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Abstract

The mechanical response of a pearlitic UHCS-1.3C steel deformed at approximately 4000 s to large
strains (¢ = -0.9) has been studied. Failure, at both the macroscopic and the microscopic levels has been
evaluated, and the ability of the material to absorb energy in compression has been examined. Failure
occurred by the development of a shear band. However before failure, extensive buckling of the carbide
plates was observed and the UHCS-1.3C material exhibited significant potential for compressive
ductility and energy absorption due to the distributed buckling of these plates. Strain localization during
adiabatic shear band development resulted in the formation of austenite. Subsequent cooling produced a
divorced-eutectoid transformation with associated deformation, which resulted in a microstructure
consisting of 50 to 100 nm sized grains. The stress-strain behavior within the shear band has also been
determined. The results are used to critically evaluate the maximum shear stress criterion of shear band
development. New criteria for the development of shear bands are developed based on a strain energy
concept.

Introduction

Many of the potential applications for ultrahigh carbon steels (UHCS), including products in the
automotive and military sectors, involve loading at high strain rates with the potential for large strain
deformation. The stress-strain and fracture response of UHCS at quasi-static strain rates has been well
documented in the literature and the processing-structure-properties relationships have been reasonably
well established under these conditions [1-4]. However, the response of UHCS at high strain rates has
been largely unexplored [5]. In this paper, we report on a study concerning the mechanical response of a
pearlitic UHCS-1.3C steel deformed at strain rates of approximately 4000 s in compression to large
strains (¢ = -0.9). The ability of the material to absorb energy in compression has also been evaluated.
Failure in many materials, including steels, is often the result of shear band development [6]. The results
of this study have been used to evaluate the stress-strain behavior in a shear band and for critical
assessment of the generally accepted criterion for shear band development (maximum shear stress
criterion). This analysis has led to the development of new criteria for the development of shear bands.



Materials and Experiments

Materials and processing

The UHCS for this study had the composition 1.3%C, 3.0%Si, 0.5%Mn, 0.99%Cr and balance iron. A
thirty-kilogram ingot was cast using vacuum induction melting and forged at 1090°C from a square cross-
section, 125 mm wide, to a plate 25 mm thick by 100 mm wide. The resulting microstructure had small
discontinuous graphite stringers induced by the graphitizing influence of silicon. After forging, the plate
was homogenized for one hour at 1125°C and air-cooled. This treatment produced a fully pearlitic
structure with a reduced amount of rod-shaped graphite stringers that were oriented in the longitudinal
direction of the plate. This fully pearlitic structure had a hardness of VHN = 355 (R, = 36).

Compression samples were prepared in the form of right circular cylinders, 6.35 mm in diameter and
6.35 mm tall. All samples were deformed in the longitudinal direction. Samples were prepared for study
in the pearlitic and martensitic condition. The samples with a martensitic microstructure were prepared
in two conditions, quenched and quenched-and-tempered. The quenched state was obtained by heating
the pearlite structure plate to 880°C for 20 minutes and water quenching. The hardness of the quenched
sample was VHN = 770 (R, = 63). The quenched-and-tempered state was obtained by tempering the
quenched sample at 320°C for 30 minutes followed by air-cooling. The tempered sample had a VHN =
782 (R, = 63.5).

Experiments

Dynamic compression tests were performed using the split Hopkinson pressure bar technique. The steel
sample was placed between two long bars made of Ti-6Al-4V. A striker bar is propelled toward one of
the pressure bars (the input bar). Upon impact, an elastic stress wave is introduced into the input bar.
This stress wave travels down the bar and at the specimen-bar interface, a portion of this wave is
transferred into the sample, causing the sample to deform. The strain histories for the incident and
transmitted waves in the elastic pressure bars were measured and analyzed to determine the engineering
stress, engineering strain and engineering strain rate response of the sample.

Dynamic Stress-Strain Response

The dynamic mechanical response of the pearlitic UHCS, plotted as engineering stress versus engineering
strain and true stress versus true strain, is shown in Fig. 1. The strain rate during testing was 4100 s™.
The pearlitic UHCS showed high compression ductility. The load began to decrease precipitously at
about -0.55 engineering strain and was terminated by a ring stop that limited the strain to —0.60.
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All samples failed by the initiation and propagation of adiabatic shear bands. Compression tests were
repeated and the tests confirmed the reproducibility of the results. The increase in temperature during
deformation up to the maximum stress was estimated by assuming that all the plastic work of
deformation was converted to heat. The calculations yielded a temperature rise of 300°C for the pearlitic
material.

Figure 2 shows the initial and deformed states of the pearlitic UHCS sample. The cross-section of the
undeformed sample is given in Fig 2 (a). The matrix consists of a structure of fine pearlite containing a
small amount of minute vertical graphite stringers. The stringers are oriented parallel to the lengthening
direction during prior forging. Figure 2 (b) shows a cross-section of the deformed pearlitic sample
illustrating the two adiabatic shear bands oriented at about 45° to the compression axis. The deformed
sample remained intact because of the ring stopper. Discontinuous cracks are observed within the two
shear bands. The adiabatic shear-band widths were measured by optical microscopy of polished-and-
etched samples. The shear band width was 14 um for the pearlitic UHCS.

(b)

Figure 2. Cross-section of the UHCS-1.3C samples
before (a) and after (b) testing to 60% deformation.



An estimate can be calculated of the strain in the band from an observation of the offset of the shear band
shown in Figure 2 (b). The left-hand section of the deformed sample is displaced from the center
section, with a length difference of 0.125 mm along the shear line. A shear strain, y, in the band is
estimated by dividing this displacement by the shear band width (14 um) yielding y = 11. The calculated
true strain (Von Mises) in the shear band is € = - 6.4. The total true strain in the band is - 6.4 plus the
strain prior to the start of shear banding (¢ = - 0.8) yielding € =- 7.2. This true strain value is similar to
those estimated for shear bands in other Fe-C materials [7-9]. The strain rate in the shear band is
estimated as follows. The axial strain during shear banding is 0.044 (the axial displacement of 0.125 mm
divided by the sample height of 2.86 mm), giving a time of shear banding of 1.1x10” s (0.044 divided by
4000). Thus the strain rate in the shear band is the strain in the band (6.4) divided by the deformation
time in the band yielding a strain rate of 6x10° s™'. Such a strain rate is often quoted in studies of high
velocity projectiles and high explosive charges [10]

Energy Absorption and Failure

Energy Absorption

During dynamic deformation prior to failure, the pearlitic sample showed enormous potential for
absorbing energy. Figures 3a and 3b show the pearlitic sample after deformation to engineering strains of
0.30 and 0.60 respectively. The figures show pronounced kinking of the carbide plates. The kinking is
much more extensive in the sample deformed to 0.60 strain than the sample deformed to 0.30. In both
samples the kinking and multiple shearing is highly distributed throughout the sample. This distributed
kinking can absorb significant amounts of energy during deformation of the pearlitic UHCS material.
Figure 4 shows a region in the pearlitic sample deformed to e = 0.60 in which intense local shear was
observed. The dominant shear band in the center of the micrograph in Fig. 4a is about 0.5 pm in width.
Other shear bands in the figure are smaller but the spacing between bands is about 1 pm. As clearly
shown in Fig. 4b, the carbide plates in these bands are continuous and don’t show any obvious fractures.
It is important to note that these bands are significantly smaller in size than the 14 pum major shear band
that was associated with the loss in load bearing capability of the sample.
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(a)
Figure 3. Local instabilities in pearlite due to buckling of the carbide plates, after 0.30 strain
(a) and 0.60 strain (b).
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Figure 4. Localized shear of the carbide plates in pearlite after 60% strain, low magnification (a)
and high magnification (b).

Kinking in pearlite plates, which were subjected to severe plastic deformation, has also been observed in
steel-copper wires [11] during wire drawing. The kinking was believed to initiate in the carbide plates
with the ferrite matrix “following” the kinking carbide. A similar mechanism is likely active in the
pearlitic UHCS during high rate deformation. The stronger carbide is inherently expected to have a
flatter stress-strain curve than the softer ferrite matrix. The flatter stress-strain curve for the carbide
limits work hardening, which will encourage localization in the carbide and the development of an
instability in the form of an initiating kink. Once the kink has initiated in the carbide, it will control the
direction of kink propagate in the pearlite.

Failure

Examination of the shear band that led to failure in the pearlitic sample provided valuable insight into the
influence of microstructure and deformation on the development of instabilities during high rate
deformation. Figure 5 shows an overview of the shear band. The pearlite plates bordering the band are
highly deformed and strongly oriented in the shear band direction. A graphite piece, originally oriented
vertically in the photograph, was dragged into the shear band and deformed within the band. The original
diameter of the graphite stringer is about 6 um whereas the stringer in the shear band is about 2.5 um.

Figure 5. SEM photomicrograph of the adiabatic
shear band in the pearlitic steel illustrating the fine
pearlite structure adjoining the band and the
graphite stringer trapped within the band.




Figure 6 shows a high magnification microstructure of the center of the shear band shown in Figure 5. A
fine structure is observed with nanostructure features in the order of 70 nm. In agreement with other

investigators [12-14] these features are the ferrite grain size. Adjacent to the adiabatic shear band, a
mixture of two structures appears. Segmented, broken-up (ultrafine) regions are mixed with oriented
pearlite regions. The lamellar spacing in the pearlite remains about the same throughout this unique
region. Significantly, the spacing of the pearlite in the shear band is about the same as the pearlite spacing
away from the ultra-fine structure region. This mixed structure results from the two thermal events
during and after deformation - adiabatic heating resulting from the large shear strain followed by
subsequent rapid cooling. The microstructure in the shear band suggests that the temperature rise exceeds
the A transformation temperature. Most of the pearlite will transform to face-centered-cubic austenite.
If the increase in temperature is only about 100°C above the A; not all the pearlite will dissolve. This is
the temperature range where three phases co-exist, fine-grained austenite, and ferrite-plus-cementite as
undissolved pearlite [15] that results in the two mixed structures observed in Fig. 5. Upon rapid
quenching at the completion of the shear-banding step, retransformation will take place. The ferrite grain
size in the shear band is approximately 50 to 100 nm and the carbide particle size is believed to be
approximately 1.5 nm. Nano-indentation hardness measurements gave values as high as 11.5 GPa.

Figure 6. High magnification SEM
photomicrograph illustrating the ultra
fine ferrite structure in the center of
band shown in Fig. 5.

Deformation in the Shear Band

Figure 7 illustrates a construction of the stress-strain-temperature history of the sample in the shear
band. The initial strain region is that recorded in the Hopkinson bar test (Fig. 1). The flow stress
continues to decrease to a strain of € = 2.8 where the flow stress is 500 MPa. This is the flow stress of
UHCS deformed at 1000 s™' at 730°C [5]. A slight increase in the flow is shown at 800°C when
transformation begins and austenite forms [at € = 3.2]. Austenite is known to be stronger than ferrite
[16]. The flow stress continues to decrease with further deformation in the austenite matrix as pearlite
and cementite dissolve with increasing temperature. The flow stress decreases to 200 MPa at the end of
shear band development, where the strain is ¢ = 7.2 and the final temperature is 1180°C. Rapid
quenching follows since the band is bonded to a much colder matrix (i.e. 300°C).
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Figure 7. Stress-strain response within the shear band during high rate deformation of the UHCS-
1.3C material.

The hardness of the shear band is extraordinarily high, 11.5 GPa. This is equivalent to a yield strength of
4600 MPa (667 ksi). We propose that this high strength is a result of nano-size carbides distributed
uniformly in the ultra-fine ferrite grains (70 pum) [17]. This microstructure arises from a divorced
eutectoid transformation (DET) that takes place during deformation in the shear band. We define the
divorced eutectoid transformation as a transformation that is divorced of all normal transformations
including pearlite, bainite and martensite. The structural changes are best described in three stages: (1)
deformation in the ferrite range, up to ¢ = 3.2, (2) deformation in the austenite range, € = 3.2 to 7.2 and
(3) quenching after deformation.

In the first stage, the pearlite spacing is decreased, with simultaneous decrease in the cementite plate
thickness. In addition, the carbide plates develop dislocation substructures during severe plastic
deformation. The cementite layers are observed to be in the order of 1 to 5 nm for strains of about 3.0
[18, 19]. The second stage has the ferrite transforming to austenite. This transformation is athermal, i.e.
instantaneous. The austenite will contain the same amount of carbon in solution as in ferrite (0.02 wt.
%), because there is no time for carbon diffusion into the austenite lattice. This is because of the high
strain rate in the shear band(6 x 10° s™), which produces a time in austenite of 10> s. The highly
deformed carbide plates further deform in austenite and ball-up to become individual carbide particles
with sizes in the order of 1-2 nm. The low-carbon austenite penetrates mechanically between the carbide
particles. The third stage involves re-transformation of austenite containing nano-carbides to ferrite. The
cooling rate is estimated at 10° °C s™' [8]. The austenite to ferrite transformation is athermal, and the
nano-carbides will remain fine. The ferrite may retain 0.02 wt % C. The grain size of the transformed
ferrite is dependent on a number of factors. The variables that need consideration are the prior austenite
grain size, the initial ferrite grain size and the amount of deformation in each phase. Multi-
transformation as in deformation by ball milling leads to nano-ferrite grain sizes (less than 20 nm) [14],
whereas single transformations lead to ferrite grain sizes that are over 50 nm [13].



Criteria for Initiation of Adiabatic Shear Bands

Many investigators [6, 20] have pursued the study of adiabatic shear bands. The maximum shear stress
criterion is the most common approach used to explain the initiation of shear banding. This criterion
states that instability in the form of adiabatic shear bands will take place when the rate of strain
hardening is exceeded by the rate of thermal softening. Thus, when the maximum stress for plastic flow
is reached, shear banding will start. Constitutive relations have been developed to predict the occurrence
of shear bands. A common assumption is to utilize data from quasi-static tensile tests to establish a rate
of strain hardening and to relate it to the rate of thermal softening from thermodynamic data to predict
when shear banding will occur. These two aspects of the shear band predictive criteria, namely, using
quasi-static data and a maximum shear stress criterion, have been questioned [19, 20 and 21]. It is the
authors’ belief that the microstructure of the steel, prior to and during deformation, are the principal
factors determining the start of adiabatic shear banding. These changes are especially profound and
complex in all ferritic carbon steels. These complexities are related to the intervention of strain aging
during deformation. It will be shown that strain aging contributes to strain hardening that varies with
strain rate and with temperature.

Figure 8 illustrates the influence of strain rate on the ultimate tensile strength of ferritic steel as a
function of temperature. The data are from the extensive work of Manjoine on a 0.3 wt% C steel [21].
The ultimate tensile strength is compensated by the elastic modulus to incorporate the influence of
temperature on elastic modulus as in typical constitutive relations [22-24]. Data for the UHCS-1.25%C
tested at about 1000 s™' is also included [5]. The pattern of strength changes with temperature and strain
rate is unusual. Regions are observed where do/dT is positive and where do/dT is negative. Similar
results are noted when Manjoine’s data is plotted as the flow stress at a small strain of 2%. Meaningful
constitutive laws for plastic flow of ferritic steels under high strain rate adiabatic conditions require
consideration of these observations. The anomalous change of flow stress with temperature and strain
rate is attributed to the increasing influence of moving carbon atoms with moving dislocations.
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Figure 9 show true stress-true strain curves for the 0.3% C steel at room temperature for the three strain
rates studied by Manjoine. The strain hardening exponent, n, in 0 = Ke" is given in the graph. The rate
of strain hardening is seen to decrease with an increase in strain rate. The strain hardening exponent, n, is
decreased by a factor of 5.4 from the quasi-static strain rate (8.5 x 10 s™") to the dynamic strain rate of
300 s Analyses of the Manjoine data at temperatures above room temperature indicated changes in this
ratio. It is 3.0 when calculated at 200°C, and becomes less than unity at 400°C (0.83). Since deformation
at high strain rates leads to temperature rises, these changes in the strain-hardening exponent need to be
considered in the application of the maximum shear stress model for adiabatic shear band formation.
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The stress-strain curve for the pearlitic UHCS material (Figure 1) shows the maximum flow stress to
occur at 0.1 strain followed by large region of strain softening with shear bands finally developing at 0.8
strain. A search of the literature reveals only limited data on the observation of large strain softening
regions during high strain rate deformation. The work of Wulf [25] complements the present work with
high strain rate (10*s™") compression tests on 4130 steel. The author showed the maximum flow stress to
be reached in the order of 0.1 to 0.25 true strain followed by continued deformation to strains as high as
0.9. These observations have led us to consider another criterion for the initiation of shear bands. The
model is based on the concept that it is the work of deformation in the large strain-softening region that
leads to the initiation of the shear band. Thus, when the ferritic steel is deformed, its internal energy is
increased in the form of lattice distortions. These include creation of dislocations, their reorganization
into networks, refinement of particles that leads to increase in surface energy, point defects that lead to
voids, carbon atoms that dissolve into the iron lattice, and to the increase in the vibrational energy of the
material from adiabatic heating. When the strain energy in the material is build up to a value that it can no
longer tolerate, it will release some of it by the formation of the shear band. This is like sudden
recrystallization of a severely cold-worked material as it is heated to a temperature where new grains will
form to release the stored energy of cold work.

A calculation for the critical strain energy for shear banding was made for the pearlitic UHCS material. It
is equal to the work of deformation (area of the o - € curve to the start of shear banding). The value is
1120 MJIm™. This work of deformation results in two distinctly different contributions to the energy of
the material. One is the adiabatic heat produced in the sample and the other is the increase in the internal
energy of the material (the latent energy). The latent energy in the band is generally believed to be a small



fraction of the total strain energy in the order of 15% [26]. It is possible to make an estimate for the case
of the pearlitic UHCS material. Hardness measurements showed the 3.5 GPa hardness before testing
increased to 6.5 GPa at the start of shear banding. Thus the hardness increased by a factor of 1.8. This
means that the flow stress will have increased from the initial value of 1300 MPa to 2340 MPa at 0.8
strain, if adiabatic heating had not occurred. The estimated strain energy for this structural change is one-
half times the incremental strain of 0.6 (from 0.2 to 0.8) times the corresponding incremental stress
increase of 840 MPa (from 1500 to 2340 MPa) yielding 252 MJm™. The latent heat, therefore,
represents 22% of the total strain energy. This high ratio is likely related to the remarkable way a
lamellar structure deforms with straining. The true contribution to heating is less than 300°C as initially
calculated.

If the initial strain energy of the UHCS material is made higher than for the pearlitic structure, for
example, a martensitic structure, then less strain energy should be needed to cause shear banding. This is,
in fact, the case. The UHCS sample quenched to a hardness of R, = 63, required only 624 MJm™ strain
energy to form an adiabatic shear band at a strain of 0.2 [27]. Determination of the stored (latent) energy
requires a knowledge of the change in structure of the material adjacent to the shear band. If the matrix
hardness is reduced by strain tempering this would result in a the latent energy that is negative.
Therefore the sample is heated to a higher temperature than that predicted from the calculated strain
energy of 624 MJm™. Data on true stress — true strain response together with data on the strength
changes during deformation prior to shear banding are needed to pursue the model of a strain energy
criterion.

Summary and Conclusions

The mechanical response of a UHCS-1.3C, pearlitic steel during high rate compression (approximately
4000 s has been studied. The sample was deformed to large engineering strains (-0.55) without fracture
and showed extensive ability to absorb energy. The carbide plates exhibited significant distributed
kinking during deformation which results in significant amounts of energy absorption. The loss in load
bearing capability was associated with the initiation and propagation of adiabatic shear bands.
Localization occurred due to adiabatic shear bands, in which austenite formed. Subsequent cooling
produced a divorced-eutectoid transformation, which resulted in a microstructure consisting of 50 to 100
nm sized ferrite grains. The hardness of the band is 11.5 GPa. The results show the large potential for
use of UHCS in applications involving dynamic loading. A criterion for predicting the initiation of shear
banding is proposed based on a critical strain energy concept rather than the maximum shear stress
model.
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