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ABSTRACT

N s

Adiabatic shear banding is one of the predominant failure modes of ultrahigh
strength (UHS) stcels under high rates of deformation. Though these bands have been
previously studied, the specific factors governing when, how, or if a certain material fails
by shear band localiz.tion are still relatively unknown. This article examines these ques-
tions in terms of the microstructure using a controlled shear strain. Four microstruc-
tures of equal hardness (Rc52) with different carbide distributions were produced in a

VAR 4340°steel by varying the normalizing temperature (one hour at 845°C, 925°C,
1010°C, or 1090°C). A short duraiion reaustenitizing treatment was subsequently used
to produce similar prior austenite grain sizes; this was followed by a 200°C temper.
The controlled shear strain was introduced by the use of a hat-shaped specimen loaded
in a split Hopkinson bar rig, produciag a shear zone at local strain rates up to
5x l\(’ljs1 The use of mechanical stops to arrest the deformation process allowed the
development of the shear bands to be studied under controlled stress conditions. Trans-
mission electron microscopy (TEM) studies reveaied a microcrystalline structure within
the shear band with a crystallite size of 8 nm to 20 nm. A gradual change from the
microcrystalline structure within the band to lath martensite was obscrved. Tensile
unloading cracks were observed in the sheared regions. A normalizing temperature ol
925°C produced the microstructure with the greatest resistance to unstable shearing.
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INTRODUCTION

Adiabatic shear bands have been previously studied becausc 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 raic
is sufficient to preclude significant heat transfer away from the sheared region. The material
within the band cxperiences both significant increases in temperature and a large accumulated
strain. In stecls, two types of adiabatic bands have been distinguished using optical mctallogra-
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 « (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 ccmmon
usage, thic 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 clectron microscopy (SEM) and transmission electron
microscopy (TEM). This paper examines the applicability of our testing techniques to study
initiation mechanisms and presents some preliminary obscovations.

EXPERIMENTAL PROCEDURE

In order to study the effects of microstructure on adiabatic shear initiation, both the microstruc-
turc 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 (Re52). This is accomplished by using different normalizing
temperatures (845°C, 325°C, 1010°C, or 10.0°C for two hours) to produce cach microstructure.
The range of possible gruin refining carbide phases are redissolved and/or coarsened to ditfering
degrees at each normalizing temperature.  These carbide distributions do not change during the
final, short duration austenitization treatment at 845°C for 15 minutes (vil quenched). This is fol-
lowed by a 200°C temper for two hours. This produces microstructures with constant prior austen-
ite grain sizc (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 wsing the expenmental technique of Meyer et al 3 with a hat-shaped specimen. The
experimental arrangement, sciiematic stress history, and sample gcatry are shawn in Figure 1. Using
this type of test, it i possible to study microstructure changes po o ono and alter the initiation of the
bands, A 19 mm (0.750 in.) dianrcter Hopkinson bar was utiized, with a 152 mm (6 in.) long striker
traveling at a velocity of 183 nvs  Shear strain rates from 107 o 2 x WP s are obtained.
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Figure 1. Hopkinson bar with exparimental configuration
and schamaltic siress history (a) and "hat® specimen georwely
{b) cevelopad by Mayer ¢t al (sea Raferances 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 aad climinates the ringing.  Pulse shaping of this kind has been
utilized for dynamic testing of ceramics.”  Stress and displacement mcasurements were calen-
lated from the transmitted and reflected elustic waves in the bars.  In order to control the
degree of deformation introduced, stop tings are placed around the siall cylinder of the

5. RAVICHANDRAN, G. and NEMAT-NASSER. S, Mxnwneohanss af Dam frodung of Caane Compagar Liperises ond
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“hat”. With a range of stop ring lengths, it is possible to hait the shearing process at ditter-
ent stages of plastic deformation. From these interrupted samples, metallographic, SEM, and

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

TEM samples of the sheared regions were made by mechanically thinning the material 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 electropolished in a 5% perchloric,
95% methanol solution at -20°C and 50 V. The shear band region polished preferentially but
produced insufficient electron transparent regions. lon milling at 15° impact angle and 4 kV
was used to further thin the specimens for TEM cxamination. Both a 300 kV Philips CM-30
and a JEOL 200 CX electron microscope were used.

RESULTS

Shear bands are casily produced in the hat specimens. Figures 2a and 2b show shcear
band development using optical microscopy in typical samples. The shear bands ctch white in
nital, typical of the “transformed” band type. Figure 2b shows the deformation zone belore
the “transformation™ bands have formed in a sample with iaterrupted deformation.

Some specimens undergoing larger displacements with full shear band deformation ofien
cxhibited cracks along the shear bands; these cracks along shear bands are common.  Since
their orientation with -he original imposed shearing direction (see Figure 3) would close the
cracks and not open them, 1t is concluded that the cracks must have formed after the
retnoval of the imposed shear stresses. It is also indicative of the increased hardness usually
associated with the shear band material after testing,

A typical stress-time diagram obtained by these tests is shown in Figure da, along with
the velocity of the input bar in Figure 4b; this sample was normalized at 845°C. Afier the
sample reached its ultimate shearing strength (instability stress), the load drops unuil 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 3.4 m/s to 5.6 m/s) throughcut the regime of
interest (260 us to 265 us), dunng which the sample transitions from elastic deformation to
stable plastic flow t0 unstable plastic flow.  An average displacement rate of 5.1 m/s was used
=+ eakealate the average strain rate of these tests.

Using the above mentioned displacement rate and the unifosm deformation zoac width
estimuted from Figure 2b (30 um). a stran rate before shear band formation of 3 = LOL <
10° 5! can be derived.  The strain rate after shear band formation can be approximated
oe assumes that only the material within the sacar band continues 1o deform and remains 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 (sce Figure 2b), 2 strain rate of 3 =
S64 % 10° 7! in the shear band is calculated.
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Figure 2a. Optical micrographs of shear bands produced using this sample gaomatry.
Samples were {rom the micsostructure normatlized at 845°C.
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Figuie 3. Tension cracks produced in the specimens upon untsading.
Originaj loading direction is notec. Notmalized ai 525°C.
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From the stress-time and velocity-time curves, a stress displacement cutve may be gener-
ated. Both a typical engincering 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 l.lrgjc linzar region, and the stresses fall smoothly alter
instability. Earlicr studies by Meyer et al 4 displayed stecper drops after the maximum sheur
stresses were reached for a low alloy stee! (VHN 480) and a CrMoV stcel of iredium
strength (oys = 1300 MPaat y = '5° s’l).

200 ——
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160 |- T, True
1400 |-
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Shear Stress, MPa

i | L I
0'00.0 (X153 0.10 a.n 0.20 0.2

Displacement, mm
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Figure 5. Typical angineeding shear siress-cisplscament and trua shear sress-displacemant
cuvas [Lua SURSS CUiVe IS Nty 3cCurals up to tha point of instahiity).

Figure 6 is a plot of the maxithum engiacering and true stresses reached as a fonction of
normaltizing temperature. Virtually ao change i apparent as the marimum shear stress
attained was independent of the four mwrostructures tested. The same microstructures were
previausly studied " ot low strain tates in pure shear, and here, too, po cifect on the mstabil.
ity stress was found.  However, significant differences between the microstructures were aved
when cnergy absorption was considered. Figure 7 plots the cnergy absorbed before istabiliuy
(E)) versus nonmabizing temperature relationship for 3 strain rate of 3 = @ «F. mote the
encrgy peak for the 925°C normalizing temperature.

Flectron micioseopy was used (o exmmine the transition helncen the matnx and the shear
bands. Figure 8a s a2 SEM micrographk of a shear hand formed in the miomerycture aormal.
wed at 225°C. Figure 8b shous this hand near its tip. Note the alignmeni oi the martonste
tashs with the shearing directuon 2long the band eodges and the abscnce of any rosolbvable
grain structure within the band at ths magonification. “Fow™ hines can be dolected parallel to
the shear direction within the band.  Frguie 92 shows a portion of the shear band regnon




examined in the TEM. The microstructure appears mottled, unlike normal martensite, and
the presence of many moiré fringes are noted. A Selected Arca Diffraction Pattern (SADP)
of this rzgion is shown in Figure 9b.  Although a small apertuic was selected (10 um, which
illuminates a 1 um diameter disc at the foil), a distinct ring paticrn is observed indicating
microcrystalline structure.  This ring pattern is typical of “transformed” bands.>'® The rings
do appear somewhat broadened with the pattern indexing to be a—Fe(bee). No fee reflee-
tions or any individual carbide reflections can be scen.
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Figure 8. SEM of a shear band tormaed in a "nat” specimen.
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Figura 53. TEM bight field micrograph of shoar Figure Sb. SADP using 3 10 . gpaitise.
band maieiial in the N-825 mictosiiactule.
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Using dark field microscopy and centering the first bnght ring along the optical axis. the
wicrocrystals can e individually illuminated. Figure 10 is such a dark ficld micrograph where
the crystallite size can be determine to range from 8 nm to 20 nm. The change from irue
murocrystallmt, structure to “normal” heavily deformed martensitc away from the band was
gradual, agrecing with the works of Wittman et al®? SADPs as a function of distance away
from the center of the band (see Figurcs 9b and 1la through 11d) illustrate the gradual
transition from a ring pattern to a typical spot pattern.

Poaemd
50 nm

Figure 10 TEM dak figld centenng the fitst steong ng which dluminates
the mucrocrysials  Sizes rang@ trom B nvm 10 20 nm in diamater
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Figue (1. Variation of sslectad area diffractiui patlems 33 a funciion of distance from
the conley of the shadr band. Distance from the band cenier is noted on 8ach pattam.
Mot the compastson 1o Figure S0 from near tha contar of the band.
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DISCUSSION/CONCLUSIONS

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

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 cffect on the material behavior after destabilization, it must atfect the processes Ieading
to thc destabilization of the deformation p ocess. The fact that one condition had higher
encrgy resistance cven though all microstructures had equal hardness at this high strain rate is
significant.

2

&

These same microstructures have been examined by Cowic et al."? at low to moderate
strain rates. In their study, the 925°C normalizing tecatment also produced a peak in the
resistance 1o unstable shear, but the resistance (0 unstable shear had a minimum for 1010°C,
suggesting the presence of a sccond 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 samc manner; two peaks 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 apalogous to
the decrease in temperature in the Charpy tests.

Examination by optical and clectron microscopy of the hat specimens in various stages of
shear band formation and propagation has not yet shown any signiticant difference between
the four microstructures tested. The tips of the shear bands show the martensite laths grad-
ually aligning with the shearing direction which agree with the obscrvations of Wittman ci al.”
Note the absence of any obscrvable grain structure within the shear band and the gradual
chunge {rom the band to the matrix.

The TEM examination of the shear band showed the change from the internal shear band
structure to the munx structure to be gradual.  This study has clearly resolved that the mte-
rior of the shear band has an extremely fine microcrystalline structure with grain diameters
ranging from 8 am to 20 nm. Previous studies hid su%%cslcd that the crystallite size in
“transformed” bands was between 100 am to 1000 nm.'Y  However, this new evidence clearly
shows that microcrystals exist in these shear bands, which are an order of magnitude smaller
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 erystathites and mask therr true structure. No austenite or carbide reflections could be
detected an the diffraction patterns taken {rom the regions showing the estremely Hine micro-
crystals.  Since o small ceyvstatlite size within the shear band would enhance the stability of
austenite that was present. the compicte absence of austenite reflections s signilicant.




It suggests tuat 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) microstructure. The absence of carbides combined with the microerystalline structure
would prevent preferential ctching, creating the white etching typical of “transformed™ bands.
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