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The Department of Homeland Security (DHS) funded National Transportation
Security Center of Excellence (NTSCOE) at the University of Connecticut
focuses on developing and characterizing new materials systems and testing
methods for the protection of the country’s infrastructure. This study has provided
insight into the mechanical behavior of a high strength low alloy (HSLA) steel,
ASTM A913 grade 65, under shock loading conditions and elevated temperatures.
Shock loading conditions incorporate deformation rates greater than 10s-1 . Studies
have shown that the high rates of deformation, as experienced in an explosion,
followed by elevated temperatures such as during a fire, can severely weaken
steel structures to the point of failure. High strain rates have the propensity to
create localized shear in metals, most catastrophically in the form of adiabatic
shear bands (ASBs). ASBs are detrimental to a material’s performance as they are
more brittle that the surrounding matrix, and thus are likely sites for crack
propagation. A drop-weight test fixture and specialized specimen geometry was
designed to deliver impact loads sufficient to generate ASBs within the A913

Vincent Paul Palumbo – University of Connecticut, 2013
material as well as for A992, an industry standard. A microstructural investigation
of the resulting shear bands and surrounding matrix was carried out by light
microscopy, indicating that A913 is more susceptible to ASB formation due to the
finer initial grain structure and additional microstructural constituents of this
advanced thermally processed alloy. The hardness was mapped across such ASBs
using Instrumented Indentation Testing (IIT), both in the as formed state and upon
annealing at 600°C for 1 hour. Post annealing, the hardness of the shear bands
returns to the matrix values as the grain structure heals while the parent
microstructure remains unaffected, decreasing the likelihood of brittle failure but
maintaining structural integrity. Finally, a 3-point test fixture was designed and
loaded in a furnace heated according to modified ASTM E119 standards for fire
tests of building materials. The A913 out-performed A992 in these elevated
temperature tests with lower rates of deformation under equal static loads.
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Introduction
The Department of Homeland Security (DHS) is a cabinet department of the United
States federal government and has the responsibilities of protecting the United States
from further terrorist attacks,

natural disasters and

man-made accidents. More

specifically, DHS has created Science and Technology Centers of Excellence (COE) led
by universities throughout the US to conduct research over a wide range of areas
including maritime and extreme environment security, costal hazards, transportation,
command, control and interoperability. The University of Connecticut, along with several
other universities, is a part of the National Transportation Security Center of Excellence
(NTSCOE), established in August 2007, with the aim of “developing new technologies,
tools and advanced methods to defend, protect and increase the resilience of the nation’s
multimodal

transportation

and

infrastructure”.

Furthermore,

the

University

of

Connecticut is the only institution among those in NTSCOE involved in engineering
research as well as one of the only institutions among DHS COE’s with a materials
engineering focus.
In previous events, steel structures have been compromised by blast loads and subsequent
elevated temperatures. Initial blasts weakened the steel structures through severe plastic
deformation, however, the elevated temperatures experienced in the fires following the
explosions further decreased the integrity of the structures to the point of failure.
Construction of new buildings, notably, the New World Trade Center, are being
fabricated with structures made of more advanced construction materials aimed at being
1

able to maintain structural integrity after exposure to blast loads and temperatures
experienced in a fire such that the extent of damage is lessened compared to previous
designs and implementations. It is also important that the rescue workers can safely
evacuate and evaluate damaged structures with ample time.
This research looks into the microstructural characteristics of ASTM A913 grade 65
construction steel subjected to shock loads and elevated temperatures. Mechanical
properties and microstructural characteristics have not previously been evaluated for this
particular steel under high strain rate conditions and elevated temperatures. Shock loaded
samples will be evaluated for defects and microstructural changes as a function of
temperature. Samples will also be exposed to fire conditions in accordance with ASTM
standards to explore effects of prolonged elevated temperature exposure under static
loading. Finally, the mechanical properties of shear band defects found in the shock
loaded samples will be investigated with instrumented indentation testing.
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Chapter 1: Background
1.1 ASTM a913 Grade 65 Steel
The structural steel being investigated is a high strength low alloy steel (HSLA)
manufactured by Arcelor Mittal. The steel was introduced in the 90’s as HISTAR and is
available in multiple grades based on chemical composition, tensile strength and yield
point. The steel conforms to ASTM standard A913 which specifies high yield strength
(65ksi for grade 65), excellent toughness, and very good weldability (i.e. welding without
preheating for most practical circumstances). A913 steel is very ductile steel, despite its
relatively high yield strength. Figure 1 gives the chemical composition and tensile
requirements for A913. The fire resistance of A913 is reported as similar to conventional
hot-rolled structural grades. The standard also specifies that the steel shall be produced by
a quenching and self-tempering process (QST) [1]. The QST process consists of in-line
heat treatment and cooling rate controls which results in fine grains throughout the
material, and demonstrates exceptional toughness compared to conventional hot-rolled
steels. Such attractive properties are achieved through the QST method producing
tempered martensite and varying the pearlite/bainite volume fractions through interrupted
quenching. Figure 2 shows the sequence for the QST process. During interrupted
quenching, the duration of holding the material in the quenching medium is controlled
and held in the temperature region above which austenite begins to transform to ferrite,
down to a designated self-tempering temperature [1, 2].

3

A913 steel is alloyed with 0.05% Nb for the purposes of grain refinement and enhanced
mechanical properties. Such grain refiners play an important role in controlling the
microstructure and therefore the mechanical properties of the steel [3]. Specifically, the
Nb forms carbides which segregate to the grain boundaries as very fine precipitates,
retarding grain boundary movement through solute drag and Zener pinning. This in turn
minimizes grain growth during hot work. The presence of these precipitates also increase
the austenite grain coarsening temperature and increase the flow stress of the material,
which increases the load required to deform the steel.

4

Figure 1: Chemical and tensile requirements for ASTM A913 Steel, Grades 50,60, 65, and 70 [2].

5

Figure 2: Thermo-mechanical processes and resulting structures. Line (4) depicts the sequence of
temperature ranges used for the QST process for the fabrication of A913 steels [2].

1.2 A992 Steel
For comparison, another HSLA steel; ASTM A992, is included in certain experiments.
A992 was introduced in 1998 and, due to strength and ductility characteristics of a high
performance steel (HPS), enhanced weldability, and well controlled tensile mechanical
properties, it has become the preferred steel for structures in the United States [4]. A992
is more economical than the structural grade A36, due to savings from weight reduction
that are greater than the extra cost of the higher grade steel [5]. Figure 3 shows the
chemical and tensile requirements according to ASTM A992. Microalloying carbonmanganese steels with Nb is widely used to create high-strength structural beams with
good toughness and weldability. Since the carbon level must be reduced to obtain good
6

toughness, microalloying elements such as Nb and V are added to compensate for the
decrease in strength from the reduction in carbon content [6]. Similar to A913, A992 is
microalloyed with Nb and V. Shanmugam et al. reported that the microstructure of Nb
and

V

microalloyed

steels primarily consists of polygonal ferrite and

pearlite

microconstituents when processed at conventional cooling rates. At high cooling rates,
such as those experienced in the QST process for ASTM A913, the microstructure
consists of degenerated pearlite and acicular ferrite in addition to the primary ferrite and
pearlite constituents. It was suggested, based on the microstructural studies, that Nb
microalloyed steels have increased toughness due to the greater fraction of degenerated
pearlite [7].

7

Figure 3: Chemical and tensile requirements for ASTM A992 Steel [8].
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1.3 High Strain Rate Loading
Blast impact mitigation is a major area of research in the DHS projects. It is essential to
understand the effects that blast waves have on the materials used in structures and
components related to blast and fire mitigation in infrastructure. Blast wave pressures can
be simulated with high strain rate loading experiments. High strain rate denotes a
minimum rate of >10s-1 [9]. The response of metals to high strain rates can be described
by physically-based mechanisms that include dislocation dynamics, twinning, martensitic
phase transformations, grain size effects and solution hardening effects.
It has been shown that a highly ductile metal can exhibit shear localization (shear bands)
under low temperatures and high strain rate deformation, with dislocation motion
occurring at the shock front [10]. It is more likely to develop such shear localization in
metals at low temperatures due to a combination of lower heat capacity and a higher rate
of thermal softening. Preferential shear band formation can also be explained by the fact
that the critical strain for shear localization increases with increasing temperature. Hence
the thickness of the shear bands formed will increase as a function of temperature. Also,
the critical strain has been found in many cases to decrease with increasing strain rate
[10, 11]. For this reason, future tests have been conducted at consistent strain rates for
optimal comparison of multiple runs.
A useful technique that can be used to measure the dynamic mechanical properties of a
material is Split Hopkinson Pressure Bars (SHPB). SHPB methods are useful in obtaining
dynamic properties in the strain rate range of 10 3 -104 s-1 [9]. The SHPB apparatus
9

includes a striker bar, solid incident bar, and a solid transmission bar, which in certain
cases are made of high strength and toughness maraging steel [12]. High strength and
toughness bars are used in order to remain elastic during impact, therefore experiencing
small strains which allows the use of strain gauges on the bars [9]. Figure 4 shows a
SHPB apparatus diagram for compression experiments. For the dynamic tests, the striker
bar impacts the incident bar, creating an elastic compressive stress pulse (incident pulse).
The incident pulse deforms a pulse shaper placed at the impact end, creating a ramp in
the incident pulse which then propagates along the incident bar. Pulse shaping techniques
have also been implemented to provide nearly constant strain rates throughout the sample
[13]. These settings most closely mimic the dynamic loading conditions caused by a blast
event.

Figure 4: Split Hopkinson Pressure Bar apparatus for compression testing (Bottom). Incident, transmitted
and reflected pulse directions, locations, and characteristics(Top) [12].

10

The incident pulse hits the specimen and part of that pulse is reflected back to the
incident bar (reflected pulse) in the form of a tensile pulse. The remaining pulse is
transmitted (transmission pulse) to the transmission bar. Strain gauges mounted on the
surfaces of incident and transmission bars give the time-resolved elastic strain pulses.
The aim of the SHPB data is to relate the strain gauge measurements to the force applied
and amount of deformation of the specimen [9, 12]. Analysis of the elastic waves
generated in SHPB tests consider the rods as 1D objects, where the true 3D
characteristics are exhibited by oscillations in the signals. Other assumptions used to
derive equations relating the forces and strains of the SHPB tests are that the forces on
the two ends of the specimen are equivalent and that the specimen deforms at a constant
volume. Stress-strain curves can then be calculated after eliminating the time variable
from two equations [9, 12]:

( )

( ) and

∫

()

Where εr and εt are the time-resolved strain values for the reflected and transmitted
pulses, respectively. Eb is the Young’s modulus of the bar material, Ab and As are the
cross sections of the bar and sample, respectively, Ls is the specimen thickness, and
cb=(Eb/ρb)-2 is the longitudinal bar wave speed [9, 12].
One drawback in SHPB experiments is that the specimen is typically loaded several times
in an experiment due to the stress wave being reflected back and forth in the specimen
bar, creating difficulties in developing correlations between sample microstructure and
loading history [13]. Combined numerical/optical methods have therefore often been
employed to generate more accurate results from the SHPB experiments. Classical
11

measurements only give single values for the stress and strain rate in the specimen at
each moment, and these values are averaged over the length of the specimen, so no
information is obtained concerning the true distribution of values within the structure
(this is a reasonable assumption when certain sample dimension conditions are met that
lead to a relatively constant uniaxial stress state as assumed). For more complex
situations, grids and reference points can be placed on the specimen and their
displacement recorded

during the SHPB experiment with high speed

cameras.

Algorithms are then used to obtain quantitative maps of the local displacements, as a
function of time.

These set-ups are complicated, computationally intensive, and

expensive, so they are typically performed only for unique cases [14].

1.4 Drop-weight Test Fixtures
Since the scope of this study focuses more on the relative mechanical properties of ASBs
after exposure to elevated temperatures, importance was placed on the ability to
reproducibly generate ASBs at will, as opposed to determining specific values of strainrate dependence. Though the data obtained from SHPB experiments contains more
information on the shear strains, strain rates and stresses experienced by the sample, it is
a more complicated system than a drop-weight test fixture. In addition, the SHPB system
that was outsourced for this study did not consistently produce ASBs in samples. The
drop-weight test fixture however, was found to be capable of consistently producing
ASBs in the samples at a number of different impact forces. In addition tests can be
12

performed in-house, with relative ease, and in a short amount of time. Drop-weight tests
are capable of delivering strain rates up to 103 s-1 [9, 15, 16]. Another advantage of dropweight testing over SHPB is that the strain-rate history of the material under
compressive/shear loading is not influenced by the strain hardening of the material [15].

1.5 Hat-Shaped Specimens
Specimens impacted in the drop-weight test fixture were machined to have a hat-shaped
geometry, as seen in Figure 5. The hat geometry, originally developed by Meyer,
Manwaring and Hartmann, has been used in numerous investigations concerning the
hardness, evolution and overall characterization of shear zones for different materials [15,
17-22]. The hat geometry is advantageous in that the corners of the specimen provide a
location for the initiation of strain localization, i.e., formation of ASBs. Meyer et al.
postulated that the disadvantage of such a specimen is that the localized strain cannot be
quantified, however, as investigated by Mishra et al., the macroscopic strain can be
estimated by dividing the shear displacement by the thickness of the shear band [17, 20].
Through the use of finite element simulations combined with SHPB experiments, Peirs et
al. found that the width of the shear region and the radius of the corners are the most
important parameters affecting the homogeneity of stresses and deformations in the shear
zone and the initiation of ASBs respectively. It was also noted that the ratio of the outer
diameter of the hat and the inner diameter of the brim influences the specimen response
since it essentially changes the amount of material involved during deformation.
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Generally, a specimen with a brim inner diameter just smaller than that of the outer
diameter of the hat is ideal for good homogeneity of shear stresses and a stress state as
close as possible to pure shear [18]. We have chosen a hat geometry to fit such criteria.

Figure 5: Cross-section view of hat-shaped specimen geometry.

1.6 Instrumented Indentation Testing
Instrumented-indentation testing (IIT) is a widely employed method for determining the
mechanical properties of very small volumes of material. IIT is ideal for probing thin
films coatings and surface layers and since indents can be positioned within roughly
1µm, IIT can map the spatial distribution of mechanical properties with good resolution
[23-26]. For example, Ye et. al. determined the strain hardening exponent and elastic
modulus of welding-altered microstructures in welded joint zones. They were able to
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measure the mechanical properties within the base metal, weld metal and heat affected
zone and determine that there is significant variation between the heat affected zone and
the base and weld metal regions [26]. An advantage of IIT is the ease of sample
preparation, which generally requires a sample with a degree of smoothness that is
dependent on the magnitude of the measured displacements and the tolerance for
uncertainty in the contact area, i.e. most as-deposited films and polished metallographic
specimens are sufficient, making IIT a viable method even when the sample is large
enough to be tested with other techniques [23, 27].
IIT uses a high-resolution actuator to push the indenter into the surface of a specimen,
while a high-resolution sensor continuously measures the amount of penetration [23]. An
advantage of this technique, confirmed by Oliver and Pharr, is that the area of contact
under the indenter tip at a certain depth can be obtained from the load-displacement data
and the shape function of the tip. Previously, direct imaging of hardness impressions
were needed to calculate the contact areas, which is time-consuming and not practical
[28]. Oliver and Pharr developed the power law relation for calculating the contact area
following Sneddon’s derivations of relationships between load, displacement and contact
area for many punch geometries [29]. Figure 6 represents a typical load versus indenter
displacement curve. Pmax is the peak indentation load, hmax is the indenter displacement at
peak load, hf is the final depth of the impression after unloading, and S is the initial
unloading stiffness. The power law describing the load-displacement relationship is
shown in Equation (1) [28, 29].
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Figure 6: Representation of a load versus displacement curve for an indentation experiment. Pmax is the
peak indentation load, h max is the indenter displacement at peak load, h f is the final depth of the impression
after unloading, and S is the initial unloading stiffness [28].

(1)
P is the indenter load, h is the elastic displacement, and α and m are constants. The
exponent m has values based on common punch geometries such as cones, flat cylinders
and spheres. The hardness of the specimen surface, H, defined as the mean pressure the
material will support under load, is calculated using equation (2) where A is the projected
area of contact at peak load [23, 28].

(2)

A number of indenter tip shapes can be used for IIT experiments, however the preferred
shape for measuring hardness and elastic modulus is the Berkovich pyramid. The
Berkovich tip is a three sided pyramid with an aspect ratio similar to that of a four-sided
Vickers pyramid. Advantages of the Berkovich pyramids are the minimized influence of
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friction and their ability to produce plasticity at low loads [23, 28]. An SEM image of a
Berkovich indenter tip is presented in Figure 7.

Figure 7: SEM image of a Berkovich indenter tip [30].

1.7 Creep
Creep is the phenomena in which a material, placed under static mechanical stresses at
elevated temperatures, will deform as a function of time. Creep depends significantly on
thermal activation to overcome barriers to initiate certain deformation mechanisms, such
as dislocation climb. Creep is typically not considered to be important for bridges, ships
and other large structures since they are designed for use at ambient temperatures.
Structures used above 755K though, are designed to account for the fact that they will
17

deform slowly under load [31]. The temperature regime in which creep becomes
significant differs from one metal to the next, it is roughly 0.4 times that metals melting
temperature [32]. Figure 8 shows a theoretical plot of creep strain vs. time. There are
three main stages of creep; Primary (transient) creep, where the slope of the curve
diminishes over time due to the continuously decreasing creep rate of the material as it is
experiencing strain hardening. Secondary (steady-state) creep is defined by the linear
portion of the creep curve where the creep rate is constant. The creep rate remains
constant as the competing processes of strain hardening and recovery balance out. The
secondary stage of creep is the most important for design considerations. The slope of the
second region gives the steady state creep rate, a design parameter considered for long
life applications such as a nuclear power plant component. Finally, in tertiary creep, the
rising stress overcomes strain hardening and the creep rate increases, ultimately leading
to failure of the material (rupture). Materials experiencing creep fail from rupture caused
by grain boundary separation and formation of internal cracks, crevices and voids. For
shorter life creep situations, i.e., turbine blades, rocket and motor nozzles, the time to
rupture is the dominant design parameter [31, 32].
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Figure 8: Plot showing the three stages of creep; primary(stage I), secondary (stage II), and tertiary (stage
III) including indications of slope behavior that define each stage [31].

There are various creep mechanisms that work independently, in parallel, or in series
depending on the material being deformed. Some of the mechanisms include the
activation of dislocation sources, where thermal energy can aid an applied stress in
overcoming the energy barrier to form dislocation loops and jogs. Dislocation jogs move
by slip along the dislocation direction and by climb in the glide direction. Dislocation
climb depends on the diffusion of vacancies either towards or away from edge
dislocations. Climb is an important mechanism as it can help dislocations overcome
obstacles to slip [31].
Resistance to creep is related to the structure and properties of a material. Body-centeredcubic (BCC) transition metals have more open structures and increased vibrational
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frequencies, and therefore increased diffusivity which is reflected in higher creep rates
compared to face-centered-cubic (FCC) metals [33]. When dislocation motion, such as
climb-glide, dominates creep, the creep resistance of a material is improved with a higher
shear moduli. When diffusional flow is the controlling mechanism the creep rate is
reduced by increased grain sizes [33, 34]. Inter-granular particles and precipitation
hardening increase creep resistance in that restrictions are placed on grain boundary
sliding and pinning of dislocation loops respectively. Dislocation loops form around
incoherent particles and progressively build up, blocking the motion of succeeding
dislocations through the lattice until those dislocations are aided by climb [31, 33]. Strain
hardening by cold work also increases creep resistance, though only around 15-20% cold
work, as increased deformation will lower the recrystallization temperature, increasing
the likelihood of softening during creep [31].
Tanaka et al. investigated the effects of microstructure on the creep-rupture properties of
two austenitic heat-resistant steels. They found that both the rupture life and creep
ductility increased with increasing grain size for SUS304 steel. SUS304 failed with a
mixed mode of intergranular (grain boundary) and transgranular fracture. As grain size
increased, the proportion of transgranular fracture also increased. In 21Cr-4Ni-9Mn steel,
failing by intergranular fracture only, the creep ductility decreased with increasing grain
size while the rupture life increased with increasing grain size. The rupture life still
increased in light of a decrease in creep ductility since the effects of grain size influence
rupture life to a greater degree than creep ductility [34].
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1.8 Shear Bands
Dynamic high strain rate experiments such as SHPB and Drop-weight towers have been
shown to produce localized shear in specimens that leads to the formation of narrow
shear bands [9, 12, 13, 15, 16]. Shear bands form in a complex process where the
occurrence of strain hardening due to the increase in yield strength of the material is
compensated by thermal softening. Under high strain rates, a significant portion of the
plastic work is converted to heat, resulting in a rise in temperature and subsequent
thermal softening. If such thermal softening surpasses the strain hardening, localized
adiabatic shear deformation occurs [35, 36]. Shear bands formed at such high strain rates
(typically >102 s-1 ) are termed adiabatic shear bands (ASBs) because the process happens
in such a short amount of time that there is no opportunity for significant heat exchange
between the band and the surrounding matrix [37, 38]. Shear bands are not only observed
in ballistic impact, they are present in forging and high speed machining applications as
well. When formed in forging products, ASBs can introduce regions of weakness and
internal flaws. Positive aspects of shear band formation are found in punching and
shearing techniques in steels, where the shear bands form and are responsible for smooth
cuts. Also, in the machining of metals, where shear bands are responsible for the breakup
of chips formed during cutting, their formation enables higher machining rates [39]. Duan
et al. characterized the morphology of adiabatic shear bands present in serrated chips
recovered from a high speed machining technique in order to understand the fracture
mechanisms of the chip formation process [40]. The presence of ASBs is not desirable in
structural elements due to their brittle nature and high tendency for crack formation.
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Cracks can easily nucleate in ASBs and propagate into the bulk material, leading to
unexpected failure [25, 38]. Using an array of infrared temperature detectors, Guduru et
al. found that the temperature field along an ASB consisted of periodical “hot spots” [41].
Through numerical simulations Teng et al. concluded that the “hot spots” occurring in a
propagating ASB act as initiation sites of small cracks and that the formation of a crack
within a shear band occurs via a linkage of these smaller cracks as opposed to the growth
of a single crack [36]. Meyers et al. found that ASBs can be favored failure sites not only
by cracking, but also by ductile void nucleation, growth, and coalescence. The heat
generated within the material in a forming shear band lowers the flow stress compared to
the surrounding matrix and tensile stresses open voids in the shear band [42]. Figure 9
shows such voids within an ASB. In terms of long term structural stability for
infrastructural applications (for example following a ‘survived’ blast event), ASBs are
therefore a major concern.

Figure 9: Void formation inside of a shear band in a Ti-6%Al-4%V alloy [42].
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The microstructural evolution inside of shear bands has been studied in depth [42-47].
Different processes can occur during shear band formation, and do so concurrently or
separately.

They

include:

dynamic

recovery,

dynamic

recrystallization,

phase

transformation, strain-induced precipitate dissolution, melting and resolidification, and
amorphization [42]. Dynamic recrystallization mechanisms have been classified into two
types; rotational and migrational, both requiring concurrent plastic deformation [48]. An
illustration describing the microstructural evolution during shear band formation via
rotational dynamic recrystallization is presented in Figure 10.
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Figure 10: Illustration of microstructural evolution during high strain-rate deformation. (a) Initial
distribution of dislocations, (b) Dynamic recovery (elongated dislocation cell formation), (c) Elongated
subgrain formation, (d) Break-up of elongated subgrains, (e) Dynamically recrystallized microstructure
[47].

In the first segment (Figure 10(a)) randomly distributed dislocations rearrange into
elongated dislocation cells (Figure 10(b)), also known as dynamic recovery. As the
deformation continues,

along with increasing misorientation and thermal activation

provided by the temperature rise, the dislocation cells become elongated subgrains
(Figure 10(c)). These elongated subgrains then break up into equiaxed micrograins due to
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interfacial energy minimization (Figure 10(d-e)), a transformation process that requires a
diffusional reorientation of grain boundary segments. Continued deformation causes
these micrograins to rotate [42, 43, 47]. Meyers et al. found that these rotations can occur
in fractions of a millisecond [44]. Essentially, as the material is being continuously
deformed, new grains nucleate and grow within the ASB. When the plastic deformation
reaches a critical level, new, dislocation free grains form, grow, and are again plastically
deformed while subsequent generations of dislocations form. As the strain rate increases,
the sizes of the recrystallizing grains decrease [39]. Hines et al. proposed a model to
account for the shear band microstructures observed in a variety of metals called:
Progressive subgrain misorientation (PrisM) [49]. Their TEM observations, shown in
Figure 11, of ASB microstructures in copper and tantalum revealed recrystallized grains
within copper but not in tantalum. Since the kinetics of diffusion-based recrystallization
mechanisms could not explain the recrystallized grain size observed in copper, they
proposed a mechanically driven subgrain rotation mechanism. This mechanism helped
explain the absence of recrystallized grains in tantalum in that the dislocation climb
kinetics were too slow, even though sufficient subgrain misorientations were generated
during deformation. They concluded that recrystallization under the rapid deformation
and cooling conditions of adiabatic shear band formation can be divided into three
components; subgrain formation, subgrain rotation, and subgrain boundary refinement
[49]. Boundary refinement is provided by the temperature rise and time necessary for
dislocation rearrangement during deformation [43].
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Figure 11: Transmission electron micrographs of a) Recrystallized grains with diameters of ~0.2µm in an
ASB formed in copper b) Subgrains with heavily dislocated boundaries having diameters of ~0.2µm in an
ASB formed in tantalum [49].

Meyers et al. found direct supporting evidence for the mechanism of rotational dynamic
recrystallization. Fine recrystallized structures were observed in various metals; Ti, Cu,
Al-Li and Ta. Since the fast deformation and short cooling times inhibit grain boundary
migration, the rotational mechanism based on dislocation energetics and grain boundary
reorientation can however operate within the time of the high strain-rate deformation
process [44]. They relied on TEM micrographs and diffraction patterns since the details
of microstructural evolution within a shear band cannot be resolved by optical or
scanning electron microscopy. The shear bands were generated in hat-shaped specimens
with the use of a Split Hopkinson Pressure Bar at strain rates of 10 4 s-1 . Significantly
different diffraction patterns were obtained for the region within the ASB compared to
the region outside of it. The diffraction pattern inside the band has a spotty, ring-like
pattern, produced by spontaneous diffraction of many crystallographic orientations.
Outside of the band (Matrix) the diffraction pattern for a single crystalline orientation is
seen. The structure inside of the band consists of equiaxed grains with diameters of 0.0526

0.2µm and low dislocation density, a structure indicative of dynamic recrystallization
[44]. TEM micrographs and the corresponding diffraction patterns of the two regions are
shown in Figure 12. TEM micrographs and diffraction patterns from an analogous
experiment on an 8090 Al-Li alloy, conducted by Xu et al., are presented in Figure 13. In
this case, the diffraction patterns for the elongated cells adjacent to the ASB are included
in addition to the patterns for the deformed structure with high dislocation density and the
recrystallized, equiaxed grains.

Figure 12: TEM micrographs of the shear band and matrix (labeled ‘M’) regions in Ti. The diffraction
patterns corresponding to the two regions are included [44].
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Figure 13: TEM micrographs and corresponding diffraction patterns for a) the deformed structure with
heavy dislocation density b) the elongated cells adjacent to the shear band and c) the recrystallized
equiaxed grains with an average size of 0.2µm and low dislocation density [46].

In a similar study, Meyers et al. utilized electron backscatter diffraction (EBSD)
techniques to show subgrain division in regions adjacent to the ASB with angular
rotations, in the scale of one 30µm grain, of up to 20°. The rotations are necessary to
accommodate the shear strain and achieve compatible deformation between the adjacent
grains [45]. In addition to the EBSD experiments, characterization with TEM showed two
regions within ASBs. One consisting of 0.1-0.2µm grains with well-defined boundaries
and low dislocation densities, and another region that has a glassy structure (the first
observation of amorphization within an ASB) [45]. A TEM micrograph and the
diffraction patterns of the two regions are shown in Figure 14.
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Figure 14: TEM micrograph of an interface of nanocrystalline and amorphous regions within an ASB
generated in AISI 304L stainless steel. Diffraction patterns of the glassy region (left) and nanocrystalline
region (right) are characteristic of the two phases [45].

Two types of localized shear bands are often reported in materials experiencing high
strain-rate deformation; transformation bands and deformation bands. Transformation
bands are also sometimes referred to as white-etching bands based on their distinct
appearance compared to the surrounding matrix upon etching. Transformation shear
bands are termed as such because it was initially proposed that the microstructure within
them consisted of phase transformed constituents [39, 50]. However, there have been
controversies regarding the phase transformation of microstructures within shear bands,
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mostly due to the use of TEM techniques that confirm the existence of very fine equiaxed
grains within the bands, having relatively low dislocation density, supporting the
dynamic recrystallization mechanism proposed by Meyers and Pak. [51]. This realization,
combined with the different phenomena that can occur during shear band formation, as
mentioned earlier, makes understanding the structures observed and the mechanisms of
shear band formation very complex [42, 44, 45, 47, 49]. The microstructures of
transformation bands contain fine equiaxed grains and in addition, the occurrence of
these microstructures have been found in materials with differing crystal structures; FCC,
HCP and BCC, further indication that the mechanism of dynamic recrystallization is
taking place along with plastic deformation [37, 39, 46]. Xu et al. and Lee et al. had
observed both types of bands in studies involving high shear loading. Xu et al. found that
the deformed and transformation bands occur at different stages of deformation during
shear localization. It was noted that the deformation shear bands occur during the first
stages of localization, while the transformation or white shear band is a result of further
development of the deformed shear band under more extensive localized flow [52].
Figure 15 shows micrographs of the two different types of bands. After the initiation of
the deformed band at critical strain and strain-rate values, the deformation becomes more
apparent, while a continued increase in strain leads to the appearance of the white shear
bands [46].
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Figure 15: Optical micrographs of deformed (left) and transformed (right) shear bands in the same material
at different stages of deformation. The trans formed/white-etching band develops after continued
deformation and increasing strain [46].

In the work done by Lee et al. deformation shear bands and transformation shear bands
were observed in specimens with differing carbon content. S15C (0.15% carbon) and
S50C (0.48% carbon) specimens were each subjected to a strain rate of 1.0x10 5 s-1 .
Deformation bands were observed in the S15C sample while both deformation and
transformation shear bands were present in the S50C sample. Figure 16 shows optical
micrographs of the two types of steel displaying the different shear bands. The maximum
local strain in the S15C sample was 10 while the S50C sample had a maximum local
strain exceeding 70. It was concluded that steel with higher carbon content is more
sensitive to strain rate. Also, the shear flow stress, hardness and width of the shear band
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depend strongly on the carbon content and strain rate. The average temperature rise
within the shear bands increased with increasing carbon content and strain rate and the
widths of the shear bands decreased with increasing strain rate and carbon content [53].

Figure 16: Optical micrographs of a) S15C steel containing a deformation shear band. b) S50C steel
containing deformation and transformation bands. Both specimens were subjected to a strain -rate of 1x105 s 1
[53].

Shear band formation is influenced by a variety of factors, including; strain rate, strain
rate sensitivity, hardness, microstructure, and inclusions. A low work hardening rate and
a large thermal softening increase a materials susceptibility to shear band formation [39].
ASBs initiate at local defects and inhomogeneities in the material, and the presence of
ASBs increases with an increase in the yield strength and hardness of the material [35].
Interestingly, through the study of a variety of metals (including 4340 steel, AISI 304L
and

α-titanium),

microstructures

Dougherty
of

shear

et al.
bands

showed

formed

in

that there were similarities in the
each

material,

indicating

that

the

microstructural development within shear bands is common for various crystallographic
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phases. It is also noted that for ferritic alloys, the effects of shock loading on
microstructure become complicated due to the pressure-induced phase transition from
BCC ferrite to HCP epsilon. The epsilon phase is unstable at standard pressure so it
reverts back to ferrite upon the release of the shock load, however, alloying elements can
cause retention of small amounts of the epsilon phase. Since the density of the epsilon
phase is greater than that of the ferrite phase, volume reductions leading to
crystallographic defects are introduced in addition to the defects resulting from the
propagation of the shock wave [37]. Again, these represent a problem for the long term
use of infrastructural elements that have survived a blast event.
Subsequent heating after initial shock-loading has been observed to alleviate some of the
detrimental effects of the presence of shear bands. In one study by Odeshi et al., it was
shown that there was an overall reduction in hardness in the ASBs after various heat
treatments. The reduction in hardness of the bands after this heat treatment means that
there will be less of a tendency for cracking if subjected to mechanical loads. It was seen
that during heat treatment, white bands (much harder and brittle than bulk, consisting of
very fine grained iron carbides, martensite and ferrite with dimensions less than 300nm.)
transformed to deformation bands instead. These deformation bands contain the same
constituents as the initial white bands, but have features more similar to the bulk. The
microstructural changes from white bands to deformation bands is attributed to the
coarsening of the nano-sized carbide particles [25, 38]. Figure 17 depicts ASBs in AISI
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4340 steel, showing both white and deformed bands, the plastic flow around the ASBs,
and the results of the heat treatments on the hardness of the bands.

Figure 17: a) White ASBs formed during high strain rate loading. b ) White and deformed band transition.
c) Crack formation in ASB (d) Hardness values of the ASBs and bulk material corresponding to various
heat treatments [25].
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1.9 Fire/Structural Evaluation
In the event of an explosion there is the initial shock wave which is normally
subsequently followed by a fire. Prolonged exposure to elevated temperatures is
detrimental to the strength of steel, and is thus an inherent weakness in the steel structures
used to construct high rise buildings and other infrastructural applications (bridges, tunnel
braces, etc.). Both the Young’s modulus and yield strength of steel will drop rapidly if
temperature increases substantially and/or remains at elevated temperatures for long
enough periods of time. Extensive studies have thus been carried out on inelastic
deformations of columns and beams in frames due to the corresponding degradation of
strength and thermal expansion effects [54, 55]. From these studies, designers are able to
predict the maximum allowable temperature of a structure under constant loading, which
is important for preventing the collapse of buildings in a fire and ensuring the safety of
rescue personnel and survivors. It is also important to evaluate structural damage after a
fire for appropriate repair plans. Residual stresses and strain in some elements may play a
factor in the structural integrity, therefore not only should the heating of the structure be
considered, but so should the cooling phase. Because strain reversal happens during the
cooling phase, cooling can be treated as an unloading event. It is important to avoid the
structure becoming susceptible to plastic deformation in the early stages of a fire as well
as any large structural deformations that can affect escape and rescue [54]. In extreme
cases, the inability of the overall structural system to effectively redistribute loads after
deformation evidently leads to the failure of the building frame. Even without flexural
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deformation from loads at elevated temperatures, columns subjected to blast loading can
fail by shear yielding [55].
This work therefore aims to investigate the microstructural effects of blast events on high
strength low alloy steels through shock and thermal loading experiments followed by
microstructural evaluation.
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Chapter 2: Drop-Weight Tests and Split Hopkinson Pressure Bar
Experiments
2.1 Methodology
2.1.1 SHPB Disks
Samples utilized in SHPB experiments are cut from I-beams of ASTM A913 steel from a
¼ thickness of the flange section. Disks with 0.087” thick, 0.312” diameter dimensions
are cut from three different locations along the flange, denoted by 1-Dot, 2-Dots, and 3Dots for record keeping purposes. Specifications for the appropriate extraction of the
disks can be found in the ASTM A913 standard. Sample disks are sent to the University
of Rhode Island where collaborator Arun Shukla’s lab performs SHPB experiments.
Specimens are tested in a SHPB apparatus that utilizes 0.5” bars, a 9.75” striker and a
2mm thick pulse shaper. An air gun is used to propel the striker bar and is charged to
100psi. For SHPB experiments at elevated temperatures an induction heating coil system
is used which can heat samples to the desired temperature in less than 2 minutes. Boron
nitride is used as a lubricant to reduce friction between specimen and sample bars. For
high temperature runs, tungsten carbide inserts are placed between the two pressure bars
in order to eliminate a temperature gradient in the bars and protect the strain gauges
mounted to them. A thermocouple mounted to the specimen monitors the local
temperature. Figure 18 presents an image of the SHPB apparatus set up at the University
of Rhode Island.
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Figure 18: Split Hopkinson Pressure Bar apparatus used for testing disks of 1018 steel at room
temperature, and A913 at room temperature, 500°C, 700°C and 900°C.

For microstructural characterization, the disks are shipped back to the University of
Connecticut. The disks are cut in half with a low-speed precision sectioning saw and
mounted in a 1.25” pneumatic hot mounting press. Struers PolyFast mounting compound
is used so that samples can be characterized in an electron microscope if needed. The
PolyFast compound is loaded with carbon fillers to minimize charging on the surface.
Mounted samples are ground with 180, 240, 320, 400, 600, 800 and 1200 grit SiC papers
at 300rpm with 80N of force for roughly 4min for each grit size. The samples are then
polished on cloths with 6µm diamond spray, 1µm Al2 O 3 paste and finally 0.3µm paste,
again at 300rpm and 80N of force, decreased gradually to 45N for the last 30seconds, for
a minimum of 4 min each. The samples are rinsed between grinding steps and ultrasonicated in soapy water (~7min) between polishing steps. The samples are finally etched
with nital, comprising 2% of a 70% concentrated nitric acid solution, and 98% ethanol.
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Once etched and dried, the samples are suitable for imaging via optical microscopy and
scanning electron microscopy.
2.1.2 Drop Weight Fixture
A photograph of the drop weight fixture used in this study is shown in Figure 19. It
consists of a 40lb anvil with a 1” diameter tool steel insert for use as the impacting
surface. Another 1’’ diameter insert is attached to the bottom plate of the fixture. The tool
steel inserts are removable to allow for re-machining after several tests to ensure a flat
surface is in contact with the sample. The anvil rides on two rails and can be hoisted to a
maximum height of 5’ by an electro-magnet attached to a winch. The anvil can be
positioned at any height up to 5’ in 1” increments.
Hat-shaped specimens are placed in the center of the lower insert with the anvil locked in
place just above it. Once the sample is positioned the anvil can be winched up to the
desired drop height. Upon securing the door of the drop-weight fixture, the safety catch
mechanism disengages, allowing the anvil to be suspended by the electro-magnet only.
The anvil falls freely onto the sample upon switching the electro-magnet off.
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Figure 19: (Left) Drop-weight testing fixture. (Right) Close-up of platens and a hat-shaped specimen.

2.1.3 Hat-shaped specimens
The hat-shaped Specimens are machined on a lathe to the geometry specified in Figure 5.
Once subjected to testing via either the drop weight fixture or SHPB the hat-shaped
specimens are halved in the low-speed sectioning saw. The flat faces of the top hat halves
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are then placed face down and mounted to a steel puck using Crystalbond. To mount the
samples with Crystalbond, the steel puck is placed on a hot plate set to 115°C. Pieces of
Crystalbond are placed onto the puck in regions where the samples are to be mounted.
Once the flow temperature of the Crystalbond is reached (115°C) the samples are
pressed, face-down, onto the puck. When the Crystalbond cools, the samples are ground
on a belt sander with 240grit SiC paper in order to remove the radius and create a flat
surface for the subsequent mounting step. To ensure a uniformly flat base on the backs of
all of the samples, they are fine-ground using a diamond grinding wheel. The samples are
easily removed by reheating the steel puck. Excess Crystalbond residing on the face of
the samples is removed by sonicating in acetone. The hat-shaped samples are then
mounted

face-up

onto

individual 1.25” diameter aluminum pucks,

again,

using

Crystalbond. The individual samples can then be loaded into a 6-sample auto
grinding/polishing head and processed using the same grinding, polishing and etching
steps as described in section 2.1.1.

2.2 Results and Discussion
2.2.1 1018 Steel
Disks of 1018 steel were first investigated as a control. The disks were cut from bar stock
and prepared in the same manner as the A913 disk samples. 1018 specimens were
prepared for the as received condition, SHPB tested at room temperature and at 500°C.
Optical micrographs were obtained of both the top faces and cross sections of the disks.
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The rolling direction was revealed in the grains as they were elongated in the direction of
the main axis of the bar. The only microstructural changes observed were for the
specimens that were subjected to a SHPB test at 500°C. A clear set of crisscrossing shear
bands span through the entire specimen as seen in Figure 20. Upon higher magnification,
severe distortion of the grains in the shear bands is easily apparent compared to the
surrounding matrix.

a

b

c

Figure 20: a) 50x optical micrograph of shear bands in a 1018 steel specimen subjected to 100psi SHPB
testing at 500°C b) 200x mag. c) 1000x mag.

SEM images revealing higher magnifications of the shear bands in the sample are shown
in Figure 21. The platelets of cementite within the pearlite structure are revealed with
SEM, whereas with optical light microscopy, pearlite appears dark compared to the
ferrite grains.
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b

Figure 21: a) 2,500x SEM image of a shear band in 1018 steel subjected to SHPB at 500°C (lower right
hand corner contains 4-5 un-deformed grains for comparison); b) 750x SEM image of a similar shear band
in an identically prepared sample (notice un-deformed grains at upper left and lower right corners). The
cementite and ferrite lamella are revealed in the pearlite phase.

2.2.2 ASTM A913 Grade 65 Steel
As a control experiment, as-received disks of ASTM A913 Grade 65 steel were processed
from three locations on the flange of an I-beam, labeled; 1-Dot, 2-Dots and 3-Dots as
described earlier. Figure 22 depicts representative micrographs of the A913 steel in this
as-received condition. These micrographs were obtained as a check for homogeneity in
the grain morphology throughout the flange section. Micrographs were specifically
acquired for top view and cross-sectional view analysis of the disk specimens, at both the
center and the symmetric edge locations for each case. Though there are inhomogeneities
in the grain morphology of various locations on the specimens, there is no systematic
difference in morphology between the 1-, 2-, and 3-Dot locations. This indicates
reasonably homogeneous processing conditions of the I-beams as designed, therefore, the
experiments on specimens do not require consideration of specific dot locations.
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a

b

c

Figure 22: a) 500x: 1-Dot, center of top face; b) 500x: 2-Dots, edge of top face c) 500x: 3-Dots, edge of
cross-section. Images depict the range of microstructure morphologies/distributions observed at every
flange section considered.

Sample disks were also created and tested in the SHPB apparatus with 100psi loads at
room temperature, 500°C, 700°C, and a beyond-worst-case scenario 900°C. No
microstructural difference was observed between the room temperature and 500°C
samples. Shear bands were observed in the 700°C sample. Recrystallization clearly
occurred in the 900°C sample, as expected. Figure 23 represents selected micrographs
from these studies at different temperatures.
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a

c

b

d

Figure 23: a) 200x SHPB at RT b) 200x SHPB at 500°C c) 200x SHPB at 700°C, shear bands (arrows)
crossing with unaffected bulk material seen in lower right corner. d) 200x SHPB at 900°C, revealing
complete recrystallization throughout sample exposed to this extreme (and impractical) condition.

The difference between the grain morphology within the shear bands and that of the
surrounding matrix material in Figure 23 (c) is quite apparent. The grains within the shear
band are heavily deformed and elongated, while those within the matrix remain
unchanged.
A stress-strain plot for the A913 samples is shown in Figure 24. In these experiments,
five conditions were used; a high-strain rate condition referring to 100psi in the SHPB
chamber that correlates to a strain rate of 4500/s and a low strain rate, 50psi, condition
that correlates to a strain rate of 1500/s. The three others are tested at 100psi at
temperatures of 500°C, 700°C and 900°C.
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Figure 24: True stress vs. true strain plot generated from strain gage data collected from several SHPB
experiments. A913 disks were tested at high strain rate (100psi, 4500/s) and low strain rate (50psi, 1500/s)
conditions. 500°C, 700°C and 900°C tests were also carried out, using the high strain rate conditions. It can
be seen that the effects of strain hardening start to diminish at sample temperatures above 500°C, reducing
the maximu m stress to about half of the nominal value at 900°C.

The peak stress on the sample rises upon going from the low strain rate condition to the
high strain rate condition as expected [37, 56]. As the amount of strain increases, the flow
stress, defined as the true stress required to continue plastic deformation at a particular
true strain, also increases. This behavior is typical of stain-hardening materials [57, 58].
Additionally, upon heating the sample to 500°C the material begins to behave in a more
ductile manner, yet still experiences a strain hardening effect, indicated by the continuous
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rise of the curve after 0.10 strain. However, at 700°C the strain hardening effect is
significantly diminished, and is non-existent in the 900°C case. This is likely due to the
occurrence of recovery and recrystallization occurring at these higher temperatures, more
notably at 900°C. Figure 25 shows the microstructure of a disk specimen from the 900°C
experiment and it can clearly be seen that it has begun to recrystallize into a more
uniform microstructure. The pearlite phases and sharp ferrite, bainite, and tempered
martensite structures existing in the as received, 500°C, and 700°C A913 samples are no
longer present.

Figure 25: 200x OLM image of the cross-section of an A913 disk subjected to a 100psi SHPB experiment
at 900°C. At this temperature the grain structure has recrystallized. The grain size and morphology is more
uniform and appears to be single phase. Voids and MnS inclusions are also present.

For the 1018 and A913 disk samples, shear bands only happened to be observed in one
sample of each material. Despite differing experimental conditions and material type, the
two samples containing shear bands share a similarity in that they were hit off-center in
the SHPB fixture. Figure 26 shows a micrograph of the 1018 sample that developed shear
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bands due to an off-center SHPB strike. The sharp corner created by the edge striker bar,
indicated by the yellow arrow, facilitated the localization of shear into a well-defined
band.

Figure 26: 50x optical micrograph of the 1018 sample subjected to an off-center strike (indicated by the
yellow arrow) in a SHPB experiment, resulting in the formation of a shear band.

Due to the edge of the SHPB incident bar striking a section within the sample disk,
geometrical conditions arose that facilitated shear localization in that particular region. In
the initial samples studied it was proven difficult to consistently reproduce shear
localization. Different materials will have different criteria for developing shear bands
based on a number of factors including crystal structure, flow stress, thermal softening,
work hardening, and in the case of steels, carbon content [35, 39]. However, loading
conditions and specimen geometry also play an important role. As described section
2.1.3, certain sample geometries, such as top-hats can force shear localization by creating
a zone where the material is mainly deformed by shear. This configuration can even force
materials that do not generally exhibit shear localization to fail by shear [18, 39, 59].
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Since the one of the main goals of this study is to observe the microstructure and
mechanical properties of shear bands within A913 steel, it is advantageous to use a
specimen geometry that will consistently allow for the formation of shear bands. Thus, all
further investigations involving shear bands rely on the hat-shaped specimens specified in
Figure 5.
2.2.3 Drop-Weight Fixture and Hat-shaped specimens
Hat-shaped specimens were first tested in the drop-weight fixture in 1’ intervals from 1’
up to 5’. Table 1 lists the kinetic energy, in Joules, of the falling anvil at each height.

Drop Height (ft)

Energy (J)

1

54.19

2

108.39

3

162.59

4

216.78

5

270.98

Table 1: Table of kinetic energy values calculated for various drop heights of the 40lb anvil.

The kinetic energy of the free-falling anvil can be calculated by using equations for the
potential energy (PE):
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(3)
velocity (v):
√

(4)

and kinetic energy (KE):

(5)

Where m is the mass of the anvil (kg), g is the acceleration of gravity (9.8m/s2 ), and h is
the height from which the anvil is dropped (m).
Furthermore, if the displacement of the impacted surface is known, the average impact
force (IF) can then be calculated using the work-energy principle which, for a straightline collision, is the kinetic energy divided by the distance traveled by the falling object
into a surface after impact (d) [60]:
(6)
It should be noted that in the case of the drop-weight tests, the falling object (anvil) is not
travelling into the surface upon impact. However, the surface being struck is the hatshaped specimen, which inherently deforms upon impact. Therefore, the displacement of
the hat (upper portion of specimen) into the brim (lower portion of the specimen) is
instead used as the d value. The force of impact (kN) calculated at each drop height is
plotted in Figure 27.
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Figure 27: Plot of the force at impact for each drop height used. Th e force calculated also takes into
consideration the amount of deformation experienced by the hat -shaped specimens.

Figure 28 shows the resulting average strain imparted on the hat-shaped specimens from
the five different drop heights and the representative hat-shaped samples.

Figure 28: Table of average strain values imparted on hat-shaped specimens for drop heights of 1, 2, 3, 4,
and 5 feet. The image below shows the samples corresponding to those heights, with an un -tested sample at
the far left.

The

hat-shaped

specimens

were cross-sectioned

and

imaged

along the region

experiencing the forced shear localization after drop-weight testing at the five different
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heights. Figure 29 displays the micrographs collected from each sample at the different
drop heights.

Figure 29: Optical micrographs taken at 100x magnification of ASTM A913 hat-shaped specimens after
drop-weight testing at 1, 2, 3, 4, and 5 foot heights. The arrow indicates the direction of loading on the
samples. The amount of shear localization increases with drop height and it is noted that upon loading from
4’ and above, the morphology of the shear bands changes from deformation bands to transformation bands.

As the drop heights increase, shear localization becomes more apparent. In the 1’ samples
there are faint deformation bands traversing the length of the shear zone. In the 2’ and 3’
cases the deformation bands become more pronounced as the grain morphologies become
increasingly elongated compared to the surrounding matrix material. At 4’ and 5’ the
loading conditions become sufficient to generate transformation bands. The bands are
narrower compared to those in the 1’, 2’, and 3’ cases and in addition, the morphology
becomes more complex. There also appears to be a transition region between the matrix
material and the core of the shear band. The grain morphology in the transition region
resembles that of the deformation bands in the lower drop height cases, while the core
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region remains unresolved due to the physical limitations of optical microscopy. Shear
bands similar in morphology to those observed in the 4’ drop height cases are called
“transformed bands” as described earlier. Transformed bands are most often narrow with
well-defined

boundaries,

while

deformation

bands

are

more

diffuse

and

the

microstructures are not indicative of the temperature attained during formation [50].
Further investigations are focused on the 2’ and 4’ drop height conditions. The A913
specimens tested at 2’ developed deformation bands that were easier to visualize against
the matrix compared to the 1’ cases. Specimens tested at a height of 4’ were chosen
because it appears that the shear bands developed are characteristic of the transformed
type. Transformation bands were also seen in the 5’ cases, though excessive cracking
observed in these samples would make the analysis of further annealing and mechanical
property tests more difficult. To visualize the entire shear band in each specimen, mosaic
images were created, consisting of five 100x magnification images digitally stitched
together. Selected images of specimens from the 2’ and 4’ drop-weight experiments are
shown in Figure 30.
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Figure 30: Optical micrograph mosaics at 100x magnification of A913 hat-shaped specimens subjected to
drop-weight testing at 2’(L) and 4’(R). The thinner transformation band in the 4’ sample is a result of
increased strain and strain rate.

The shear bands traverse the entire length of the hat-shaped specimens in both cases and
cracks are clearly seen at the points of initiation, located at the corners between the top
part of the hat and the brim. It is also noted that the hat portion of the specimen sits
higher than the brim in the 2’ case whereas in the 4’ case the hat is displaced into the
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sample far enough to become flush with the brim. The difference in morphology between
the deformation type shear bands in the 2’ samples and the transformation type formed in
the 4’ samples can be seen in greater detail in Figure 31.

Figure 31: Left: 200x magnification image of a deformation band formed in a 2’ sample. The shear band
contains severely elongated grains aligned in the direction of the imposed shear. Right: 200x mag. of a
transformation band formed in a 4’ sample showing a sharp boundary between elongated grains adjacent to
the matrix and an unresolved, transformed, “core” region.

The deformation bands in the 2’ samples consist of heavily elongated grains, while
adjacent matrix grains remain un-deformed. The transformation bands observed in the 4’
samples consist of two distinct regions. In the center or “core”, the grain structure is not
resolved by optical microscopy. This is likely due to the grains in that region undergoing
dynamic recrystallization. TEM studies have revealed that dynamic recrystallization can
result in equiaxed grain sizes on the order of 200nm or smaller, their size decreasing with
increasing strain rate [39, 44-46, 61]. The region between the matrix and either side of the
core can be considered as a transition region, with the same elongated grain structure of
the deformation bands in the 2’ samples. It has this morphology because deformation
bands precede the transformation bands that will form when the rate and amount of
deformation are sufficient [50]. Interestingly, only one of the two shear zones in every 4’
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A913 hat-shaped sample had a transformed band. The bands on the opposite sides were
slightly more characteristic of deformation bands, with width values falling somewhere
between those of the 2’ deformation bands and the transformed bands. The reason for this
occurrence was because the strain rate and amount of strain was greater on one half of the
hat-shaped specimens than the other. The top platen on the anvil of the drop-weight
fixture did not strike the specimen flush with the bottom platen, creating a slight angle
upon impact. Swapping out the platens for newly machined ones did not correct the
problem, so the error in alignment lies within the frame or the anvil portion of the fixture.
Even though, upon visual inspection, the post-test 2’ samples had an angle on the top
portion, the effects of the misalignment were only observed in the difference in shear
banding behavior in the 4’ samples. The shear bands formed on either side of the 2’
samples had little variance in width, microstructure and hardness.
The various grain morphologies observed in the shear bands in the 2’ and 4’ samples
could potentially be indicative of the different stages of dynamic recrystallization as
depicted in Figure 10. The elongated grains in the 2’ deformation bands are likely
elongated subgrains (Figure 10 c) while the more severe elongation seen in the
deformation bands in the 4’ samples could be further development of the elongated
subgrains, or the next stage (Figure 10 d) where the elongated subgrains just begin to
break up. The transformed bands in the 4’ samples potentially have recrystallized
microstructures relating to the final stage (Figure 10 e), though it is impossible to confirm
without TEM characterization. Though the recrystallized microstructure cannot be
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observed with the techniques employed in this study, it can, however, be inferred from
the stark contrast between the core region and the matrix, in combination with the
presence of the transition region, which indicates the initial formation of a deformation
band followed by subsequent formation of the narrower transformation band within [50].
The drastic increase in hardness of that core region compared to the deformation bands
and matrix is also an indication that dynamic recrystallization has taken place, producing
an extremely fine grain size [50, 62, 63]. It is also suggested that the temperature increase
within the band during formation is sufficient to reach the austenitic regime, though there
is not enough time for transformation to austenite, there is sufficient time for carbon
diffusion from dissolved carbides to reach the dislocation sites which would increase
hardness [25, 64]. Hardness measurement techniques and results are discussed Chapter 4.
In addition to ASTM A913, hat-shaped specimens of ASTM A992 were tested under the
2’ and 4’ drop-weight conditions. The A992 samples experienced equivalent amounts of
strain as the A913 samples at each height, 0.18 at 2’ and 0.24 at 4’. Mosaic images of
specimens taken at 100x magnification are shown in Figure 32.
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Figure 32: Left: 100x magnification image of a deformation band formed in a 2’ sample. The shear band
contains severely elongated grains aligned in the direction of the imposed shear. Right: 100x mag. of a
deformation band formed in a 4’ sample. The rate and magnitude of st rain was not sufficient to generate a
transformation band, only a deformation band that is thinner and more developed than in the 2’ sample.

None of the drop-weight specimens of A992 tested had developed transformation bands.
The only apparent microstructural difference between the 2’ and 4’ samples is that the
shear bands formed in the 4’ samples were thinner and had greater elongation of grains
within the bands. None of the shear bands in the 2’ or 4’ samples of A992 had shown any
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appreciable difference from the angle between the drop-weight platens. Overall, the
widths of the shear bands generated in the A992 samples were greater than those in the
A913 samples. On average, the shear bands in the A992 2’ samples were 12% wider,
while those in the 4’ case were 38% wider than those in A913. A plot of the shear band
widths versus drop height is presented in Figure 33.

Figure 33: Plot of shear band widths versus drop height for A913 and A992. A significant decrease in
shear band width in the A913 samples impacted from 4’ indicates a higher susceptibility to shear band
formation compared to A992.

The narrower shear bands formed in the 4’ samples of A913 indicate that the A913
material is more susceptible to shear band formation. The higher hardness and smaller
grain size of the A913 makes it more likely to form the narrower, transformed shear
bands. Considering the concept of dislocation pile-up, the smaller grain size would limit
the amount of dislocations present at the grain boundaries, requiring a greater stress to
cause them to slip to an adjacent boundary [65]. This could therefore create a more
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narrow concentration of stresses during shearing, resulting in increasingly localized
shear. Conversely, the larger grains of A992 can accommodate a greater number of
dislocations along the boundaries, lessening the minimum stress for slip, making it easier
to distribute strain over a larger area, thus resulting in more diffuse shear banding
behavior. It has been found that steels heat treated to form bainitic or martensitic
structures (such as A913) are more likely to develop transformed shear bands [66]. Also,
pearlitic steels, typically prone to deformation bands, can develop transformation bands if
they contain fine structures [67].
2.3 Conclusions


Drop-weight experiments were conducted to investigate the response of ASTM
A913 Grade 65 High Strength Low Alloy (HSLA) steel to high strain rate
conditions. Hat-shaped samples were used in order to force localized shear within
particular regions. Another HSLA steel, with a similar chemical composition,
A992 was used as a comparison. Drop-weight tests were carried out at 2’ and 4’
heights to observe the effects of different degrees of deformation.



Shear bands were formed in all samples due to the geometry of the hat-shaped
samples forcing shear into a known zone. At 2’ drop heights, A913 formed
deformation type bands and at 4’ drop heights the material formed transformation
type bands. All of the A992 samples contained deformation type bands.



As the drop height increased, the shear band width decreased, indicating a greater
amount

of localization

under

the

increasing

strain

rate

conditions.

The
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transformation bands in the 4’ A931 samples were especially narrow and had a
different morphology all together. The deformation bands contained severely
elongated grains of ferrite and pearlite, while the microstructure within the core
region of the transformation bands is un-able to be resolved by optical light
microscopy. Adjacent to the core regions in the transformation bands is a
transition zone that resembles the microstructure of the deformation bands. This is
because the deformation bands form ahead of the transformation bands and the
transformation bands propagate through them under continued loading.


The Quenched and Self Tempering process that A913 goes through during its
fabrication must play a large factor in the formation of the transformed bands.
A992 is quite similar to A913 in terms of chemical composition, so carbon
content, which is known to have a large influence on shear band formation, does
not play a role in the different responses observed between the two steels. It has
been reported that though pearlitic steels typically only form deformation bands, it
is possible, however, for transformation bands to form in steels with bainitic,
martensitic and

fine pearlitic

structures.

The QST process results in a

microstructure that consists of fine ferrite and pearlite grains as well as tempered
martensite, and goes through thermal treatments that are capable of producing
bainite.
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Chapter 3: Cold Rolled/Recrystallized Samples
3.1 Method
Bars of A913, cut from the same flange sections as the hat shaped specimens, were cold
rolled up to 83% deformation. The rolled strips were cut and sectioned so that
micrographs could be taken at the central location of the strip, perpendicular to the rolling
direction.
The rolled strips were placed in the programmable muffle furnace along with sectioned
hat-shaped specimens of A913 and A992 from the drop-weight experiments. The samples
were heated in separate batches of 500°C, 600°C and 700°C for 1 hour, immediately
followed by water quenching. The 1 hour soak did not start until the furnace came back
up to the desired temperature after placing the samples inside.
For microstructural investigation via OLM, the sectioned samples are held vertically with
steel spring clips and cold mounted using an epoxy resin mixture, with a 5:1 resin:
hardener ratio. The rolled strips were cold mounted to avoid any influence that the
elevated temperatures of conventional hot-mounting (~200°C) may have on the heavily
deformed, 0.5mm thin samples. The cold rolled/isothermally recrystallized samples are
then ground, polished and etched using the same method as described in section 2.1.1.
3.2 Results and discussion
The high degree of deformation imparted by cold rolling (83% reduction in thickness)
caused a significant change in the microstructure of the A913 material. The grains
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become highly anisotropic, elongating in the direction parallel to the rolling direction.
Figure 34 shows a 500x micrograph of the as-rolled microstructure.

Figure 34: 500x magnification image of the A913 bar cold rolled to an 83% reduction in thickness. Grains
are highly anisotropic, elongated in the rolling direction. MnS inclusions are pictured (arrows), some of
which have caused voids/lamellar tearing.

The MnS inclusions, marked by arrows in the figure, serve as sites for lamellar tearing.
Lamellar tears are internal fractures that develop in the plane parallel to the rolling
direction. Considerable plastic mismatch between the inclusions and the matrix material
can cause voids to open up on either end of the inclusions. Modern high strength steels
used in welded structures, such as A913, have a low susceptibility to lamellar tearing
from nonmetallic inclusions due to improvements in steelmaking that allow for reduced
sulfur content, hence a lower volume fractions of sulfides present [68].
Micrographs of the rolled strips in the as-rolled condition, and those subjected to 500°C,
600°C, and 700°C isothermal treatments for 1hr are shown in Figure 35. Recrystallization
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and grain coarsening are observed in the 600°C and 700°C cases, with the latter
containing larger grains. Using the mean linear intercept method, grains within the 600°C
sample have an average size of 4.81+/-1.01 µm, while those in the 700°C case have an
average size of 8.23+/-1.00 µm. The larger grains measured in the 700°C sample are
likely the result of continued heating after recrystallization was completed. The higher
the annealing temperature, the less time is required to finish recrystallization [31, 65]. It
is observed that there is a texture to the recrystallized grains, which is more noticeable in
the 700°C samples. The recrystallized grains are elongated in the rolling direction. It has
been reported elsewhere that a strong recrystallization texture could possibly involve a
partial retention of the deformation structure in cases of heavy reduction, resulting in
‘oriented nucleation’ and ‘oriented growth’ [69, 70].

Figure 35: 100x (Top) and 500x (bottom) micrographs of the rolled strips, starting from the left in the as rolled condition followed by samples from the 500°C, 600°C, and 700°C isothermal treatments,
respectively. Recrystallization and grain growth are only observed in the 600°C and 700°C samples.
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Images, taken at 500x of the interface between the shear bands and matrices in the A913
and A992 hat-shaped specimens subjected to the same isothermal treatments are
displayed in Figure 36. For the 500°C treatment, none of the A992 or A913 specimens
experienced any microstructural changes due to recrystallization or grain coarsening. Any
recovery processes of releasing stored stresses, such as dislocation climb, are not
apparent. This is suggested because the hardness values, presented in section 4.2, do not
have a significant variation from the specimens that did not receive any isothermal
treatments. After the 600°C treatment, recrystallization begins to take place, however,
only occurring appreciably within the shear bands. The matrix material directly adjacent
to the bands exhibits the same grain morphology as in the 500°C and room temperature
samples. This effect is observed in both A913 and A992. The 600°C, 1hr exposure most
likely has given rise to the coalescence of the subgrains originally formed in the shear
bands. The mechanism for subgrain coalescence to form recrystallized grains involves the
re-orientation or rotation of the subgrains. The rotations and re-orientations eliminate the
boundaries separating neighboring grains, forming new, larger grains without migration
[25, 71]. In addition to an increased nucleation rate from the higher strain energy within
the shear bands, these smaller subgrains have larger surface areas compared to the matrix
grains, which increases the nucleation rate faster than the growth rate [31, 65]. Hence, the
smaller size of the recrystallized grains within the shear bands compared to the matrix.
More extensive recrystallization and growth was observed throughout the samples
subjected to the 700°C, 1hr treatment. Within the shear bands, evidence of oriented
nucleation and growth is observed as some of the newly recrystallized grains are
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elongated in the direction of the applied shear. Recrystallization also occurred within the
matrices as evidenced by the increased presence of equiaxed grains and virtual
disappearance of the pearlite phase. Figure 37 shows micrographs taken at the central
locations of the hat-shaped specimens, far away from the shear zones.

Figure 36: 500x micrographs of the shear band/matrix interface for A913 and A992 hat-shaped specimens.
All samples were held at the respective temperatures for 1hr and immediately water quenched.
Recrystallization and growth occur only in the shear band regions at 600°C and within the entire specimen
at 700°C. A blue border surrounds the A913 samples while the A992 samples are bordered with red.
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Figure 37: 100x magnification images of the central locations within the hat-shaped specimens subjected
to the various annealing temperatures. No noticeable recrystallization or growth takes place in these
regions, with the exception of the 700°C samples. A blue border surrounds the A913 samples while the
A992 samples are bordered with red.

3.3 Conclusions


Shear bands formed in hat-shaped samples of A913 and A992 tested at drop
heights of 2’ and 4’ were subjected to annealing experiments at 500°C, 600°C and
700°C for 1 hour, followed by water quenching, to observe the effects of elevated
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temperatures on shear band microstructures. As an additional comparison, strips
of A913, cold-rolled to 83% reductions in thickness were annealed under the
same conditions.


After 1 hour at 500°C there were no observable changes in the microstructures of
the hat-shaped samples or the cold rolled strips. The amount of deformation and
cold work was not sufficient to initiate recrystallization at that temperature. All
samples resembled their pre-annealed microstructures.



After annealing at 600°C for 1 hour, the cold-rolled strips and the hat shaped
samples underwent recrystallization. The cold-rolled strips fully recrystallized,
retaining the texture formed from rolling, as the new grains were observed to be
elongated parallel to the rolling direction. This is an indication of oriented
nucleation and growth, influenced from the high degree of deformation induced in
the samples before annealing.



Interestingly, the hat-shaped samples annealed at 600°C for 1 hour only displayed
recrystallization within the shear band regions. The matrix material remained
unchanged while the shear band regions contained partially recrystallized grains.
It was still possible to see the original, severely elongated grain structures within
the bands, though now, distinct grain boundaries were also visible within. This
highlights how the degree of deformation can influence recrystallization behavior
as grains directly adjacent to the shear bands, which saw no elongation,
deformation, or breakup during the formation of the shear band remained
unchanged after annealing.
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The 700°C 1 hour anneal was sufficient for complete recrystallization of the shear
bands. In the A913 4’ samples, the narrow band region can still be distinguished,
however it is a result of the recrystallized grains within that band region forming
smaller recrystallized grains than those that formed in the matrix. This is due to
the increased amount of deformation within the band, which influences a faster
nucleation rate than growth rate. This effect is observed in the 2’ A913 and 4’
A992 samples, though it is most apparent in the A913 4’ samples, which
contained the transformed shear bands. In the A992 samples, the shear bands that
were diffuse to begin with were almost indistinguishable from the matrix.



Annealing at 700°C caused increased growth in the cold rolled samples. Since
600°C was already enough to recrystallize most of the sample, annealing at 700°C
would mean that recrystallization was able to complete sooner, leaving more time
for grain growth.
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Chapter 4: Instrumented Indentation Testing
4.1 Methodology
Indentation experiments were carried out on an MTS nano-indenter. The purpose of the
indentation experiments is to determine the hardness of the ASBs compared to that of the
surrounding matrix material. In the case of the A913 4’ drop height samples, indents were
acquired in the ‘transition’ region of the ABSs as well as the in core. Hardness values
were also obtained for the same samples after exposure to the isothermal treatments
described in Chapter 3. Those samples were carefully re-polished with 1µm and 0.3µm
alumina pastes for at least 1 minute. Some were polished longer so that the oxide layers
developed from exposure to elevated temperatures were completely removed. The
samples were then etched with 2% nital in order to have surfaces sufficient for
indentation testing. Hardness was also measured for the cold rolled, recrystallized A913
strips. For each test, a Berkovich indenter tip was used at an approach rate of 10nm/s, a
strain rate of 0.05s-1 , penetration depth of 2µm, and a hold time of 10s for all tests. The
10s hold is employed in order to lessen any time dependent plastic effects that can cause
errors in the slope of the unloading curve [28]. To more accurately represent the bulk
material properties, the 2µm depth was chosen in order to cover multiple grain
boundaries as well as to lessen any influence of the indentation size effect, which is more
prominent in sub-micrometer indentations [72]. For each batch of hardness measurements
run, tests were also performed on a fused silica (SiO 2 ) standard having a known hardness
of ~10 GPa and an elastic modulus of ~74GPa [23].
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4.2 Results and Discussion
Nano/micro-indentation techniques were used to take advantage of their ability to
produce indentations on precise locations, specifically within the thin shear band and
transition regions. It was therefore possible to distinguish the differences in hardness
between regions that would otherwise be impossible to measure with classical macroindentation equipment. Figure 38 displays an example of the precision achievable with
such IIT techniques.

Figure 38: A 200x magnification image of indentations traversing a shear band in an A913 sample
subjected to a 4’ drop-weight test. The hardness measurements are taken within the matrix material, the
core of the shear band and within transition regions adjacent to the core.

Arrays of 30 indentations per sample were used to determine the baseline hardness of the
A913 and A992 steels in the as-received condition. The average hardness measured for
the A913 is 3.06 GPa +/-0.32, while the hardness measured for A992 is 2.79 GPa +/-0.23.
Macro indentations performed on the as-received samples with a Vickers 4-sided
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diamond pyramid at a 10kg force revealed that the A913, 2.26 GPa +/- 0.2, is harder than
the A992, 1.89 GPa +/-0.05, by 16%. This highlights more of a disparity between the two
steels than the 9% difference found with micro-indentation, though overall, the results
show that A913 is the harder steel. Higher strength HSLA steels, like A913 are reported
to have hardness values around 2.33-2.65 GPa [68]. The slight difference in the hardness
between the two steels can be attributed to the smaller average grain size of the A913
(15µm +/-8µm) compared to the A992 (23µm +/-9µm). The Hall-Petch relationship cites
a linear dependence of the hardness of a material to its grain size, shown in equation (7).
(7)
Where σ is the flow stress, k and σo are material constants and d is the grain size [33].
This relationship is supported by dislocation theory, where, during plastic deformation,
slip dislocations pile-up against grain boundaries that act as obstacles for slip to pass
through to adjacent grains. Internal stresses are generated as a result of the pile-up which
can cause emission of the dislocations from the boundary or activate a dislocation source
in the adjacent gain. The number of dislocations in such pile-ups increases with
increasing grain size and

amount of applied stress, thus increasing the stress

concentration developed in adjacent grains. Therefore, larger grains will require a lower
applied stress to cause slip to pass through the boundary as compared to smaller grains
[31, 33, 73]. Portions of the indent arrays made in the as-received A913 and A992 are
shown in Figure 39 along with images of selected indents made with a macro hardness
tester, using a 4-sided Vickers diamond pyramid and 10kg force.
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Figure 39: Top: 500x magnification images of Berkovich indent locations in as-received A913 (Left) and
A992 (Right). A913 had average hardness values of 3.06 GPa+/- 0.32 while the average hardness of A992
was 2.79 GPa+/- 0.23. Bottom: 100x magnification images of Vickers indentations in as -received A913
(Left) and A992 (Right).

IIT investigations carried out on the hat-shaped specimens revealed the effects of highstrain-rate shear localization and subsequent elevated temperatures on the hardness of the
two HSLA steels both within the shear bands and in the matrices. For the 2’ samples (as
well as the 4’ A992), hardness was measured within the deformation band and matrix,
while for the 4’ A913 samples, hardness was measured within the core, transition and
matrix regions. Figure 40 displays load versus displacement plots representative of the
different conditions tested on A913, including curves for the SiO 2 standard.
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Figure 40: Load versus displacement curves for the various testing conditions and shear band regions in
the A913 samples. Also included is a curve for the SiO2 standard which has a hardness of 10 GPa.

The right-hand leg of each curve represents the unloading portion of the data. The
amount of displacement measured after unloading is significantly less for the SiO 2
calibration standard compared to any of the A913 samples. This smaller displacement
results in a smaller contact area of the indentation, thus less plastic deformation from
loading which corresponds to a higher hardness [23, 28].
The combined results for the cold rolled and recrystallized strips and A913 hat-shaped
samples are plotted in Figure 41. The figure also includes a plot of the hardness
measurements for the A992 hat-shaped samples that were subjected to the same shock
loading conditions as A913. Micrographs of some of the regions where indentations were
74

made are shown in Figure 42, again, highlighting the influence that the different
microstructures have on the measured hardness. In the figure, indents made within the
deformation band of a 2’ A913 sample are shown on the left. In the adjacent image
indents made in the core, transition and matrix regions in a 4’ A913 sample can be seen.
Below those, an indent located in an A992 4’ sample is in close proximity to the
unaffected matrix region. In the 2’ samples of A913, as well as the 2’ and 4’ samples of
A992, the deformation type bands consist of extremely elongated grains of ferrite and
pearlite. The narrowing of these grains in addition to the amount of work hardening and
residual stresses due to shear localization from shock-loading is reflected in the higher
hardness values. As for the 4’ A913 samples, comprising of transformed bands, the
hardness is even greater. The transition region in the 4’ A913 samples resemble the
microstructure and hardness of the deformation bands formed in the 2’ samples, while the
microstructure within the center of the shear band is impossible to resolve with optical
microscopy, suggesting the formation of a very fine grain structure.
The transformed shear bands are inherently harder than deformed shear bands due, in
part, to the break-down and dissolution of carbides during formation. The re-dissolved
carbides act as pinning sites to dislocations within the band [64]. It was previously
believed that carbides within the bands were reformed as martensite after quenching from
the austenite phase [50]. However, finite difference models, created by Meyers et al. have
shown that though the temperatures reached within a forming shear band can reach the
austenitic region, there is not enough time for the actual formation of austenite. There is
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enough time however for carbon diffusion to the dislocation sites, thus increasing
hardness [64].

Figure 41: Plots of hardness for A913 cold rolled, recrystallized strips and hat -shaped samples (Left).
Hardness plots for A992 hat-shaped samples (Right). Heating the strips for 1hour at 600°C and 700°C was
sufficient to alleviate the induced work hardening, enough to where the 700°C samples became softer than
the as-received condition. Similar trends are observed for the hat-shaped specimens containing shear bands,
though the matrices of the A992 samples seem relatively unaffected.
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Figure 42: 500x magnification images of indents made in 2’ A913 (Left), 4’ A913 (Right), and 4’ A992
(Bottom) shear bands.

As expected, there was an observed decrease in hardness (5.28 GPa after the 83%
reduction in thickness) of the cold rolled strips with increasing annealing temperatures. In
the 500°C 1 hour anneal case, there were no microstructural changes that occurred within
the material, however the hardness decreased by 10.7%. This is due to recovery processes
that release the stored energy imparted by the deformation of the microstructure yet do
not involve any migration of high angle grain boundaries [69]. During recovery, crystal
imperfections, mostly in the form of dislocations, are eliminated or rearranged by means
of vacancy motion, dislocation motion without climb and dislocation motion with climb.
The

three

mechanisms mentioned

are thermally activated

processes that occur

respectively with increasing temperature [65, 74].
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After the 600°C 1 hour anneal experiment, the hardness had decreased 47.6% from the
initial cold-rolled condition to 2.76 GPa, which is 10% less than the hardness measured in
the as-received A913 (3.07 GPa). The drastic decrease in hardness is a direct result of the
recrystallization that took place within the microstructure. Under the 600°C 1 hour
annealing treatment, new, strain-free grains were able to nucleate and grow. These nuclei
are formed by the coalescence of subgrains within the deformed material, assisted by
dislocation climb and glide. The driving force for coalescence is based on the interaction
energy between adjacent low-angle and high-angle boundaries at which the dislocation
motion and combination occurs [65].
Following the 700°C 1hour anneal, the hardness of the cold-rolled strips decreased
another 6.8% (2.58 GPa) compared to the 600°C case. This is attributed to the larger
grain size developed in the 700°C sample as result of the higher annealing temperature
which allows recrystallization to reach completion sooner than at 600°C, thus providing
time for further grain growth.
Somewhat similar results were observed for the hat-shaped specimens subjected to the
isothermal annealing experiments. There was no significant decrease in hardness within
the matrix regions of the hat-shaped samples, likely due to the minimal deformation
experienced. Subtle stress relief from recovery was only noticeable in the 4’ A913
samples subjected to the 700°C anneal. Annealing at 500°C for 1 hour produced no
significant change in the hardness of the shear bands for either A913 or A992. Under the
600°C 1 hour annealing condition, however, the hardness within the shear bands
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decreased appreciably to values near or below the as-received hardness. Similarly, after
the 700°C 1 hour anneal, the hardness within the shear bands of the A913 samples
compared to the as-formed hardness was reduced by 35% and 53% for the 2’ and 4’
samples respectively. The hardness of the shear bands in the A992 samples only
decreased 30% and 38% for the 2’ and 4’ samples, respectively. Less of a softening effect
was seen within the A992 samples because the hardness values of the as-formed shear
bands were not as high as those in A913 to begin with. In addition, driving forces for
recrystallization were lower in A992 than in A913. The higher degree of shock hardening
and development of transformation bands would increase the rate of recrystallization in
A913. It is well known that the larger the degree of deformation, the lower the
temperature necessary for recrystallization. In addition, the larger the grain size of A992
would require a greater amount of initial deformation in order to achieve the same
amount of recrystallization as A913 [65].
4.3 Conclusions


Instrumented indentation testing (IIT) was used to determine the hardness within
specific regions of shear bands developed in hat-shaped samples of A913 and
A992 HSLA steels subjected to drop weight testing at heights of 2’ and 4’. The
precision of the instrument and small size of indents made it possible to analyze
the distinct microstructures formed in ‘transformed’ shear bands. The transformed
bands, formed only in the 4’ drop height A913 samples, contained a narrow core
region with a transition zone along either side. The indents, made with a
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Berkovich tip, were just wide enough to fit one indent within the narrow transition
zones.


The hardness of as-received samples of A913 and A992 were tested by both IIT
and conventional Vickers hardness techniques for validation. Overall, A913 is the
harder steel, primarily due to its smaller grain size requiring higher stresses to
activate slip across adjacent grain boundaries.



The hardness of the bands formed within A913 was found to be greater than those
in A992. Especially in 4’ drop height case where the A913 formed narrow,
transformed type shear bands. The increased amount of strain localized into
smaller regions, formation of smaller subgrains, and the likely breakdown and
dissolution of carbides during shear band formation would cause a significant
increase in hardness.



Cold-rolled strips of A913, reduced 83%, were also tested and due to the high
degree of deformation, high hardness values were recorded. The work hardening
of the cold-rolled strips was partially relieved after annealing at 500°C for 1 hour.
After 600°C for 1 hour, the cold-rolled strips began to recrystallize, accompanied
by a significant drop in hardness due to the newly recrystallized grains having low
dislocation densities. 700°C annealed strips became even softer. The higher
temperature of the 700°C test resulted in more time for grain growth to occur.
Elongation of the recrystallized grains in the direction of rolling suggests that
oriented nucleation and growth took place.
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Hat-shaped samples were also annealed under the same conditions. The localized
deformation of the shear bands was the only region to recrystallize at 600°C.
After the 700°C anneal, matrix grains within all samples stated to recrystallize
and grow in addition to those within the shear bands. The shear bands in the
700°C

annealed

samples contained

smaller recrystallized

grains than the

surrounding regions because the higher the induced deformation, the smaller the
newly recrystallized grains will be.


The hardness of the shear bands after annealing followed similar trends to the
cold-rolled samples. At 600°C and 700°C the hardness within the shear bands
reduced back to the original matrix hardness values for the respective samples.
This indicates that shear bands formed in HSLA during a blast, for example, can
experience a reduction in hardness with the likely subsequent heating that follows
the blast load. This would greatly reduce the brittle nature of the shear bands
which serve as precursors for failure as their high hardness makes them likely
sites for crack propagation.
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Chapter 5: 3-Point Bend/Creep Tests
5.1 Methodology
To further investigate the effects of elevated temperatures on the A913 HSLA steel, 3point bend fixtures were designed so that they could be carried out inside of a muffle
furnace. Again, A992 HSLA steel was used for comparison. A913 and A992 steels are
primarily used to form structural shapes such as I-beams, which in application can be
subjected to loading perpendicular to the major axis. Flexural strength and behavior is
therefore an important property considered in the design of structures [75, 76].
Furthermore, in the event of exposure to fire, the properties of the structural steel will be
altered depending on the temperatures reached and amount of time exposed to the
elevated temperatures. Specific time, temperature, and loading conditions of structural
steel assemblies are specified in the ASTM standard E119. ASTM E119 is intended to
promote uniform standards for building construction by providing criteria that is
applicable to a wide variety of materials and conditions of exposure. Common to all tests
within E119 is the controlled extent and severity of the fire. The methods are intended to
evaluate the duration which building elements can maintain structural integrity when
exposed to a fire. It does not however, incorporate all factors required for the
performance and fire risk assessment of the particular materials or constructions [77].
The specified temperatures and time periods that generate the time-temperature curve are
shown in Figure 43 along with modified time-temperature curves used for the purposes of
this study. The time-temperature curves used in this work were modified to evaluate the
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response of the HSLA steels at various peak temperatures of 500°C, 600°C and 700°C, to
represent different proximities of the steel to the source of the fire. A 6 hour soak was
added to the end of each time-temperature profile to study the effect of prolonged
exposure to these elevated temperatures while under static load.

Figure 43: ASTM E119 time-temperature curve for fire tests of building and construction materials. Also
plotted are the curves modified to reach various maximum temperatures, ending with 6 hour soaks, for the
purposes of this study.

To test the integrity of the HSLA steels subjected to elevated temperatures while under a
fixed load, a custom three-point testing fixture was fabricated so that it could fit within
the dimensions of the muffle furnace. The 10 lb. load, equivalent to 200 MPa in tension
along the outer surface at the mid span of the samples, was applied externally via an
alumina rod that passed through the exhaust port located at the top of the furnace.
The sample dimensions were back-calculated from the equation for the flexural strength
of a rectangular specimen, given in equation (8).
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(8)

Where σ is the stress, F is the applied load, L is the distance between the supports of the
fixture, d is the thickness of the sample, and b is the width of the sample [32]. The
distance between the supports of the bending rig were fixed at 18.9 mm and the static
stress of 200 MPa was pre-determined, leaving the easily controllable variables of
specimen dimensions and applied load. Samples were machined to dimensions of 35 mm
long x 6.5 mm wide x 1 mm thick and 10 lbs. of weight was applied to generate the target
stress.
A static load of 200 MPa was chosen to reflect requirements of structural steel building
specifications written by the American Institute of Steel Construction (AISC). According
to AISC standards, a steel member designed for flexure must incorporate a safety factor
for flexure (Ωb) of 1.67 [78]. Since the minimum yield point of A992 as well as the
lowest grade of A913 (grade 50) are designated to be 350 MPa, a load of 200 MPa on the
samples would approximately reflect such a safety factor.
Outside of the furnace, the alumina rod is stabilized with a guide and affixed to a flat
metal plate upon which weights are placed. Under this configuration, the rod is able to
move freely in the vertical direction as the test samples deformed under static load. To
measure the displacement of the samples a digital drop-gage, accurate to 0.01mm, was
positioned on top of the applied weights and held in place by a clamp. To log the
temperature, a K-type thermocouple was inserted through the port and positioned near the
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3-point bend fixture. External software collected the drop-gage and thermocouple data in
10 second intervals. Figure 44 illustrates this setup.

Figure 44: Images of the 3-point bend fixture experimental setup. The bottom images show a sample under
load before testing (Left) and after a 600°C test (Right).
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5.2 Results and Discussion
The first set of experiments involved the 500°C maximum temperature modification, for
which only thermal expansion was observed. A plot of the displacement versus time is
shown in Figure 45. The negative displacement values relate to the fixture moving
upwards and, as expected, the expansion leveled off as the time-temperature program
entered into the 6 hour soak. No positive displacement occurred in either A913 or A992.
It should be noted that the separation between the two curves is due to the A913 sample
being 0.1 mm thicker than the A992 sample. This was not an issue for the following tests
as samples of exactly 1.00 mm thickness were carefully selected and verified with a
digital caliper prior to testing.

Figure 45: Plots of A913 and A992 sample displacement versus time for the 500°C modified timetemperature curve experiments. Only thermal expansion is observed during the 500°C experiment. The
separation between curves is an artifact due to variance in sample thickness (the A913 sample was 0.01 mm
thicker than A992).
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Yielding occurred for both the A913 and A992 samples subjected to the 600°C maximum
time-temperature curve. The A992 steel held up through the modified ASTM E119
portion of the test, however yielding began shortly after the 6 hour soak had started.
A913 samples began to yield around 566°C, though the rate at which they yielded had
tapered off as the test continued into the soak stage. The slopes of the steady yielding
rates, plotted in Figure 46 along with the displacement versus temperature data, were
calculated by fitting a linear equation to the end portions of the A913 and A992 curves. It
is observed that A913 deforms at roughly half of the rate that A992 does under the given
conditions.

87

Figure 46: Plot of deformation versus time for samples subjected to the 600°C time-temperature curve
(Top). Approaching 600°C, the samples begin to give under the lo ad, with A913 yielding first, though
deforming at roughly half of the rate of A992. The slopes calculated for the constant deformation rate
portions of the curves are included (Bottom).

Tests carried out at the 700°C maximum revealed that both A913 and A992 deform
heavily before reaching the target temperature. The results are presented in Figure 47.
Again, differences in deformation rates are observed between the two materials. In a
manner similar to the 600°C results, the A913 begins to yield before the A992 yet does so
at a slower rate. Though, as the temperature continues to increase above 650°C, both
materials deform rather rapidly as implied by the vertical lines in the curves. The sharp
corners, forming the horizontal portion of the curves that remain for the duration of the
tests, are due to the top of the 3-point bend fixture becoming pinned.
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Figure 47: Plots of sample displacement versus time for the 700°C modified time-temperature curve
experiments. Both materials yield completely within the test fixture before completion of the test, with
A913 outlasting the A992 by a slight margin. Several temperatures are shown within the 700°C experiment
identifying notable deformation rate changes.

The linear portions of the deformation versus time plots in Figure 46 appear
representative of steady-state creep as described in section 1.7. The constant deformation
rate under a fixed load and elevated temperature indicate that there is a balance between
competing processes of strain hardening and recovery. The 600°C temperature reached in
those experiments is sufficient to decrease the amount of strain hardening due to thermal
softening and there is enhanced dislocation motion as a result of increased mobile
vacancy concentration, assisting in recovery [33]. In the 700°C experiments, the rate
becomes more difficult to discern as it changes numerous times. There is a small segment
between 15,000 and 20,000 seconds in which the deformation rates seem constant,
though since the temperature is continuously changing over time it is difficult to assess
the mechanism.
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The lower rate of deformation observed in A913 is likely attributed to its finer grain
structure, increased hardness, and lower ductility compared to A992. In addition, the
requirements of A992 specify 3-4% more elongation under tension than A913 [2, 8].
After removal from the furnace, numerous cracks were observed on the faces of the A913
samples in every 700°C experiment. A992 however, did not show any visible cracks
despite being subjected to the same degree of bending. Again, this is indicative of the
greater ductility of A992. SEM images of the outer face of the 3-point bend samples
subjected to the 700°C tests are shown in Figure 48. Deep fissures have developed in the
A913 that are readily apparent upon visual inspection. The A992 sample, however, does
not experience cracking, though there is some indication that they may be starting to
form.

Figure 48: SEM images of the outer radius of the 3-point bend specimens of A913 (Left) and A992 (Right)
after a 700°C modified ASTM E119 heating curve with a 6 hour soak. The A913 sample exhibits
significant cracking along the outer face, while A992, due to its increased ductility, displays only minor
defects on a much smaller scale.
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It is difficult, given the properties, behaviors, and microstructures observed in this study
to find reasoning for the A913 to deform prior to A992 under the same loading and
elevated temperature conditions. Given that the A913 samples started to deform prior to
the A992 samples, it is still considered to have out-performed A992 based on the
decreased rate of deformation in the later stages of the experiments. This has practical
merit because in the case of steel structures, such as a buildings and bridges, any extra
time allotted before failure will be beneficial in rescue attempts, evacuations and
recovery efforts.
5.3 Conclusions


Small rectangular strips of A913 and A992 HSLA steels were subjected to three
point bend testing under static load while simultaneously exposed to elevated
temperatures. The load placed on the specimens was sufficient to generate 200
MPa in tension in the mid-point, on the outer surface. That stress reflects a safety
factor of 1.67 designated by the AISC standards for flexural members used in
constructing structural steel buildings.



The elevated temperature experiments were modeled after ASTM E119 standard
test methods for building construction materials. The temperatures, times and
ramp-rates were modified to reflect structures that were within different
proximities to the source of the fire, in addition to being more practical for the
scale of the samples used. A 6 hour soak was added to the experiments to test the
response of the steels to prolonged elevated temperatures under load. Typical
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E119 experiments utilize much larger scale structures consisting of multiple
floors, materials and other building elements to study the integrity of the
structures as a whole. The focus of this study was concentrated on the HSLA
steels.


500°C experiments did not have any deleterious effects on the HSLA steels, only
thermal expansion was observed. At 600°C the A913 samples deformed under the
load after temperatures reached approximately 566°C while A992 did not start to
deform until around 600°C. Interestingly, the A913 deformed at about half of the
rate that A992 did, despite the earlier onset of deformation. A similar behavior
was observed for a portion of the 700°C experiments, though samples deformed
rapidly at temperatures exceeding 660°C, deflecting as far as the 3-point bend
fixture would allow.



Both samples exhibited constant deformation rates during the 6 hour hold at
600°C, indicative of steady-state creep, which involves mechanisms of strain
hardening and

recovery via increased mobile vacancy concentrations and

dislocation motion. Relating the deformation rates within the 700°C experiments
to creep mechanisms is difficult because they occurred during temperature
ramping.


Upon visual inspection, all A913 samples from the 700°C samples developed
cracks along the outer face of the radius formed from bending. A992 samples only
showed minute fissures starting to form which were only visible via SEM. The
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higher hardness and lower ductility of A913 is the most probable contribution to
this behavior.


A913 was determined to be the superior steel to A992, despite the cracking. If a
steel structure were to be compromised by a fire, the greater resistance to
deformation under static load and elevated temperatures would provide invaluable
extra time for evacuations, rescue and recovery efforts.
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Chapter 6: Conclusion
The work presented in this study is the first of its kind for ASTM A913 Grade 65 HSLA
Steel. Mechanical properties and microstructures of A913 have been investigated, though
not under the conditions of shock/high-strain-rate loading and response to elevated
temperatures. A913 is used in many large structures and buildings in major cities such as
Dallas Cowboys stadium in Arlington, TX, Cardinals Stadium, Glendale, AZ, University
of Chicago Medical Center, Chicago, IL, Northwest Airline Hangar, Detroit, MI, WTC
Transportation Hub and WTC4, New York, NY just to name a few. With such
widespread usage in high profile areas the Department of Homeland Security, poised at
protecting our infrastructure from attacks, is rightfully concerned with the impact and fire
resistance of this material and others. No building can be completely blast resistant or
fireproof, however knowing more about how a material will respond under certain
circumstances, albeit natural disasters, accidents or deliberate attacks and how the
structures integrity will hold after such exposure is vital. The more that is known about
how materials behave under these circumstances will not only help to mitigate damage
through thoughtful design of structures, but can help improve evacuation rescue and
recovery efforts.
Four main properties were investigated for A913; The effects of shock loading on shear
band formation, the mechanical properties within the shear bands formed at different
loads, the effects of elevated temperatures on the properties of those shear bands, and the
effect of static loading under prolonged elevated temperature exposure.
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6.1 Drop-Weight Tests
In the first set of experiments a drop-weight fixture was fabricated, capable of applying
various impact loads based on the drop-height. This fixture, combined with samples of
the proper geometry to force shear localization (hat-shaped samples), was a quick and
cost-effective alternative to the conventional Split Hopkinson Pressure Bar tests used
more commonly throughout the high-strain-rate research communities. Samples were
impacted from heights of 2’ and 4’, generating strains of 0.19 and 0.25 respectively.
Using the lower height generated deformation type bands, identified by the extreme
elongation of the materials microstructure and lack of sharp boundaries. This type of
band formation was seen in the 2’ samples of A913 and both 2’ and 4’ samples of A992,
which was used for comparison since it has virtually the same mechanical property and
chemical composition requirements. A992 is also the current industry standard for steel
building structures. A992 appears to be more resistant to the development of shear bands
of the transformation type, as were observed in the 4’ A913 samples. Transformation
bands are far more detrimental to the integrity of a material as their hardness is quite
higher than the surrounding matrix material. As such, they are susceptible to void
formation and crack propagation under continued loading or secondary impact.
The fine grained microstructure and the phases of the constituents of A913 compared to
A992 are plausible causes for A913 being more sensitive to such strain localization.
A992 consists of ferrite and pearlite grains averaging 25 µm while A913 consists of 15
µm

grains

of

ferrite,

pearlite,

tempered

martensite

and

likely

bainite.

These
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characteristics have been shown in other studies to increase the likelihood for shear band
formation.
6.2 Cold Rolled/Recrystallized Samples
The shear bands formed in all of the samples were next subjected to annealing
experiments to see if there is any way that elevated temperatures can ‘heal’ the shear
bands to the extent to where they are less likely to be a point of failure within the
material. Temperatures of 500°C, 600°C and 700°C were chosen for the isothermal
annealing experiments. Samples were annealed at the different temperatures for 1 hour,
followed immediately by a water quench. As an additional comparison, strips of A913,
cold rolled to 83% reduction in thickness were annealed with the same conditions as the
hat-shaped samples.
After 1 hour at 500°C there were no observable changes in the microstructures of the hatshaped samples or the cold-rolled strips. The microstructures of all of the samples
resembled their pre-annealed microstructures, indicating that the amount of deformation
from cold

working

and

shear band

formation was not sufficient to

initialize

recrystallization at that temperature.
Annealing at 600°C for 1 hour did produce changes within both the cold-rolled strips and
the hat-shaped samples. The cold-rolled strips fully recrystallized, while retaining the
microstructural texture formed from rolling. The recrystallized grains were observed to
be elongated in the direction parallel to the rolling direction. This texture is indicative of
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oriented nucleation and growth which is influenced from the high degree of deformation
imparted on the samples before annealing.
Interestingly, the hat-shaped samples annealed at 600°C for 1 hour only underwent
recrystallization within the shear band regions. The matrix material remained unchanged
from its pre-annealed state, while the shear band regions contained partially recrystallized
grains. It was still possible to see the original, severely elongated grains within the
deformation bands, though now with additional, grain boundaries present within. This
observation highlights how the degree of deformation within a microstructure can
influence recrystallization behavior, as the grains adjacent to the shear bands, which saw
no elongation, deformation or breakup during shear band formation remained unchanged
after annealing.
Annealing at 700°C for 1 hour resulted in complete recrystallization of the shear bands in
all of the samples. The shear bands within the 2’ A992 samples, which contained the
most diffuse shear bands to begin with, became almost in-distinguishable from the matrix
material. Conversely, in the 4’ A913 samples, the narrow core region of the transformed
band was still apparent, due to the grains within that region forming smaller recrystallized
grains compared to those in the matrix. This is a result of thee increased amount
deformation within the core region influencing a faster nucleation rate than growth rate.
This effect is also seen in the 2’ A913 and 4’A992 samples, though most notable in the
4’A913 samples, which contained the transformation shear bands.
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Within the cold-rolled samples, annealing for 1 hour at 700°C caused increased growth of
the recrystallized grains. Since 600°C was already sufficient to completely recrystallize
the microstructure, annealing at 700°C meant that recrystallization will reach completion
sooner, leaving time for continued grain growth.
6.3 Instrumented Indentation Testing
Instrumented Indentation Testing (IIT) was used to determine the hardness within
specific regions of the shear bands formed in the hat-shaped samples of A913 and A992
subjected to drop-weight testing at 2’ and 4’ heights. In addition, hardness measurements
were collected for the cold-rolled and annealed samples along with as-received A913 and
A992. The small size of the indents, coupled with the precision of the testing equipment
allowed for hardness testing of distinct microstructures within the narrow shear bands.
The transformed bands developed in the 4’ A913 samples contained a thin ‘transition’
zone along either side of the core region. The 2µm deep indents made with a Berkovich
tip were just small enough to fit within the narrow transition zones.
The hardness of the as-received samples of A913 and A992 were tested by both IIT and
conventional 10kgf Vickers hardness techniques. The Vickers tests were added as a
validation to the IIT results, with which there was good agreement. A913 was found to be
harder than A992, primarily due to its smaller grain size which requires higher stresses to
activate slip across adjacent grain boundaries.
The hardness values within the shear bands formed in A913 were greater than those
formed in A992. It is especially apparent in the 4’ drop height case in which A913
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developed transformation type shear bands. This significant increase in hardness comes
as a result of the greater amount of localized strain forced within a narrower region,
formation of smaller subgrains and the likely breakup and dissolution of carbides during
the shear band formation.
The cold-rolled strips of A913 that were reduced 83% in thickness were investigated for
changes in hardness in the as-rolled

condition and

after subsequent annealing

experiments. The high degree of deformation and work hardening in the as-rolled
samples resulted in high hardness values. The work hardening was partially relieved after
annealing at 500°C for 1 hour. In samples that were annealed at 600°C for 1 hour,
recrystallization took place, and thus was accompanied by a significant drop in hardness
due to the low dislocation density of the newly recrystallized grains. 700°C annealing for
1 hour further reduced the hardness of the strips as a result of the higher temperature
allowing for more time for grain growth to occur.
Hardness was also measured for the hat-shaped samples subjected to the annealing
experiments. Post-annealing hardness of the shear bands followed similar trends as
observed in the cold-rolled samples. Annealing at 600°C and 700°C resulted in shear
band hardness values that reduced back to the matrix hardness values for the respective
samples. This indicates that shear bands formed in HSLA steel during an explosion can
undergo a reduction in hardness with the likely subsequent heating from fire that follows
the explosion. This would significantly reduce the brittle nature of the shear bands which
typically serve as precursors to failure because the high hardness, confined in narrow
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regions, makes them likely sites for crack propagation. This is especially useful in the
600°C case because the parent microstructure was left unchanged after 1 hour of
annealing, while only the deformed grains within the shear bands recrystallized and
softened. This would result in the structural member maintaining its structural integrity.
6.4 3-Point Bend/Creep Tests
Small rectangular samples were machined from A992 and A913 to be used in a custom
fabricated 3-point bend test fixture. The fixture was designed to fit within a furnace so
that flexural tests can be carried out at elevated temperatures. The static load placed on
specimens in the 3-point bend tests was sufficient to generate 200 MPa in tension on the
outer face of the sample at its mid-point. The stress chosen reflects a safety factor of 1.67,
as designated by the AISC standards for flexural members used in constructing structural
steel buildings.
Elevated temperature experiments were modeled after ASTM E119 standard test methods
for building construction materials. The temperatures, times and ramp-rates were
modified to reflect structures within different proximities to the source of the fire, in
addition to being more practical for the scale of the samples used. A 6 hour soak was
added to the experiments for the purpose of investigating prolonged exposure at a fixed
temperature under load. In practice, E119 experiments use much larger scale structures,
comprising of multiple floors, materials and other building elements to study the integrity
of the structures as a whole. The focus of this study was concentrated only on the HSLA
steels.
100

The 500°C experiments did not have any deleterious effects on the HSLA steels, only
thermal expansion was observed. During the 600°C experiments the A913 steel deformed
prior to the A992 steel. A913 began deforming under load at 566°C while A992
deformed at temperatures approaching 600°C. Interestingly, the A913 deformed at
approximately half of the rate that A992 deformed, despite the earlier onset of
deformation. Samples under the 700°C experiments behaved similarly, though samples
deformed rapidly as temperatures approached 660°C, eventually deforming as far as the
3-point bend fixture would allow.
The two HSLA steels deformed at constant rates in the 600°C experiments. This behavior
is indicative of steady state creep, where mechanisms of strain hardening and recovery
via increased

mobile vacancy concentrations and dislocation motion occur. The

deformation rates within the 700°C experiments are difficult to relate to creep
mechanisms because they occurred during temperature ramping.
Visual inspection of the A913 samples post-modified E119 700°C experiments revealed
surface cracking along the outer radius of the bend. A992 samples only showed minute
fissures starting to form which were only visible via SEM. The higher hardness and lower
ductility of the A913 is a probable cause for this behavior. Overall, A913 was determined
to be superior to A992, despite the cracking. If a steel structure were to be compromised
by a fire, the greater resistance to deformation under static load and elevated temperatures
would provide invaluable extra time for evacuations, rescue, and recovery efforts.
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6.5 Future Work
There were some interesting results and observations that came about while conducting
this study, however, there are many more things worth considering in order to develop a
closer understanding of the behavior of A913 under high-strain-rate loading conditions
and elevated temperatures. It may be beneficial to gain a more quantitative understanding
of the strain rates; i.e. what is the critical strain rate that dictates the formation of a
deformation band or a transformation band? The drop-weight fixture was not equipped
with a high-speed camera system or strain gages, leaving the strain rate unknown.
Knowing this strain rate exactly would help in comparing the loads experienced in the lab
to those in the field, be it from an explosion, a crash, or a free fall.
It would also be interesting to consider microstructural and property changes resulting
from multiple loading cycles. Would the formation of shear bands from one strike cause
immediate fracture in subsequent impacts, or would they nucleate new or networks of
new shear bands? Shock loading at high temperatures would also be a practical
investigation, since secondary shock loading frequently occurs for example due to
explosions during an ensuing fire. .
The intriguing microstructural changes that occur within a transformation band and even
a deformation band are difficult if not impossible to resolve with OLM and even SEM.
Numerous groups are using electron backscattered diffraction and TEM methods to
resolve the fine grain structures generated within shear bands. TEM investigations can
provide much more insight into the dislocation behavior and subgrain formation within
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shear bands. TEM sample preparation is difficult as is, and it has been reported to be
sufficiently challenging to prepare a sample within a shear band. Focused Ion Beam
milling may provide the key to facilitating sample preparation for studying the
microstructure within shear bands. It could also aid in tracking the shear banding
behavior through the depth of a sample.
Aside from using various characterization techniques, there can also be more practical
experiments, similar to the 3-point bend fixture experiments in this study. It would be
worth-while to investigate the effects of placing beams containing shear bands into the
fixture and seeing how it can hold up to loading at elevated temperatures. There, one
could truly see if the annealing that has been observed to occur within shear bands
following elevated temperature exposure would allow the structure to maintain its
integrity. The experiment could utilize a beam containing shear bands that is loaded at
room temperature until failure by crack propagation through the shear bands, followed by
investigating those loading conditions through a range of elevated temperatures.
Lastly, there has been conflicting evidence pertaining to whether the transformation type
bands contain martensite or not. It has been argued that the temperatures reached within a
developing shear band are high enough to form austenite. The austenite within the narrow
region of the developing shear band would then be subject to rapid quenching by the
surrounding

matrix

material,

forming

martensite.

The

time

required

for

that

transformation may not be sufficient given the rapid formation of shear bands. The
extremely fine microstructure within transformed shear bands is difficult to image
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without the use of TEM. Atomic Force Microscopy (AFM) could be a faster alternative
to TEM techniques for trying to image the microstructure within shear bands. An added
advantage of using AFM is that one could apply Magnetic Force Microscopy (MFM)
techniques to potentially resolve local variations in magnetic response within the shear
bands. If a form of martensite is present within the shear band it should be readily
apparent using such techniques. Even though A913 is magnetic in its as-received
condition, the MFM response within the shear band region could still highlight
significant changes in the magnetic behavior due to the formation of a different phase.
Figure 49 shows an example of a topography scan of the interface of a transformation
band and the matrix in a 4’ A913 sample. Elongated and broken up grains, potentially
carbides, can be seen within the shear band, while larger un-deformed grains of the
matrix can be seen on the left hand side.

Figure 49: AFM Topography scan of the interface between the matrix material and a transformation shear
band in a 4’ A913 sample.
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