20 0.036
1018 normalized 444 346 18.1 250 0.22 0.032
1018 annealed 350 238 66.2 240 0.26 0.049
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Fig. 1— Schematic of impact system showing the location of the X-ray
tubes and reference wires. (b) The low-temperature ballistic test setup,
indicating the location of the grid, target, and container to hold the
liquid nitrogen.

were measured from flash X-ray images of the projectile
in flight. A HEWLETT PACKARD,* three-channel,

*HEWLETT-PACKARD is a trademark of Hewlett-Packard Com-
pany, Colorado Springs, CO.

105-KV X-ray system was used to perform this. This
procedure is described by Grebe ez al.!'?!

To study the effect of temperature on the propensity
to produce shear bands, targets were cooled to liquid ni-
trogen temperature. This was accomplished by encasing
the target into a foam-insulated container filled with lig-
uid nitrogen (Figure 1(b)). This was then allowed to set
for 20 minutes, ensuring that the target was completely
cooled. The projectile was fired through the wall of the
container into the target.

IIi. RESULTS AND DISCUSSION

After impact, the targets were cross-sectioned both
perpendicular and parallel to the rolling direction. A total
of 32 ballistic tests were conducted. As a result, shear
bands were formed in each of the material conditions
(Figure 2). For some of these conditions, higher veloc-

METALLURGICAL TRANSACTIONS A

Fig. 2— Shear bands formed in the various ballistic tests: (a) AISI 8620
quenched, (b) AISI 8620 quenched and tempered at 200 °C,
(c) AISI 8620 quenched and tempered at 400 °C, (d) AISI 8620 aus-
quenched, (¢) W-1 quenched and tempered, (f) AISI 8620 annealed,
(g) AISI 1018 normalized, (k) AISI 1018 shocked, (i) AISI 1018 shock-
annealed, and (j) AISI 1018 annealed (strain rate = 10°s™' for all
conditions).

ities were required than for other conditions. The density
of shear bands was also sharply dependent on the met-
allurgical condition. The right-hand side shows “de-
formed” bands; the left-hand side shows “transformed”
bands. The latter formed only in the martensitic and
bainitic structures.

A. Penetration and Damage Measurements

Penetration was measured from the surface of the plate
to the deepest portion of the crater (see sketch in Figure 5).
When complete plugging had occurred, the penetration
was recorded as 12.7 mm, the thickness of the target.
Plots of the penetration vs impact velocity are presented
in Figure 3. A normalized plot was drawn using the ki-
netic energy of the projectile divided by the dynamic yield
stress of the target material as the abscissa (Figure 4).
This shows an increase in penetration with increasing
normalized kinetic energy (Figure 4). There seems to be
a linear relationship between penetration depth and the
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Fig. 4—Plot of normalized kinetic energy vs penetration for all of the room-temperature ballistic tests.

normalized kinetic energy. A linear regression provided
the following equation:

Penetration depth = 0.91[-!;] +1.6
U)’
where J is the kinetic energy and a;’ is the dynamic yield
stress of the target. One can, however, observe a con-
siderable spread in data due, in part, to the important
role played by shear bands in the penetration process.
The correlation of ballistic data with the kinetic energy
of projectiles dates back to de Marre!' and has been
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pursued to different levels of complexity by a number of
investigators.!15-16]

From the measured impact velocities, the pressure due
to the impact was calculated using the impedance match-
ing Hugoniot method.!”!

B. General Observation

A generalized schematic of the phenomena observed
in impacted targets is shown in Figure 5.1"® Ridges were
observed on the surfaces of the crater. These are devel-
oped by the deterioration of the projectile as it travels

METALLURGICAL TRANSACTIONS A
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Fig. 5— Generalized schematic of damage expected to be present on
impacted targets {adapted from Reference 16).

into the target. Shear cracks are observed at the inter-
section of the target and the corner of the projectile. These
are often parallel to the direction of impact and are pre-
ceded by shear bands. Spalling occurred in most samples
approximately 2 mm from the rear surface of the target;
this is due to the reflection of the shock wave at the free
surface. Shear bands were often observed to occur be-
tween the voids of the spall and between the outermost
edges of the spall and the back surface of the target.
Most importantly, shear bands were observed just inside
of the impacted region. The region adjoining the im-
pacted surface often etched dark, which is due to a phase
transformation to hexagonal close-packed martensite that
occurs at pressures above 13 GPa.l')

The various phenomena identified in the schematic of
Figure S were present in the sectioned targets. Figure 6
shows the AISI 8620 quenched series impacted at vary-
ing velocities. Figure 6(a) indicates the very small amount
of deformation which was produced from impact at
570 m/s. A larger amount of deformation is produced
from impact at 756 m/s (Figure 6(b)), which shows the
dark-etching region near the target projectile interface.
Figure 6(c) shows a significant amount of shear banding
and spalling, produced from impacting at 926 m/s. Shear
bands precede the shear cracks, and near the impact sur-
face, these cracks are intersected by other shear bands.
Bands are also observed at the impacted surface.

Comparison of the various amounts and types of dam-
age produced by ballistic impact at a similar penetration
depth is shown in Figure 7. Figure 7(a) shows that
AISI 8620 quenched and tempered at 200 °C and im-
pacted at 986 m/s exhibits the same damage as the
AISI 8620 quenched-impacted at 926 m/s (Figure 6(c)).
Spalling is observed, with shearing initiating between the
spalled region and the back of the target. Similar shear
cracks preceded by shear bands are also observed. An
equivalent amount of penetration was produced in
AISI 1018 normalized steel impacted at 810 m/s
(Figure 7(b)). No shear bands are seen, and the amount
of spall separation exceeds the other two conditions. This
is indicative of the higher fracture strength and shear band
propensity of quenched-and-tempered 8620 as compared

METALLURGICAL TRANSACTIONS A

(b)

©

Fig. 6—Cross sections of the AISI 8620 quenched series: (a) impacted
at 570 m/s, (b) impacted at 765 m/s, and {c) impacted at 926 m/s.
(Shear band highlighted by dashed line.)

to normalized 1018. Shear banding and fracturing of the
projectile are also well represented in this micrograph.
Figure 7(c) shows AISI 1018 shocked steel impacted at
715 m/s. Shear bands were only found to have occurred
between the spall cracks and voids. Previous spalling of
the material, due to the preshock loading, is also indi-
cated in this figure by the arrows. Once again, the band-
ing and fracturing of the projectile are well represented
in this micrograph.

The back side of the 1018 normalized targets exhibited
a spiral pattern (Figure 8). This pattern is a result of tra-
jectories of maximum shear stress removing the oxide
surface.?%2!! These travel in a logarithmic spiral pattern
through the target plate. If the material exhibits a yield
drop (Luders band behavior), plastic deformation will be
discontinuous along these surfaces of maximum shear.
The spiral patterns shown in Figure 8 represent the inter-
section of these surfaces with the back surface of the
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Fig. 7—Cross sections of targets with similar penetration depth:
(a) AISI 8620 quenched and tempered at 200 °C impacted at
986 m/s (shear band highlighted by dashed line), (b) AISI 1018
normalized-impacted at 810 m/s, and (¢) AISI 1018 shocked and im-
pacted at 715 m/s.

target. They are indicative of nonuniform plastic defor-
mation that could lead to shear instabilities.

The low-temperature ballistic tests did not produce any
shear bands at all. No significant plastic deformation was
imparted to material, and thus, no shear banding was
observed. These targets failed through brittle fracture
produced by the reflection of the compressive wave at
the back surface (Figure 9). This failure is analogous to
failure of unsupported ceramics; the damage character-
istics are essentially identical to those observed by Field®!
in glasses and ceramics. The conoid that is produced and
the radial cracks are similar, in all respects, to ceramic
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20 m

Fig. 8 —Macrograph of the removal of oxide by the shear stress spirals.

fracture. Figure 9(b) shows, schematically, the failure
mode. The conical fracture is produced by a combination
of Hertzian stresses close to impact and tensile reflec-
tions, while the radial cracks are produced by bending
of the plate. Recent research by Field® and Mescall®!
yields similar results. Confined ceramics, in which the
tensile stresses due to reflection and bending stresses are
eliminated, undergo radically different failure modes under
impact. One could speculate that the same holds true for
steel. The circular fracturing of the back face of the tar-
get is produced by the formation of a spalled conoid.
The fracture surface from this spalled region was of a
cleavage mode. This was true for all three conditions:
shock-annealed 1018, 8620 quenched, and 8620 quenched
and tempered at 200 °C.

Plugging of the targets occurred in all of the pearlitic
structures exposed to the high-velocity impact range. A
micrograph of the spall (Figure 10(a)) indicates that the
material failed through ductile tearing in the spall region.
The sheared region between the spall and the rear target
surface exhibits a brittle fracture surface (Figure 10(b)).
The plug surface created by the projectile punching
through the entire thickness of the target is presented in
Figure 10(c). The plugging possibly produced some local
melting, and the failure mechanism in this region was
ductile shearing.

C. Optical Microscopy

Shear bands observed in the targets varied in location
from the expected banding near the impact surface to
shear banding between spall cracks. Observation of a
“deformed” region at high magnification revealed that
the central portion is highly deformed. On the left side
of this shear band, a small crack may be observed
(Figure 11); the material is 1018 shocked steel. This small

METALLURGICAL TRANSACTIONS A
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Fig. 9— (a) Macrograph showing the spalled region of AISI 1018 shock-annealed target tested at low temperatures (77 K). Note the conical spall
removed from the plate. (b) Schematic showing formation of conoid by combination of Hertzian contact stresses and tensile reflected stresses.

impact Direction

Fracture Face

i
25 um
Fig. 10— Scanning electron micrographs of (a) spall surface in 1018

shock-impacted at room temperature, (b) region between the spall and
the rear face of the target, and (c) plugging surface.
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crack is thought to have been produced in the initial shock
loading and not by ballistic impact.

Near the tip of a band in 1018 normalized steel, the
differences in displacement may be observed (Figure 12).
In the left-hand side, the material is deformed to a much
greater degree than the right side. The internal structure
of the band may be seen to be very laminar. The darker
regions are highly deformed pearlite and the lighter re-
gions deformed ferrite. The occurrence of the brittle
pearlite in such a highly deformed state would indicate
that a large amount of fracturing of the cementite car-
bides has taken place.

The band observed (Figure 13) in the 8620 aus-
quenched steel is illustrative of the processes taking place;
both white- and dark-etching regions are found in the
shear band. This effect is thought to be due to differ-
ences in shear strain. Three smaller, secondary bands are
seen to converge toward the principal band. This mor-
phology is consistent with the mechanism for shear band
nucleation proposed by Wittman et al.? The bands nu-
cleate in regions of enhanced plastic deformation, in which
the martensitic lamellae align themselves along the flow
direction, producing a “geometric” softening. These are
incipient bands that develop into full-fledged bands under
continued strain. Other bands in the 8620 ausquenched
steel were observed near the lip of the impact crater
(Figure 14). The cross section is parallel to the rolling
direction, hence, the texturing of the matrix material.
These bands intersect the texture patterns and indicate
the amount of displacement of the shear. It is possible
to calculate the shear strain associated with these bands
by dividing the displacement (distance between texture
marks) by the thickness of the band. These are indicated
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Fig. 12—Tip of band in AISI 1018 normalized steel.

Fig. 13— Shear band in AISI 8620 ausquenched steel. The arrows indicate the regions in which a change from white-etching to dark-etching is
observed.
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Fig. 14— Shear bands near the lip of a crater in AISI 8620 ausguenched steel: (@) note the large displacement as evidenced by the rolling texture;
(b) “X” indicates the amount of displacement and “¢” the width of the band for the shear strain calculation.

by “¢” and “X” in Figure 14, respectively. The shear
strain is found to be equal to 27.5. This then leads to an
approximation of the minimum strain rate by dividing
the amount of strain by the duration of impact. The du-
ration of impact may be calculated from the approxi-

mation that the kinetic energy decreases linearly, and thus,
velocity decreases with the square root of time. For this
ballistic test, the duration of impact was 15.5 ms, which
results in a minimum strain rate of 1.77 x 10°s™" for
this region.

Fig. 15— White-etching shear band in the AISI 8620 (@) quenched and tempered at 400 °C, (b} quenched and tempered at 200 °C, and (¢) quenched.

Table II. Shear Band Densities (Total Measured Length in a Cross Section)

Velocity of Total Length {mm)
Material and Condition Impact (m/s) Parallel Perpendicular
1018 shocked 715 — 0.35
1018 shock-annealed 926 2.54 —
1018 normalized 807 3.66 —
1018 annealed 786 e 1.31
953 — 1.40
8620 annealed 978 4.20 —
8620 ausquenched 957 2.00 6.53
8620 quenched 926 7.74 17.07
8620 quenched and tempered 200 °C 986 15.26 14.13
719 0.66 1.47
561 —— 0.62
8620 quenched and tempered 400 °C 581 — 0.73
790 — 3.57
1012 17.34 17.53

METALLURGICAL TRANSACTIONS A
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Fig. 16— Microhardness traverses of the material conditions that produced shear bands.
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Table IIl.

Critical Microhardness Values for the Shear Bands Observed

Shear Band Matrix

Material and Condition Average High Low Average High Low
1018 shocked no readings obtainable in shear band
1018 shock-annealed no readings obtainable in shear band
1018 normalized 481 506 438 405 506 325
1018 annealed 318 322 311 299 324 277
8620 annealed 529 564 506 375 470 293
8620 ausquenched 706 715 696 586 617 542
8620 quenched 825 871 784 670 776 607
8620 quenched and tempered 200 °C 700 715 684 649 735 578
8620 quenched and tempered 400 °C 704 721 690 568 607 534

*All values reported were obtained using a Knoop indenter with a load of 25 g for 15 seconds. Averages are results of five readings taken at
, 2 2

each location.

Shear bands in the quenched and quenched-and-
tempered AISI 8620 steels exhibited the classic white-
etching microstructure (Figure 15). The boundary
between the band and the matrix is not well defined, and
the band path is very straight through the sample, with
bifurcation often observed.

Quantitatively, the material most susceptible to shear
banding was the 8620 steel quenched and tempered at
400 °C. This was established by measuring the total length
of the shear bands in the cross sections made parallel
and perpendicular to the rolling direction. In the case of
the parallel cross section, only one-half of the cross sec-
tion could be observed. The measured value was mul-
tiplied by 2 to compare for dependencies on rolling
direction. These values are reported in Table II and in-
dicate that in the highest velocity range (850 to 1050
m/s), shear bands were found in all of the samples. The
results indicate that there may be a greater tendency for
shear localization in the planes parallel to the rolling di-
rection in pearlitic steels than for planes perpendicular
to it. Conversely, in the quenched steels, more banding
existed perpendicular to the rolling direction.

D. Microhardness

Microhardness traverses of the shear bands are pre-
sented in Figure 16, with the critical data presented in
Table III. The hardnesses of the shear bands were found
to be independent of impact velocity. Microhardness
traverses of bands in the quenched steels produced al-
most identical results from one impact velocity to an-
other. The results for the quenched 8620 steels indicate
that for both the tempered and the ausquenched struc-
tures, the hardnesses of the bands were almost identical,
while the matrix microstructure hardness varied consid-
erably. This is consistent with earlier results obtained by
Rogers and Shastry.”” They found that the hardness in-
side transformed bands was a function of carbon content.
For a 1018 steel, they found a hardness of ~900 KHN,
slightly higher than the hardness obtained in the current
study (700 to 800 KHN). The hardnesses of bands in
annealed and normalized conditions were much lower
and varied considerably. Traverses in the pearlitic struc-
tures were more difficult to obtain due to the presence
of small microcracks in the bands occurring in the 1018
shocked and 1018 shock-annealed. The indentation was
greatly affected by the crack, giving erroneous results.
Thus, these traverses are not reported.
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It is significant that all but one of the traverses reports
an increase in hardness of the band. For the pearlitic
steels, this is due to work hardening of the shear local-
ized region. For the white-etching bands, it may be due
to work hardening but may also be a result of structural
alterations in the shear band.

IV. CONCLUSIONS

The ballistic impact tests showed that white-etching
shear bands occur only in the quenched microstructures.
If these bands were due to a phase transformation, they
would also form in the shocked and ausquenched ma-
terial that exhibits a reasonably high strength. The pen-
etration resistance of the bainitic microstructure was
equivalent to that of the martensitic structures. Hardness
traverses of the shear bands in most cases indicated a
rise in hardness in the band region. In following the pos-
tulation that the white etching of the bands is not nec-
essarily due to a transformation, this hardness rise may
be explained as due to a very fine microstructure with
supersaturated carbon concentration. The earlier work
by Rogers* and Rogers and Shastry!” clearly indicates
that the hardness of the “transformed” bands is a direct
function of carbon concentration. In a companion paper,®”
it is shown that the structure of the shear band in an
AISI 4340 steel (at a strain of 4.9) consists of the same
body-centered tetragonal structure as the matrix, with
carbides either redissolved or on a much smaller scale;
another feature is that the martensite laths are broken
down by plastic deformation and replaced by a micro-
crystalline structure.®? The results obtained by Wittman
et al.® are in accord with the carbide dissolution model
proposed by Jones and Sturges.’™ The latter investiga-
tors proposed that the white-etching bands form because
the dissolution of carbides changes the etching charac-
teristics of the structure. This is consistent with the for-
mation of these white-etching zones exclusively in the
quenched and quenched-and-tempered conditions in the
present investigation. This type of shear band is classi-
fied by Timothy™ as “transformed.” By manipulating
the microstructure, as was done, the investigation de-
scribed herein can produce either “deformed” or “trans-
formed” shear bands, and therefore, the simple thermal
diffusivity vs critical strain (and strain rate) plots of
Timothy are not truly representative of the effects. Ac-
cording to Timothy®! (Figure 4(b)), the strain rate of
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1.77 x 10°s™" calculated in this investigation would
produce “deformed” bands in the 1020 steel. However,
8620 steel, with the same thermal diffusivity, produced
“transformed” bands. The formation of shear bands is a
complex phenomenon involving strain hardening, ther-
mal softening, and strain-rate hardening, and in which
heat transfer plays a major role. The final micro-
structures observed have to be regarded with caution,
and the extent and distribution of strain localization, shear
band thickness, and postdeformation microstructures are
the result of the interaction among the above parameters.
The mechanical aspects of shear band formation have to
be considered, and treatments such as Molinari’s and
Clifton’s, Wright’s,?”) Wright and Walter’s,”?® and
Marchand and Duffy’s'® are essential to the overall
understanding, because they lead to the prediction of strain
localization, shear band thicknesses, and thermal excur-
sion that determine the postdeformation microstructures.
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