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ABSTRACT

The initiation and propagation of shear bands are investigated by subjecting prenotched plates to asym-
metric impact loading (dynamic mode-II). The materials studied are C-300 (a maraging steel) and Ti—6Al-
4V. A shear band emanates from the notch tip and propagates rapidly in a direction nearly parallel to the
direction of impact. When the impact velocity is higher than a critical value, the shear band propagates
throughout the specimen. The shear band arrests inside the specimen when the impact velocity is below
this critical value. In the latter case and for the C-300 steel, a crack initiates and propagates from the tip
of the arrested shear band at an angle to the direction of shear band propagation. Microscopic examinations
of the shear band and crack surfaces reveal a ductile mode of shear failure inside the shear band and an
opening mode of failure for the crack. The coexistence of shear banding and fracture events in the same
specimen signifies a transition in the modes of failure for this material under the conditions described. For
Ti—6A14V, the only mode of failure observed is shear banding. While the transition is induced by changes
in loading conditions, the different behaviors of these two materials suggest it is also related to material
properties. The experimental investigation focuses on both the thermal and the mechanical aspects of the
propagation of shear bands. Real time temperature histories along lines intersecting and perpendicular to
and along the shear band path are recorded by means of a high speed infrared detector system. Experiments
show that the peak temperatures inside the propagating shear bands increase with impact velocity. The
highest temperature measured is in excess of 1400°C or approximately 90% of the melting point of the C-
300 steel. For Ti-6Al-4V, the peak temperatures are approximately 450°C. In the mechanical part of the
study, high speed photography is used to record the initiation and propagation of shear bands. Recorded
images of propagating shear bands at differsnt impact velocities provide histories of the speed of shear
band propagation for the C-300 steel. A strong dependence of shear band speed on the impact velocity is
found. The highest speed observed for the C-300 steel is approximately 1200 ms~' or 40% of its shear wave
speed. Copyright © 1996 Elsevier Science Ltd

1. INTRODUCTION

The localization of deformation into narrow bands of high rates of straining and
intense heating plays an important role in many applications involving structural
materials. Issues related to the formation of such bands include structural integrity in
vehicle crash-worthiness, product quality and efficiency in high speed machining and
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high speed forming and improvement of performance in armor penetration. Because
of its importance, this phenomenon has received significant attention in the open
literature, e.g. Recht (1964), Rogers (1979), Clifton (1980), Bai (1981, 1982), Rogers
and Shastry (1981), Merzer (1982), Freund er al. (1985), Molinari and Clifton (1987),
Wright and Walter (1987), Giovanola (1988), Shawki and Clifton (1989), Duffy and
Chi (1992), Batra and Kim (1992), Zbib and Aifantis (1992), Shawki (1992), Zhou
et al. (1994), and Zurek (1994). There is now a better understanding of the roles of
many factors in the formation of shear bands, including mechanical and thermal
properties and microstructural variations. Most of the available literature considers
shear bands to be one-dimensional entities. However, shear bands in most applications
are often two- or three-dimensional entities, and like propagating cracks, are an
important form of fatlure. The two-dimensional nature of these problems assigns
them attributes that are not normally present in one-dimensional shear band models.
These characteristics include a dynamically propagating tip, and thus the dependence
of thermal and mechanical fields on the speed of propagation. Because different
materials exhibit different resistances to the propagation of shear bands, a wide range
of thermal and mechanical behaviors may exist. Such differences are demonstrated
by temperature and deformation fields around the propagating bands and their strong
dependence on propagation speeds. Relatively little information is available on the
dynamic extension of these shear bands. Using high speed photography, Marchand
and Duffy (1988) observed the non-uniform initiation and propagation of shear bands
in thin-walled tubular specimens subjected to dynamic torsional loading. They also
reported an estimated shear band tip speed of approximately 500 ms™~'. The initiation
of shear bands was studied by Needleman (1989) under a two-dimensional framework.
Grady (1992) analyzed the characteristics of propagating shear bands based on the
results of a one-dimensional approximate model. The structure of propagating shear
bands was analyzed recently by Gioia and Ortiz (1996). To study this class of shear
bands, an experimental configuration that provides controlled shear band initiation
and propagation is needed. Since this problem involves strong coupling between the
thermal and mechanical processes of dynamic deformation, an ideal configuration
should allow both processes to be investigated.

Kalthoff (1987) and Kalthoff and Winkler (1987) studied the propagation of shear
bands using double-notched plates impacted by a cylindrical projectile. For each
notch the impact is asymmetric. The initiation of shear bands from the notch tips
is facilitated by intense shearing in their vicinities. This configuration provides an
opportunity to study shear band initiation and propagation under well-controlled
conditions. In this experiment, shear banding is actually only one of the failure modes
observed. Kalthoff and Wrinkler (1987) also reported a brittle-to-ductile transition
of failure mode in a maraging steel. At low impact velocities, a crack extends in a
direction approximately 70" from the direction of impact. Lee and Freund (1990),
using an elastodynamic analysis, showed that this angle coincides with the direction
of the maximum circumferential tensile stress in the K®-dominant field at the notch
tip. When the impact velocity is raised to above a critical value a shear band emanates
from the notch tip in a direction nearly parallel to the direction of impact. Needleman
and Tvergaard (1994), using a finite element analysis, attributed this transition to the
fact that at higher loading rates increased plastic strain and thermal softening reduce
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the maximum tensile stress in the specimen and therefore can effectively suppress the
brittle failure observed at lower loading rates.

Mason er al. (1994a) conducted similar experiments on C-300, a high strength
maraging steel. Their goal was to investigate the nature of the deformation fields at
the vicinity of propagating shear bands in real time. The specimen configuration
differs from that used by Kalthoff (1987) and Kalthoftf and Wrinkler (1987) in that it
contains only one notch instead of two. This difference allows the notch tip to be
loaded for a longer duration by the incoming pulse without the effects of diffracted
waves from a neighboring notch. A transition of failure mode in the form of shear
banding followed by fracture was also observed. In addition, they reported defor-
mation patterns around a shear band recorded by the coherent gradient sensor (CGS)
and high speed photography. By comparing the interferograms with the deformation
fields predicted by a mode-II Dugdale model they obtained estimates for the shear
stress histories inside the shear band, the stress intensity factor at band initiation and
the time history of shear band length.

In the current study, experiments were conducted on C-300 and Ti-6A1-4V using
the configuration of Mason et al. (1994a). This configuration is chosen because the
location and direction of band initiation and propagation are known, therefore
allowing accurate thermal and mechanical measurements to be made. The objective
is to understand the conditions under which shear bands initiate and propagate and
to investigate and characterize the transition in the mode of failure between shear
bands and cracks. Our approach is to study both the thermal and the mechanical
processes during shear band initiation and propagation. The study of the thermal
process is important since dynamic shear banding is primarily driven by thermal
softening due to heat generated by plastic deformation. The mechanical study allows
us to record the propagation of the shear bands and the transition of failure mode.
This combined thermal and mechanical approach involves the use of both high speed
optical and infrared diagnostics in the experiments. The thermal part of the exper-
imental study uses a high speed infrared InSb (indium antimonide) detector array to
obtain the temperature fields around the propagating shear bands. In this paper,
primary attention is given to the process of the propagation of shear bands. Specifi-
cally, high speed photography is used to study the time of initiation, the shear band
speed histories and their dependence on impact velocity. The optical images also pro-
vide evidence for the failure mode transition following the arrest of the shear band.

The present investigation is a combined experimental and computational effort.
Finite element simulations using the actual experimental conditions and independently
measured material properties are conducted in parallel to the experiments. The simu-
lations are full-scale calculations that account for full thermo-mechanical coupling in
the field equations of dynamic deformation. The material is considered to be an
elastic-viscoplastic solid and finite kinematics are used. Such a combined experimental
and numerical approach enables us to identify the factors that play important roles
in the initiation and propagation of the shear bands. Furthermore, it allows us to
analyze the process that leads to the selection of failure modes at different loading
rates under the actual conditions of the experiments. In this paper, which is the first
part of a two-part series, we present the results of our experiments. In the second part
{Zhou er al., 1996), results of the numerical simulations are discussed.
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Fig. 1. Asymmetric impact configuration and failure modes.

2. DESCRIPTION OF FAILURE MODES

Figure 1 is a schematic of the asymmetric impact configuration used in the exper-
iments. The specimen is a rectangular plate with a notch. During the experiment, the
specimen is impacted by a cylindrical projectile 50.8 mm (2 inches) in diameter and
76.2 mm (3 inches) in length on one side of the notch. A mode-II type of loading is
achieved when dilatational stress waves generated by the impact arrive at the notch
tip. A schematic drawing of the specimen geometry and dimensions is shown in Fig,
2. The rectangular specimen is 203.2 mm (8 inches) in length, 101.6 mm (4 inches) in
width and 6.35 mm (0.25 inch) in thickness. The notch, approximately 300 ym in
width, is pre-machined into the specimen by electric discharge machining (EDM).
Two materials are used in the experiments, C-300 (a high strength maraging steel)
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Fig. 2. Dimensions of the specimen used in the asymmetric impact experiment.
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and Ti-6A1-4V (a titanium alloy). These materials possess different combinations of
mechanical and thermal properties which may greatly influence their resistance to
shear banding.

The observed failure modes are qualitatively illustrated in Fig. 1. A shear band
initiates from the notch tip when the impact velocity V, is greater than approximately
20 ms~' for the C-300 steel. The shear band propagates in a direction nearly parallel
to the direction of impact. When V) is also below approximately 29 ms™', the band
eventually arrests within the specimen and a dynamic crack extends from the tip of
the arrested shear band in a direction approximately 30” to the direction of impact
[Fig. 1(a)]. When V, is greater than 29 ms™', the shear band propagates throughout
the whole ligament and no crack is observed [Fig. 1(b)].

Figure 3 shows photographs of C-300 specimens exhibiting both failure modes after
impact. The impact velocity is approximately 23.4 ms™'. The length of the shear
bands is 16 mm. Figure 3(a) is a plan view of the shear band and the crack. Figure
3(b) shows the morphologies of the separated failure surfaces. The shear band surface
is shiny and smooth, indicating a mode of failure associated with in-plane shear
deformation. Shear deformation is uniform over the whole thickness of the specimen
indicating a two-dimensional or planar mode of deformation. The crack surface is
gray and rough, and appears fibrous. Such characteristics are typical of crack surfaces
resulting from tensile failure. The crack surface also shows shear lips, indicating some
three-dimensionalities typical of tensile fracture processes. The two different failure
mechanisms observed here can be better seen in detailed microscopic examinations of
the two failure surfaces. Figure 4(a) is a scanning electron micrograph of the surface
of the shear band in Fig. 3(a). The shearing direction is vertical in this picture. The
densely populated and elongated voids indicate ductile shear deformation inside the
shear band. This micrograph clearly shows that the failure inside the shear band is a
direct result of sheared and coalesced voids. The average void size is approximately
10 um. Note that the morphology of the surface indicates plastic flow similar to the
shear flow of a very soft material smeared by the relative motion of the two sides of
the shear band. These features signify material softening by very high temperatures
inside the shear band (temperatures that are significant fractions of the melting
point of the specimen material ). Similar observations of sheared voids and extensive
smearing have also been reported by Giovanola (1988) in torsional experiments. A
scanning electron micrograph of the crack surface in Fig. 3(a) is shown in Fig. 4(b).
No elongated voids are seen here. Clearly, the mode of failure associated with this
part of the specimen is tensile in nature (coalescence of voids growing in a primarily
tensile field of high triaxialities) and does not involve the type of shear deformation
observed in Fig. 4(a). This coexistence of a predominantly shear type of failure and
an opening type of failure indicates the occurrence of a transition in the mode of
failure which may exist in the C-300 steel. Results of numerical simulations presented
in Part II of this investigation (Zhou ¢t al., 1996) illustrate that the changes in loading
conditions in the specimen are responsible for this transition in the failure mode.
While the in-plane shear loading generated by the asymmetric impact causes the
initiation and propagation of the shear band, tensile or opening mode of loading
that develops due to release waves from boundaries causes the crack to form, as
demonstrated by finite element simulations in Part Il of this investigation. Figure 5
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shows a specimen of C-300 steel with a shear band that has propagated through the
whole ligament. The projectile velocity in this experiment is 29.6 ms~'. The shear
band path initially follows closely the direction of impact. After propagating for
approximately 30 mm, the shear band advances along a path that curves toward the
impacted side of the specimen. Here, the absence of a crack is a result of the signifi-
cantly higher impact speed. Sufficiently high speeds allow the shear band to propagate
out of the specimen before tensile loading conditions can develop to cause the tensile
mode of failure as seen in Fig. 3. The dependence of shear band speed on impact
velocity will be discussed in Section 5 of this paper.

A similar shear mode of failure is observed for the titanium alloy. The micrograph
in Fig. 4(c) shows the morphology of the shear band surface of a Ti-6Al-4V specimen.
In this micrograph, the average size of the voids is 25-30 um. The sheared voids are
very clearly delineated and unlike in Fig. 4(a) there is no evidence of extensive
smearing. This indicates that temperatures inside the band are probably a lower
fraction of the melting point than in the case of C-300 steel. Indeed, direct measure-
ments of the temperature fields discussed later in this paper confirm these observations
and provide further insight into the dynamic failure behaviors of these two materials.
The tensile mode of failure in Fig. 3 is not observed for Ti-6Al-4V.

3. EXPERIMENTAL APPARATUS

Figure 6 is a schematic illustration of the experimental apparatus used in this study.
The system allows both the thermal and the mechanical processes associated with the
propagation of shear bands to be studied simultaneously using high speed infrared
temperature measurements and high speed photography. The impact loading of the
specimen is achieved inside the test chamber of a gas gun shown in the middle of the
schematic. A projectile is launched through the barrel and impacts the specimen upon
exiting the muzzle end, causing the asymmetric loading illustrated in Fig. 1. The
projectile velocity is measured using a photodetector mounted at the muzzle end of
the gun barrel, by recording the times at which a light beam is interrupted by the two
ends of the cylindrical projectile. A strain gauge is mounted on the specimen near the
impact face. Upon impact, output generated by the strain gauge is used to trigger the
digital oscilloscopes that record the signals from the high speed infrared detectors
used to measure the temperatures. The same gauge output also triggers the high speed
camera that records images of the propagating shear bands.

The high speed optical observations described here concern the measurement of
the shear band length histories. This part of the experimental setup is shown on the
right hand side of Fig. 6. An expanded and collimated laser beam is used to illuminate
the specimen. The reflected beam is sent into a Cordin model 330 high speed camera
which records images of the impacted specimen at framing rates up to 2 x 10° frames
per second. A grid of parallel lines with a pitch of approximately 0.7 mm is deposited
on the specimen surface before the experiment to assist the visualization of shear
band propagation. The length and velocity histories of the propagating shear bands
are obtained from the recorded images. The setup for temperature measurement is
illustrated on the left side of the gas gun. This technique is designed to record
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Fig. 3. Failure modes at intermediate impact velocities, V, = 23.4 ms—!, C-300 steel.
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Fig. 4. Shear band and crack surfaces of impacted specimens. (a) Shear band surface (C-300 steel); (b)
crack surface (C-300 steel) ; (c) shear band surface (Ti-6A14V).
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Fig. 9. Temperature profiles around propagating shear bands; C-300 steel. (a) C-300, V, =234 ms™';
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C300, V,=25 ms™!, V,,=595 ms™!
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Fig. 16. Images of a propagating shear band and emerging crack recorded by high speed photography, C-
300, V, =25ms™".
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Fig. 17. Images of a propagating shear bund recorded by high speed photography for a specimen without
a failure mode transition, C-300, ¥, = 30 ms .
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Fig. 6. Experimental apparatus.

temperature histories along a line perpendicular or parallel to the shear band. The
measurement makes use of a linear array of infrared detectors. Such a system was
described and used by Zehnder and Rosakis (1991, 1992) and Zehnder and Kallivayalil
(1991) in studies of temperature rises at the tip of dynamically propagating cracks.
This is a non-contact measurement. The detectors, cooled by liquid nitrogen to
increase sensitivity and reduce noise, are located away from the specimen, in the
image plane of a reflective optical system. The detectors used are high-speed infrared
InSb (indium antimonide) detectors with a rise time of approximately 0.5 us. This
response is significantly faster than anticipated temperature increases associated with
propagating shear bands. During the experiments the detector signals are recorded
by a set of high speed digital oscilloscopes. Temperature profiles around the shear
bands are obtained from the recorded detector voltage output through predetermined
detector calibration curves. The calibration of the detectors is conducted by cor-
relating the detector output and temperatures of a uniformly heated plate of the same
material, thickness and surface finish as the specimen when this plate replaces the
specimen in the actual experimental setting. For details on the calibration method,
see Zehnder and Rosakis (1992).
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Fig. 7. A schematic illustration of the infrared temperature measurement schemes used in the experiments.

The optical system, which consists of a concave mirror and a convex mirror, has
unit magnification. Before each experiment, the specimen, the optical system and the
detectors are aligned so that radiation is collected from the precise locations where
temperatures are to be measured. Since infrared radiation is invisible, an optical
technique, as illustrated in the upper left portion of Fig. 6, is used for the alighment.
A laser beam is focused normally, through a beamsplitter, at a point on the specimen
surface where temperature is to be measured. The reflected beam is passed through
the optical system and focused on to a desired detector element. The polarizer shown
is used to reduce the intensity of the laser beam so that damage to the detector
elements is avoided. After the optical alignment is completed, the beamsplitter is
removed so that infrared radiations can reach the detectors. Final alignment of the
detectors involves placing thin wires (200 ym in diameter) on the specimen surface
along the exact path whose temperatures are 1o be measured. An electric current is
passed through the wire to increase its temperature, thus allowing infrared radiation
from the wire to be used in more accurate alignment between the specimen and the
detectors.

The linear array of detectors consists of 16 elements, each being 80 x 80 ym in size.
The center-to-center distance between two neighboring elements is 100 yum and the
whole array covers a distance of 1.5 mm. The detector array is focused on a line either
perpendicular or paraliel to the shear band, as illustrated in Fig. 7. When the array is
oriented perpendicular to the shear band, as shown in Fig. 7(b), temperature fields
around the propagating shear band are obtained as the band propagates toward and
passes through the line of observation. In the experiments reported here, this vertical
line of observation is located 2-4 mm from the tip of the notch. When the detector
array is oriented along the band, as shown in Fig. 7(c), temperature variation along
the band can be obtained. Also, this provides an opportunity for the propagation
speed of the shear band to be estimated from the time delays in the temperature
histories at different points along the shear band path. In the results presented in this
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paper, the detector elements are numbered 1 through 16. In Fig. 7(b), element 1 is
the lowest element in the array and element 16 is the highest. In Fig. 7(c), element 1
is the left-most element and element 16 is the right-most element.

4. TEMPERATURE FIELDS GENERATED BY PROPAGATING SHEAR
BANDS

Figure 8(a—) shows the temperature profiles recorded for C-300 steel specimens
tested at impact velocities of 23.4, 33 and 42.8 ms~', respectively, using the con-
figuration of Fig. 7(b). Each curve represents the temperature history at one point on
a line perpendicular to the extending shear band. For these three experiments, the
line of observationis located at 3, 3.5 and 2.5 mm in front of the notch tip, respectively.
The lowest temperature shown is approximately 410 K instead of the room tem-
perature (293 K). This is because the high speed infrared detectors are only sensitive
to radiations at temperatures above 410 K for this material. Below this temperature,
detector outputs have the same or lower magnitude than background noise and
accurate readings cannot be obtained. As the shear band tips propagate toward and
pass through the line of observation, temperatures increase to a maximum in 40-80
us. Three-dimensional presentations of the data in Fig. 8 are shown in Fig. 9(a—c).
The vertical axis represents temperature. The short axis in the horizontal plane
represents distance along the line of measurement (direction perpendicular to the
propagating band). The long axis in the horizontal plane signifies time after impact.
The arrows point to the direction of increasing time. This can also be interpreted as
the direction of shear band propagation. The 3-D contour plots reveal the spatial
structure of the temperature fields generated by the propagating shear bands. The
spikes in the middle indicate the location of the bands. The width of the zone of
intense heating is approximately 200-300 um. It can be seen from Figs 8 and 9 that
the maximum temperature increases with impact velocity. When the impact velocity
is 42.8 ms™', the maximum temperature is approximately 1427°C (1700 K). This
temperature is approximately 90% of the melting point of the C-300 steel (1570°C).
The temperatures reported here are significant fractions of the melting point and are
consistent with the smeared zones of deformation observed in the micrograph of Fig.
4(a).

The temperature profiles measured in an experiment on a Ti—6A1-4V specimen at
an impact velocity of 47.3 ms™' are shown in Figs 10 and 11. The lowest temperature
that can be measured by the detectors for this material is approximately 360 K.
Similar to the results in Figs 8 and 9, temperatures inside the shear band reach a
maximum of 680 K (407°C) in approximately 60—70 us. There appear to be differences
in the temperature profiles of the C-300 steel and those of the titanium alloy. The
greatest of these differences occurs in the maximum temperatures observed. Tem-
peratures are significantly higher in C-300 than they are in Ti—-6A1-4V. The much
lower temperatures for Ti-6Al-4V are consistent with the ductile failure morphology
in Fig. 4(b) which shows no smearing of the voids.

Figure 12 is a summary of the maximum temperatures observed inside the shear
bands at different impact velocities for these two materials as a function of the
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Fig. 8. Temperature profiles around propagating shear bands; C-300 steel (a) C-300, V, = 23.4 ms
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projectile velocity. While the maximum temperatures increase monotonically with the
impact velocity for both materials, the maximum temperature values are significantly
lower in the titanium alloy than in the steel for the same impact velocity. For C-300,
the highest temperature observed approaches 1700 K (1400°C) or 90% of its melting
point. On the other hand, the highest temperature observed for Ti-6Al-4V is 750 K
(450°C) which occurs at a much higher impact velocity (64.5 ms™!). This is also
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consistent with the observation that shear bands in the titanium alloy are more diffuse
or wider and more difficult to form than the bands in the C-300 steel. Many factors,
such as the fraction of plastic work converted to heat, can greatly influence the
temperatures attained inside the shear bands. Mason et al. (1994b) found that the
fraction of plastic work converted to heat changes differently in these two materials
as deformation progresses. For steels, this fraction remains close to 0.85-0.9 for
plastic strains up to 0.3. For Ti-6Al-4V, this fraction decreases when plastic strain
exceeds 0.05. This decrease contributes to the reduction of thermo-mechanical heating
available in Ti-6Al4V. The speed at which a shear band propagates also influences
the temperature inside it. Higher speeds correspond to higher rates of deformation
and therefore translate into higher temperatures. As wiil be seen in Section 5, shear
bands propagate at much higher speeds in C-300 than in Ti-6A1-4V. This difference
in propagation speed also partly explains the distinct temperature levels observed in
these two materials. Finally, differences in mass density and specific heat may also
contribute to the different behaviors.

The temperatures observed here for the C-300 steel are substantially higher than
those previously reported by Duffy and Chi (1992) for steels in dynamic torsion
experiments. In addition to differences in material properties, other factors may also
contribute to the different temperature levels. In the torsional experiment of Duffy
and Chi, there is no hydrostatic pressure. Therefore, material fracture is not inhibited
by a superimposed hydrostatic pressure. Earlier fracture limits temperature increase
by eliminating further heat generation through continued deformation. In the current
experiment, the material within the extending band is also subjected to a superimposed
pressure due to the impact loading which retards eventual fracture along the shear
band plane. The prolonged deformation contributes to higher temperature increases
inside the shear band. Because of the same reason, temperatures inside propagating
shear bands may reach higher levels than temperatures at the tip of propagating
cracks, see Zehnder and Rosakis (1991, 1992) and Zehnder and Kallivayalil (1991).
The magnitude, the spatial variation and the time scale of the temperature changes
shown above clearly demonstrate the dynamic nature of the phenomenon, the extent
of thermal softening due to such temperature rises and the need to study it in real
time.

Figure 13(a) shows temperature profiles along a shear band path in a C-300
specimen obtained by using the configuration of Fig. 7(c). The impact velocity is 29.7
ms~'. The profiles indicate small time delays in temperature rises at different points
along the path where the detector elements are located. To facilitate the visualization
of the small time delays, temperature histories for the two end points of the detector
array separated by 1.5 mm along the shear band path are shown in Fig. 13(b).
The delay is approximately 2-3 us in the intitial part of the temperature profiles.
Temperature at the point closer to the initial notch tip (Element 1) begins to increase
earlier than the temperature at the point farthest away from the tip (Element 16).
This is due to the fact that the shear band initiates from the notch tip and propagates
toward the detector elements. This delay corresponds to an initial shear band speed
of 500-600 ms~', depending on how the time delay is measured. This estimate is in
agreement with the result of optical measurement of the shear band propagation
speed corresponding to early times after initiation, as discussed in the next section of



Dynamically propagating shear bands—1 999

1200 T T ¥ T T T T T T T T T T
nef (@) 1-1.5 mm FROM NOTCH TP
f ELEMENTS 1,5,9,13

----- ELEMENTS 2,6,10,14
1000 - -— Eunsnu%ﬁ’h?hs 1
~—~—- ELEMENTS 48,12,16 ]

TEMPERATURE, [K)

0 20 40 %0 B0 100 120 140 160 180 200 220 240 260 280 300

TIME AFTER IMPACT, fus)

ELEMENT 1

. ELEMENT 16

TEMPERATURE, {K]

1 ) 1 ] L 1 laaa
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

TIME AFETR IMPACT, [ns)

Fig. 13. Temperature profiles at different distances from the notch tip, C-300 ¥, = 29.7 ms™".

this paper. Temperature profiles along a shear band path in a Ti-6A1-4V specimen
are shown in Fig. 14. The impact velocity is 64.5 ms™'. Clearly, the time delays
between the profiles at different distances from the initial notch tip are higher than
those observed in Fig. 13. The delay between the first point (Element 1) and the last
point (Element 16) is approximately 1516 us. This delay corresponds to a shear band
speed of approximately 100 ms™', which is significantly lower than the speed observed
for the C-300 specimen of Fig. 13. Note also that the impact velocity for the titanium
alloy specimen is much higher than that of the C-300 specimen.

5. SHEAR BAND VELOCITY HISTORIES

The different thermal behaviors of the two materials are also corroborated by the
shear band lengths measured after the experiments, as shown in Fig. 15. For the steel,
the band extends from zero to a maximum length of 50 mm (which is the size of the
ligament) in an impact velocity range of 19-29 ms™'. For the titanium alloy, the band
extension is less than 7-8 mm for impact velocities up to 64.5 ms™'. The dramatically
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different distances of gross shear band extension is another direct indication that
shear bands propagate at very different speeds in these two materials. Higher speeds
are associated with higher rates of deformation inside the bands and, therefore,
produce higher temperatures. Differences in the mechanical properties also play a
role in causing the distinct thermal and propagation behaviors of these two materials.
The lower impedance of Ti-6Al-4V corresponds to lower input stresses under the
same impact velocity compared with C-300, thus reducing the intensity of the stress
and deformation fields at the notch tip. Next, attention is focused on the propagation
of shear bands in the C-300 steel. This material is chosen since it shows longer
and faster shear band propagation. In addition, the relatively smaller out-of-plane
deformation for C-300 reduces the aperture effect that makes it difficult to record the
near fields around the propagating shear bands with the high speed camera system.
Figure 16 shows a selected sequence (6 out of a total of 80) of images of the
propagating shear band during an experiment with an impact velocity of 25 ms~".
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These images are recorded with the optical setup and the high speed camera illustrated
on the right hand side of Fig. 6. In the pictures, the diameter of the circular field of
view is 50.4 mm. The grid of parallel lines perpendicular to the shear band is deposited
on the specimen to enhance visualization of the shear band propagation. The grid has
a pitch of approximately 0.74 mm. The initial notch is on the left side of the photo-
graphs. The impact takes place on the lower side of the notch toward the right. Areas
very close to the shear band are not visible due to the aperture effect in the imaging
system. The formation of the dark strip surrounding the shear band is a result of the
relatively large surface rotation (or out-of-plane displacement gradient) due to high
gradients of deformation inside the shear band. When coherent light is used, such an
effect can not be totally eliminated because of the finite aperture size in the camera
system. Since the size of the dark strip (or shadow) is relatively small compared with
the distance of propagation and since the changes in its width are very small, relatively
accurate information concerning the shear band initiation time, shear band path and
shear band length, can be obtained from these images. In Fig. 16, the initiation occurs
between the first and the second frames (at 14 and 35 us after impact, respectively).
From images recorded between these two frames the initiation is found to be at
approximately 23 us. It can be seen that the shear band arrests at approximately 60
us after impact. This coincides with the end of the in-plane shear loading at the tip of
the shear band generated by the impact, as shown by the numerical simulations of
Zhou et al. (1995) in Part II of this investigation. After 60 us, the shear band is
stationary relative to the specimen and no apparent propagation is identifiable from
the images. At approximately 140 us, an upturn in the path of propagation toward a
direction approximately 35° away from the original direction of propagation is seen
in the recorded images. This upturn indicates the emergence of an opening mode of
loading at the tip of the arrested shear band. It is the occurrence of this tensile mode
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of loading and an associated increase in tensile stresses that cause fracture to occur
as illustrated in Figs 1 and 3, see Zhou et al. (1996). In the actual experiment, the
angles at which the crack forms vary around 30°. The exact value of this angle may
be partly influenced by the effects of the different lengths and speeds of shear band
propagation on the loading conditions in the specimens. The grid of lines in the
images also provide information about the shear deformation around the shear band.
The misalignment between lines above and below the band in the frames for up to 65
us clearly show shear deformation during propagation. This misalignment no longer
exists in the images between 90 and 140 us. Instead, a slight misalignment in the
opposite direction can be seen in the frame at 140 us. This is not entirely caused by
elastic recovery. Rather, it is due to a reversed shear loading that existed at the shear
band region after the shear band arrests. This shear, which is in a direction opposite
to the direction of initial shear, is a result of the stress wave reverberations in the
specimen, as demonstrated by the numerical calculations in Part II of this inves-
tigation.

Figure 17 shows another sequence of images of a propagating shear band in an
experiment with an impact velocity of 29.7 ms~'. Due to the higher impact velocity,
the initiation occurs slightly earlier, at approximately 22 us after impact. Also, the
propagation is faster. By approximately 65 us the shear band has propagated through
the whole ligament (50.4 mm) of the specimen. Consequently, the transition of failure
mode indicated in the last frame of Fig. 16 could not occur due to total specimen
separation.

Figure 18 summarizes the histories of shear band length measured from the images
obtained at three impact velocities. The curves show a dramatic increase in shear
band iength with impact velocity. For these impact conditions, shear band initiation
occurs between 20 and 28 us after impact. It can be clearly seen that shear band
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extension and thus the loading that is responsible for the initiation and propagation
end at about 60—65 us.

The shear band speed histories in Fig. 19 are obtained by differentiating the length
records in Fig. 18. The shapes of curves indicate that the shear bands do not propagate
at constant speeds. The speed is lower initially and reaches a maximum for each of
the impact velocities. Note that the maximum speeds and the average speeds (total
band length divided by the time duration of extension) are close for each of these
impact conditions. The records exhibit a region of very high shear band acceleration,
a plateau of approximately steady speed and a region of very high deceleration. The
maximum acceleration and deceleration are of the order of 10® ms~2. The curves also
show a dramatic increase in the shear band speed over the impact velocity range 20~
30 ms™'. The highest speed observed is close to 1200 ms~'. This value is approximately
38% of the shear wave speed of the specimen material. The dependence of the shear
band speed on impact velocity is shown in Fig. 20. Both the maximum speed and the
average speed measured for each impact velocity are shown. This figure clearly
demonstrates the quick increase of shear band speed over a short region of impact
velocity. First, it can be seen that the impact velocity required to initiate a shear band
is approximately 20 ms™'. Below this value, no shear band is observed. The rate of
increase is lower at higher impact velocities. The shape of the curves does not indicate
a saturation of shear band speed with further increase in impact speed. Data presented
in Fig. 20 strongly suggest the possibility of observing higher values for the speed of
shear band propagation. In actual experiments discussed here, the observation of
such higher speeds is limited by the occurrence of ductile failure at the projectile—
specimen impact site when the impact velocity is increased beyond 45 ms~". Failure at
the impact site not only reduces the magnitude but also changes the well-characterized
nature of the asymmetric loading applied to the notch tip. This is the first time such
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high shear band speeds have been reported in the open literature. The observed speeds
are higher, by a factor of two, than those measured by Marchand and Duffy (1988)
in a torsional Kolsky bar configuration. In a similar impact configuration as the one
used here, Mason et al. (1994a) reported initial band speeds of approximately 320
ms ™' at early times after initiation for an impact velocity of 38 ms™'. This number is
consistent with the results in Fig. 19.

6. CONCLUSIONS

Dynamic failure in notched plates is studied experimentally for specimens of C-300
and Ti~6A14V. Controlled shear band initiation and propagation are obtained by
using the stress and deformation fields at the tip of an asymmetrically impact-loaded
notch as a trigger. There exists a transition in the mode of failure from ductile shear
banding (shear mode) to brittle cracking (opening mode) at intermediate impact
velocities for C-300. Such a transition is not observed for the titanium alloy. While
the transition is induced by tensile loading that occurs as a result of stress wave
evolutions in the specimens after the arrest of the shear band, the absence of this
transition in Ti-6Al-4V specimens suggests that it is also related to material proper-
ties. Experimental results show that these two materials exhibit distinct resistances to
failure under the conditions considered. C-300 is more susceptible to failure by both
propagating shear bands and propagating cracks than Ti-6Al-4V.

Temperature fields around propagating shear bands are studied experimentally.
Measurements revealed the structure of the fields and indicated distinct temperature
rises for C-300 and for Ti-6Al-4V. For C-300, the temperature profiles show sig-
nificant heating in a narrow strip approximately 200-300 um in width. Shear bands
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are more diffuse in the titanium alloy. The maximum temperatures measured inside
the shear bands are found to increase with the impact velocity for both materials.
While the temperature approaches 1400°C (or approximately 90% of its melting
point) for C-300 as the impact velocity increases to 43 ms~!, the maximum temperature
observed in Ti-6Al-4V is only 450°C as the impact velocity increases to 64.5 ms™'.
This marked difference is corroborated by the levels of shear band speeds in the two
materials, indicating a stronger resistance to shear banding by the titanium alloy than
by the steel under the conditions of the experiments.

The propagation of shear bands is also studied by high speed photography. There
is a dramatic increase in the speed of shear bands over a short range of impact velocity
for C-300. The maximum shear band speed observed in C-300 steel is 1200 ms™' or
approximately 40% of the shear wave speed of the material. The maximum speed and
the average speed of shear band propagation are close to each other and show a
strong dependence on the impact velocity. The high speed camera images capture the
complete sequence of events including initiation and growth of the shear band. In
cases involving shear band arrest, the high speed photography also demonstrates the
transition in the mode of failure from shear banding to cracking.
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