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INTRODUCTION e

Adiabatic shear bands have been previously studied because of their importance both in
metal working operations (such as turning, reaming, punching, and forging) and in other pro-
cesses at high strain rates (such as armor and projectile failure, and explosive forming). An
adiabatic shear band consists of a narrow region of concentrated strain where the strain rate
is sufficient to preclude significant heat transfer away from the sheared region. The material
within the band experiences both significant increases in temperature and a large accumulated
strain. In steels, two types.of adiabatic bands have been distinguished using optical metallogra-
phy: the “transformed” type which etches white using nital, and the “deformed” type which
etches dark. The term “transformed” was originally used to suggest that the phase transforma-
tion from a (ferrite) to y (austenite) had taken place within the band during shearing, though
many investigations have failed to provide conclusive evidence that a phase transformation is
necessary to produce a white etching or “transformed” band. However, because of common
usage, this notation will be adhered to until conclusive evidence to the contrary is found.

This research program is aimed at studying the microstructural and mechanistic evolution
of adiabatic shear bands in high-strength steels. Specifically, the deformation processes and
their relation to controlled microstructural constituents (carbides) have been examined through
the use of optical microscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). This paper examines the applicability of our testing techniques to study
initiation mechanisms and presents some preliminary observations.

EXPERIMENTAL PROCEDURE

In order to study the effects of microstructure on adiabatic shear initiation, both the microstruc-
ture and the shear deformation must be controlled. The microstructures of VAR 4340 steel used
in the present study have been previously characterized by Cowic et al.'?  The controlled variable
is the size and distribution of the carbides present in the tempered martensitic microstructure with-
out changing the material’s hardness (Rc52). This is accomplished by using different normalizing
temperatures (845°C, 925°C, 1010°C, or 1090°C for two hours) to produce each microstructure.
The range of possible grain refining carbide phases are redissolved and/or coarsened to differing
degrees at each normalizing temperature. These carbide distributions do not change during the
final, short duration austenitization treatment at 845°C for 15 minutes (oil quenched). This is fol-
lowed by a 200°C temper for two hours. This produces microstructures with constant prior austen
ite grain size (ASTM 12) and hardness but with different carbide distributions.

The controlled initiation and propagation of shear bands occurred during split Hopkinson compres-
sion bar testing using the experimental technique of Meyer et al>* with a hat-shaped specimen. The
experimental arrangement, schematic stress history, and sample geometry are shown in Figure 1. Using
this type of test, it is possible to study microstructure changes just before and after the initiation of the
bands. A 19 mm (0.750 in.) diameter Hopkinson bar was utilized, with a 152 mm (6 in.) long striker
traveling at a velocity of 18.3 m/s. Shear strain rates from 10° to 3 x 10° s™! are obtained.

1. COWIE, J1. G. The Influence of Second Phase Du?em ions on Shear Instability and Fracture Tou&mm of Ultrahigh Strength 4340 Steel. U.S.
Government Report, (5,.8. Arm){ Materials Technology Laboratory, Watcnozn, MA, MTL TR 89-20, N{arch 19§g. g

AZRIN, M., COWIE, J. G., and OLSON, G. B. Shear Immbih:?' Mechanisms in High Hardness Steel. U.S. Government Report, U.S. Army

Materials Technology Laboratory, Watertown, MA, MTL TR 87-2, January 1987.

. HARTMAN, K. H., KUNZE, H. D., and MEYER, L. W. Metallurgical Effects on Impact Loaded Materials. in Shock Waves and High-

Strain-Rate Phenomena in Metals, M. A. Meyers and L. E. Murr, Eds., Plenum Press, New York, 1981.

MEYER, L. W., and MANWARING, S. Critical Adiabatic Shear Strength of I.ow Alloyed Stcel Under Compressive Loading in Metallurgical

ﬁppli&lign l09I8‘S;hock-Wavc and High-Strain-Rate Phenomena, L. E. Murr, K. P. Staudhammer, M. A. Meyers, eds., Marcel Dekker, Inc.,
ew York, .

> oW



Input Bar Output Bar

)
saer | IS &S
1/4° diameter /
0.020" thick
112 hard OFHC Moo Transmitied
Cu pulse pulse
[+
ts
side cutaway
1 9.52 1
| ]
cylindrical [
sample in cross
section ﬁrz::sions

11.81

19.05

Figure 1. Hopkinson bar with experimental configuration
and schematic stress history (a) and “hat” specimen geometry
(b) developed by Meyer et al. (see References 3,4).

Initial tests using this apparatus showed that ringing effects altered results during sample
failure. To eliminate this problem, a small copper disc (6.35 mm diameter and 0.5 mm thick-
ness) is placed in between the striker bar and the input bar. This creates a trapezoidal
(ramped) shaped input wave and eliminates the ringing. Pulse shaping of this kind has been
utilized for dynamic testing of ceramics.” Stress and displacement measurements were calcu-
lated from the transmitted and reflected elastic waves in the bars. In order to control the
degree of deformation introduced, stop rings are placed around the small cylinder of the

5. RAVICHANDRAN, G., and NEMAT-NASSER, S. Micromechanics of Dynamic Fracturing of Ceramic Cor:%m'u:s: Experiments and
Observations. Proceedings of the 1CF-7, Texas, March 20-24, 1989, Advances in Fracture Research, v. 1, 1989, p. 4-48.



“hat”. With a range of stop ring lengths, it is possible to halt the shearing process at diffcr-
ent stages of plastic deformation. From these interrupted samples, metallographic, SEM, and

TEM specimens were produced enabling the observation of microstructure-deformation interac-
tions and the development of bands.

TEM samples of the sheared regions were made by mechanically thinning the matcrial to
a thickness of less than 0.125 mm. Three millimeter discs were abrasively cut from the
thinncd material using a slurry disc cutter. The foils were clectropolished in a 5% pcrchloric,
95% methanol solution at -20°C and 50 V. The shear band region polished preferentially but
produced insufficient electron transparent regions. Ion milling at 15% impact angle and 4 kV
was used to further thin the specimens for TEM examination. Both a 300 kV Philips CM-30
and a JEOL 200 CX electron microscope were used.

RESULTS

Shear bands are easily produced in the hat specimens. Figures 2a and 2b show shear
band development using optical microscopy in typical samples. The shear bands etch whitc in
nital, typical of the “transformed” band type. Figure 2b shows the deformation zonc bcelore
the “transformation” bands have formed in a sample with intcrrupted deformation.

Some specimens undergoing larger displacements with full shear band delormation olten
exhibited cracks along the shear bands; these cracks along shear bands are common. Since
their orientation with the original imposed shearing dircction (sce Figurc 3) would close the
cracks and not open them, it is concluded that the cracks must have formed after the
removal of the imposed shear stresses. It is also indicative of the incrcased hardness usually
associated with the shear band material after testing.

A Lypical stress-time diagram obtained by these tests is shown in Figure 4a, along with
the velocity of the input bar in Figure 4b; this sample was normalized at 845°C. Alter the
sample reached its ultimate shearing strength (instability stress), the load drops until the stop-
per ring is impacted at about 275 us. Note also that the velocity of the input bar remains
smoothly increasing at a moderate rate (from 4.4 m/s to 5.6 m/s) throughout the regimc of
intcrest (260 us to 265 us), during which the sample transitions from elastic deformation to
stable plastic flow to unstable plastic flow. An average displacement rate of 5.1 m/s was uscd
to calculate the average strain rate of these tests.

Using the above mentioned displacement rate and the unilorm deformation zone width
cstimated [rom Figure 2b (S0 #m), a strain ratc belore shear band formation of y = 101 x
10° 5! can be derived. The strain rate alter shear band formation can be approximated il
onc assumes that only the material within the shear band continues to deform and rcmains at
constant width; however, we have observed some widening of shear bands as shearing has pro-
gressed.  Using a shear band width of 9 um (sec Figure 2b), a strain ratc of y =
5.64 x 10° s”! in the shear band is calculated.



Figure 2a. Optical micrographs of shear bands produced using this sample geometry.
Samples were from the microstructure normalized at 845°C.
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. Figure 3. Tension cracks produced in the specimens upon unioading.
Original loading direction is noted. Normalized at 925°C.
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Figure 4. Typical (a) shear stress/time and (b) input bar velocity/time curves.



From the stress-time and velocity-time curves, a stress displacement curve may be gener-
ated. Both a typical engineering shear stress and the corresponding true shear stress versus
displacement curve are shown in Figure 5. The true stress values are valid only up to the
instability stress. These curves have a lar%e linear region, and the stresses fall smoothly after
instability. Earlier studies by Meyer et al. 4 displayed steeper drops after the maximum shear
stresses were reached for a low alloy steel (VHN 480) and a CrMoV steel of medium
strength (oys = 1300 MPa at 7 = 10 s,
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Figure 5. Typical engineering shear stress-displacement and true shear stress-displacement
curves (true stress curve is only accurate up to the point of instability).

Figure 6 is a plot of the maximum engineering and true stresses reached as a function of
normalizing temperature. Virtually no change is apparent as the maximum shear stress
attained was independent of the four microstructures tested. The same microstructures werc
previously studied 2 at low strain rates in pure shear, and here, too, no effect on the instabil-
ity stress was found. However, significant differences between the microstructures were noted
when energy absorption was considered. Figure 7 plots the energy absorbed before instability
(E;) versus normalizing temperature relationship for a strain rate of y = 10° s’} note the
energy peak for the 925°C normalizing temperature.

Electron microscopy was used to examine the transition between the matrix and the shear
bands. Figure 8a is a SEM micrograph of a shear band formed in the microstructure normal-
ized at 925°C. Figure 8b shows this band near its tip. Note the alignment of the martensite
laths with the shearing direction along the band edges and the absence ol any resolvable
grain structure within the band at this magnification. “Flow” lines can be detected parallel- 1o
the shear direction within the band. Figurc 9a shows a portion of the shear band region



examined in the TEM. The microstructure appears mottled, unlike normal martensite, and
the presence of many moiré fringes are noted. A Selected Area Diffraction Pattern (SADP)
of this region is shown in Figure 9b. Although a small aperture was selected (10 um, which
illuminates a 1 um diameter disc at the foil), a distinct ring pattern is observed indicating a
microcrystalline structure. This ring pattern is typical of “transformed” bands.® " The rings
do appear somewhat broadened with the pattern indexing to be a—Fe(bcc). No fcc reflec-
tions or any individual carbide reflections can be seen.
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Figure 6. Maximum engineering shear stresses and true
stresses versus normalizing temperature. Quasi-static
data is from Cowie et al. (see References 1 and 2).
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Figure 7. Energy absorbed to the point of instability per unit area sheared,
E;, versus normalizing temperature for a strain rate of y = 10° s
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Figure 8. SEM of a shear band formed in a “*hat” specimen.



Figure 9a. TEM 'bright field micrograph of shear
band material in the N-925 microstructure.

Figure 9b. SADP using a 10 #m aperture.



Using dark field microscopy and centering the first bright ring along the optical axis, the
microcrystals can be individually illuminated. Figure 10 is such a dark field micrograph where -
the crystallite size can be determine to range from 8 nm to 20 nm. The change from true
microcrystalline structure to “normal” heavily deformed martensite away from the band was
gradual, agreeing with the works of Wittman et al®? SADPs as a function of distance away
from the center of the band (see Figures 9b and 11a through 11d) illustrate the gradual
transition from a ring pattern to a typical spot pattern.

Figure 10. TEM dark field centering the first strong ring which illuminates
the microcrystals. Sizes range from 8 nm to 20 nm in diameter.
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Figure 11. Variation of selected area diffraction patterns as a function of distance from
the center of the shear band. Distance from the band center is noted on each pattern.
Note the comparison to Figure 9b from near the center of the band.
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DISCUSSION/CONCLUSIONS

The primary purpose of this paper is to examine for VAR 4340 steel at Re52 the applica-
bility of using the hat-shaped shear specimens to study shear band initiation mechanisms and
present preliminary observations on their formation. The hat specimens with tailored stress-
pulse profiles and controlled amounts of deformation produced unlractured specimens at vari-
ous stages of shear band formation (prior to band formation, shear band propagation, and
shear band widening). This technique provides a (simple) way to produce shear bands in a
controlled manner at relatively high strain rates; thus, this method permits experimental corre-
lation between metallurgical variables and shear band formation in high strength steels.

The relative resistance of the four microstructures to unstable shear at high strain rates is
summarized in Figure 7. It shows that the influence of microstructure can be important in
this regime of strain rates despite the intense heating that accompanies shear band formation.
Since the principal variable which was studied, the carbide distribution, probably has little if
any effect on the material behavior after destabilization, it must affect the processes leading
to the destabilization of the deformation process. The fact that one condition had higher
cnergy resistance even though all microstructures had equal hardness at this high strain ratc is
significant.

These same microstructures have been examined by Cowie et al. L2 at low to moderate
strain rates. In their study, the 925°C normalizing treatment also produ«.cd a peak in the
resistance to unstable shear, but the resistance to unstable shear had a minimum for 1010°C,
suggesting the presence of a second peak in the instability strain at low strain rates for
higher normalizing temperatures. Charpy tests over this same range of normalizing tempera-
tures at room temperature and -40°C correlated in the same manner; two pcaks in absorbed
cnergy at room temperature, while the -40°C Charpy results showed a single peak in tough-
ness. This suggests that the increase in strain rate in the "hat" shear tests is analogous to
the decrease in temperature in the Charpy tests.

Examination by optical and electron microscopy of the hat specimens in various stages of
shear band formation and propagation has not yet shown any significant difference between
the four microstructures tested. The tips of the shear bands show the martensite laths g,md-
ually aligning with the shearing direction which agree with the observations of Wittman ct al.?
Note the absence of any observable grain structure within the shear band and the gradual
change from the band to the matrix.

The TEM examination of the shear band showed the change from the internal shcar band
structure to the matrix structure to be gradual. This study has clearly resolved that the inte-
rior of the shear band has an extremely fine microcrystalline structure with grain diamcters
ranging from 8 nm to 20 nm. Previous studies had su%%ested that the crystallite size in
“transformed” bands was between 100 nm to 1,000 nm.”~ However, this new evidence clearly
shows that microcrystals exist in these shear bands, which are an order of magnitude smallcr
than this. This accounts for the difficult resolution of the band in carlier SEM and TEM
studies. Foils that are many crystallites in thickness produce repeated scattering by subsc-
quent crystallites and mask their true structurc. No austenite or carbide reflections could be
detected in the dilfraction patterns taken from the regions showing the extremely line micro-
crystals.  Since a small crystallite size within the shear band would enhance the stability of
austenite that was present, the complete absence of austenite rellections is signilicant.

i2



It suggests that no transformation has occurred, and that the shear band is simply very heavily
deformed martensite, in which both the extremely fine grain size combined with the additional
carbon in solution (from dissolved carbides) have increased the hardness of the residual (after
testing) microstructurc. The absence of carbides combined with the microcrystalline structure
would prevent preferential ctching, creating the white etching typical of “transformed” bands.
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