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NOMENCLATURE

< = shear strain [Mpa]

T = shear stress [MPa]

B = the fraction of heat that appears as work [dimensionless)

p = density of the material {kg/m3]

¢ = specific heat capacity [J/kgK]

J = mechanical equivalent of heat [J]

B = strength coefficient [kPa]

T = temperature [K]

%" = the homogeneous plastic strain rate

1/E = the wavelength of the inhomogeneity

A = thermal conductivity

ov/0T = variation of flow stress with temperature at a constant plastic y and vy
T; = represents the resistance of the material to plastic deformation

0Ty/dyp = strain hardening rate
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ABSTRACT

The high strain rate properties of materials are of great importance in studies dealing
with high speed manufacturing or machining [1-3]. However, the most dominant
proponent of high strain rate studies remains the military due to the fact that ballistic
impact of airborne projectiles, with armor penetration is a very common form of high
strain rate deformation. The interest is due to the very high costs associated with military

equipment and the danger to military personnel within these vehicles.

Under sufficiently high rates of deformation, the failure mode is markedly different
from that found in quasi-static studies. Impact loading at a strain rate in the range of 500
I/s practically guarantees that an adiabatic shear band (ASB), or an immensely deformed,
highly localized region of deformation, will be formed. The reason for this will be
discussed later, but suffice it to say that upon the formation of the ASB the material can be

considered to have undergone failure for all intents and purposes.

Typically, studies of high strain-rate deformation belong to one of two schools of
thought; the mechanical approach or the metallurgical approach. As their names imply,
the mechanical approach is concerned mainly with the material properties under high strain
rates, including, the stress-strain curve. The metallurgical approach concerns itself with
why the material behaves as it does, and directs a majority of its attention towards analysis

of the adiabatic shear band.

In the present study a torsionally modified split-Hopkinson bar was designed, built
and tested. As a part of the equipment validation, two series of experiments were

conducted; room temperature and -30°C. The experiments were done on SPS-Plus steel

Xvi



at five different heat treatment conditions and hardnesses. Analysis was then conducted to

determine the relationship between selected material parameters and material hardness.

It is shown in this thesis, that a reliable and reproducible means of obtaining high
strain rate torsional tests has been developed. Moreover, it has been shown that for
quenched and tempered steels the size of the adiabatic shear band is directly related to the
strength of the material. It as been shown, for example, that higher relative tempering
temperatures result in the formation of a wider adiabatic shear band during high strain rate

testing than was observed in samples tempered at a lower temperature.

All samples except the 640°C tempered steels displayed very ductile deformation
surfaces and easily provided information from which local strain could be calculated. The
transformed shear bands in the 640°C tempered specimen formed transformed shear bands
which were dicretely bounded by the matrix and could not provide information pertaining

to local strain.
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CHAPTER 1

LITERATURE REVIEW

1.1. OBJECTIVE OF THE PRESENT RESEARCH

The literature review covers a wide range of details concerned high strain testing
procedures and related material phenomena. With the information presented a
torsionally modified split-Hopkinson bar design was chosen and executed based on its
effectiveness and reliability in the production of high strain rate data and post-mortem
samples. To verify the effectiveness of the design five heat treatments of high-strength
steel were tested and analyzed. In addition, the resulting ASB formations in each of the

tested high strain rate samples was to be studied.

1.2. INTRODUCTION

The behavior of materials, specifically steels, under high rates of strain is
markedly differently than that of materials which have been quasi-statically deformed.
The three most recognizable differences are as follows. Firstly under high strain rates,
mechanical properties such as strength and ductility undergo changes and are reflected
in the stress-strain curve. Secondly, the failure mode nullifies any aspect of quasi-static
analysis or conventional elastic-plastic mechanics that may apply to low strain rate
material deformation. And thirdly, the formation of one of two types of adiabatic shear

band takes place.



There are a variety of methods used to obtain the high strain rates necessary to
realize the modified mechanical and material properties mentioned above, some of

which will be discussed later in this chapter.

The first goal of this review is to cite typical mechanical and material performance
characteristics at high rates of strain such that the experimental results and observations
acquired in this thesis may be compared and validated. The second goal is to provide a
rationale for having chosen the torsional configuration of the split-Hopkinson or Kolsky

bar.

1.3. MECHANICAL BEHAVIOR AT HIGH STRAIN RATES

1.3.1. Introduction

Research in the processes involving shear band formation can be categorized into
two schools of thought, the mechanical / macroscopic interests and the metallurgical /
microstructural interests. This section includes a brief review of both of these theories

and the type of data produced by the high strain rate apparatus.

Previously conducted research has shown that a few of the more significant
determining factors in the susceptibility and type of shear banding that a material
exhibits are the following; the strain rate exponent, strain rate sensitivity, work
hardening coefficient, thermal conductivity, material hardness, microstructure and
content of imperfections such as inclusions [5-15, 24, 25, 30, 36, 61, ]. The
significance of most of the aforementioned properties or parameters are aptly illustrated

through the role each plays in their respective constitutive equation. In addition, the



constitutive equations serve to identify critical points in the stress-strain behavior during

high strain-rate loading.

1.3.2. The Effect of Strain Rate on Material Behavior

In the study of steel at high rates of strain the most obvious differences as
compared to quasi-static testing are the mechanical properties portrayed by the
material. This is the reason for wanting an effective and consistent means of acquiring

and interpreting high strain rate data.

The marked differences are best illustrated in previously published research.
Lewis and Campbell [16] show rather clearly the effects of altering strain rate when
testing EN2A type mild steel, Figure 1. Figure 2 shows the strain-rate effect for various

structural steels.
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As shown, In Figures 3 and 2 the lower strain rate tested material is less than
40% as strong as that studied at a higher strain rate tested samples. Though slight
changes in the high strain rate range of the test results in a slight shift of the curves, the
initial jump from the quasi-static to the dynamic regime represents the most dramatic
difference. A second, and perhaps more subtle, difference is the change from the

isothermal to the adiabatic deformation process as illustrated in Figure 3 and in [17,

18]. Close observation reveals that for the low 'Y isothermal curves there is a steady

increase in the strength of the material, whereas for the high 'Y adiabatic curves there is

a slight but noticeable drop in material strength. This is because at low strain rates the
rate of heat generation is far less than the rate of heat dissipation, and hence the sample
stays at essentially room temperature - being tested isothermally. When deformed at
low strain rates the well understood strengthening mechanisms common to steel such as
strain hardening dominate and there is an increase in strength. However, at high rates
of strain the rate of heat generation is far greater than the rate of dissipation. This
results in an overall material softening due to thermal effects and ultimately localized
failure due to the formation of shear bands, as will be discussed later. The end result is

the softening displayed by the stress-strain curve.

Another effect much more clearly illustrated in [11], is a reduction in ductility at
high strain rates. Figure 3 shows this effect for HY-100 steel. The most likely reason
for this is due to the fact that for steels deformed at high strain rates the majority of the
deformation takes place over a very narrow region of material which does not have the
same capacity for deformation as the entire gauge section, regardless of the different

deformation mechanisms which may be in effect within the adiabatic shear band.
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These results indicate that the behavioral characteristics of steels (regardless of
specific type) at high rates of strain are significantly different from those observed
during low strain rate studies and warrant a closer investigation using appropriately

constructed equipment,

1.3.3. The Load Instability Model

The most commonly used model for load instability studies in dynamic shear was
first introduced by Recht in 1964 [60] based on Baron's mechanical equation of state
[19] from 1965. Recht proposed that "catastrophic shear", as he referred to it, would
occur at the point in the dynamic stress-strain curve where its slope, (do/de), is equal
to zero. The equation was originally intended as a general model for steel under tensile

loading but is easily modified for shear analysis, and starts as follows;

ﬂ___if.J +3_?] i‘i+a_‘] ar (1)
& Y/, OV, dy OT ), dy

Where: T = shear stress
v = shear strain
T = temperature

Since the point of interest is where in the stress-strain curve has a slope equal to zero,
the first term may be set equal to zero. Also, the strain rate is assumed to be generally
constant through the deformation process and can also be left out. The resulting

equation is then;
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dy oT vy &Y

From this point in the derivation onwards, many different interpretations and

assumptions have been made. In 1973 Culver used Barons [19];

dl _{ B o
o (L)

and the limiting strain as a function of the work hardening exponent;

T=By" (4)

Where: [3 = the fraction of heat that appears as work [dimensionless]
p = density of the material [kg/m3]
¢ = specific heat capacity [J/kgK]
J = mechanical equivalent of heat
B = strength coefficient [kPa}
T = temperature [K]

n = work hardening exponent

Variables not defined are described previously. Using (3) and rearranging (4)
then substituting and rearranging (2) which gives the equation dictating the required

strain required for instability to occur.

_Iibel_Op )

Vi = B(acfor) o,
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The strain ratio 0% is simply the quotient of the isothermal stress and the
d

dynamic stress. Typically this value will not affect the final result by more than 15%
and is, as a result, often ignored in first order approximations. The constant, n, has not

been found to vary between isothermal quasi-static tests and dynamic tests.

A simplified approach to this derivation was executed by Staker in 1981 [70] and

greatly streamlines the mathematics involved by proposing that,

dr

—= (6)
dy

*
C
which is based on the assumption that due to the high strain rate, the entire amount
energy produced by the deformation contributes to the heating. In this expression, C is
the volume specific heat in kPa/°C. Using this assumption and also equation (4) results

in equation (7) which is essentially the same as (5) though somewhat simplified.

—-—-C
Y= n(i) 7
T /14

The pc/ value in (5) is essentially the same as C in (7) and since 0% would increase
d

the result by a maximum of 15% and B decrease it by 10% the two essentially cancel
out and leave the same equation as in (7). Similar studies have been done by Clifton et
al [12}, Culver [58] and Timothy and Hutchings [27]. In all cases, the only remaining
terms are a specific heat term, the temperature dependence of the flow stress and the
work hardening exponent. Perusal of Table 1 shows that though the specific heat term

is constant, n and B%T are of equal importance in the relation, and both of them have a

standard deviation of approximately 24% within their columns. The large variation in
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tensile strength with respect to the tempering time indicates the effects that the material
parameters have on the materials performance. In summary, increasing the strain
hardening exponent, n and/or reducing the temperature dependence of the flow stress
value will increase the amount of strain that the sample can undergo before reaching its

adiabatic instability point.

1.3.4. The Shear Band Width Models

A commonly modeled and often studied feature of adiabatic shear banding is the actual
width of the resulting localized shear region. Many approaches and techniques have
been attempted, each with its own benefits, drawbacks and required experimental data
[20, 21, 33]. An a priori and post-mortem relation are covered in this section. In each
case the width of the shear band is related to at least one material parameter or
property. The difference between the two was that the first attempts to predict the
width using every significant experimental variable in its derivation, where the second
was a simple power relation utilizing only one material property and two dimensionless

parameters.
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Table 1: Physical properties of AlS| 4340 steel [57]

Tempering Tensile n ay C,
temperature,  strength, MPa oT’
oc kPai°C
kPa/°C
204 1951 0.055 -1986 3600
260 1800 0.043 -1800 3600
316 1662 0.042 -1613 3600
482 1234 0.055 -1117 3600
649 883 0.092 -620 3600
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Dodd and Bai's model for dimple shear, taking into account strain rate, heat

resulting from plastic work and thermal conductivity [17] gives,

vy 9t
P52 =5
at*  dy

(8)

2
T P/ i

or or oy

®

where y is the displacement along the axis perpendicular to the shear band length. The
derivation of equation (9) was not based on any specific material type. After a few

derivations and rearrangements the following equation can be obtained,

M;}/z

d=|—

(10)

where 8 is the shear band half width, where the * subscripts indicate quantities

characteristic within the band. As can be seen, the most significant material properties

are the thermal conductivity, A, the flow stress, Ts, the temperature within the shear
band, Tx, which in transformed shear bands is taken to be either the transformation or

melting temperature. The only difficulty that remains is whether or not the quantity,

'?*, has a certain characteristic strain rate for a given material. The problem can be

easily circumvented at high strain rates since the viscosity of the material becomes

important and the following is valid,

Vs = T./M. (11)
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In this expression, M is the coefficient of viscosity. Substitution of ’Y, further simplifies

(10) to the form
]
d= r;‘(kh?;)é (12)

This relation then implies that shear band width is a material characteristic and should
be fairly insensitive to specific aspects of the loading condition such as strain rate. The
only limitation of the model is that the material tested must fail within the ductile regime
and not approach brittle fracture, where the model become less accurate. Based on
published results [7, 18] and predicted values, the trends, if not the actual values, are
very good and intuitively correct. This is very promising, considering the simple

expression used to obtain these values.

A far simpler and less scientific approach was taken by Marchand and Duffy in
1988 [11] which nonetheless relates the width of the shear band to at least one known

material property, the local strain after adiabatic thermoplasticity.
?Iacai' = a'H';b (13)

For Marchand and Duffy, experiments using HY-100 steel with a=125.8 and b=-
0.867, the results fit their experimental data very well. Though not covered in the
paper, it is conceivable that the variables g and b encompass other material variables
such as density, specific heat, melting temperature, viscosity, strain rate sensitivity and

the strain hardening coefficient.
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As mentioned earlier, equation (13) appears to be dependent on test conditions
and equation (12) is not. The Viocal €an probably be equated to another constitutive
equation including only material parameters similar to the ones used in equation (12),
thereby making the two relations far more similar in appearance - quite possibly

mathematically identical.

1.3.5. Clifton Shear Band Analysis

In 1978 Clifton presented a detailed analysis of shear localization for a rate-
sensitive material loaded in simple shear, unlike the rate-insensitive equations (5) and
(7). Derivation of the relation will not be covered here as the equation is only being
used to demonstrate the effect that various material parameters, including strain rate
sensitivity, have on the point at which shear instability occurs. If the quantity given by

the following equation is positive the deformation process is then unstable.

. OP 1 a’cr B o A‘E2
—my -’Er—( ayp)‘FB';( %T) —E (14)

where m is the strain rate sensitivity parameter given as:

zaln'\'(”
dlnt

(15)

m

and  ¢°" =the homogeneous plastic strain rate
1/E = the wavelength of the inhomogeneity
A = thermal conductivity

© = mass density
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¢ = specific heat of the material

0t/0T = variation of flow stress with temperature at a constant plastic y and ¥
T = applied shear stress

T = represents the resistance of the material to plastic deformation

dT/dyp = strain hardening rate

B = factor of plastic work translated into heat

The above equation assumes that instability initiates at some physical flaw in the
form of a pit or groove. The & term represents the flaw size as the inverse of its
wavelength. Examining the effect of each term in (14) will give a relative measure of its

contribution towards material instability.

The Clifton analysis has labeled the thermal conductivity as the least important
term in the relation. Nonetheless, a larger value will increase the stability of the
material. The inverse of the wavelength also affects the point at which instability
occurs, but would not cause a material which otherwise did not undergo shear
localization to form a shear band. The first two terms in the square brackets are the
most significant and vary the greatest depending on the material and its heat treatment
condition. For this reason their relative magnitudes are very important, The strain
hardening rate, Btrlayp, is taken as the crucial variable in whether or not localization
will occur. A large strain hardening rate value will indicate a stable deformation
process, while a very small value will make the positive second term the most dominant.
In Ciifton's work, where a cold rolled steel (CRS) and hot rolled steel (HRS) were
compared the CRS had a much lower strain hardening rate than the HRS and, hence,
was more likely to form shear bands. The last important parameter to be considered is

the strain-rate sensitivity. Since both of the terms are multiplied by this value, a small
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value of m, implying a high strain rate sensitivity, indicates increased stability. Thus,
shear bands should occur more readily in steels than in aluminum. Temperature
variations greatly influence the second term, dt/dT, specifically at low temperatures
where the specific heat drops significantly, resulting in unstable material behavior. This

effect has been noticed by many researchers to be valid.

1.3.6. Dynamic stress strain relationships

In this section, two separate models for dynamic stress-strain relations are
covered. The first is a simple power law which utilizes the hardening exponent. The
second is based on an exponential relation that, though does not include a hardening

exponent, utilizes dimensionless hardening and softening parameters.

The first model to be discussed was used by Marchand and Duffy in 1988 [64].

Their dynamic stress-strain curves quite closely followed the power law,

|
()

where Ty and yy represent the initial values of yield stress and strain respectively. In
this expression, 1’ is the hardening exponent. Yield drops cannot be included in the

modeling when using this relationship. The second equation is as follows;

T=7T (1+ 0)exp(—Ky) (17)
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where T, is the constant representing the shear yield stress, o is a dimensionless
hardening parameter, and x is a dimensionless softening parameter. T and ¥ represent

effective or equivalent shear stress based on the Von Mises or "J»" flow criterion. The

behavior of equation (17) is shown in Figure 4, 7y, can be simply determined using the o

and [} parameters:

Yi = (18)

1
o-p
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Figure 4: llustration of equation 17 [9].
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Both of the aforementioned models begin at the point of plastic deformation with
work hardening, and neglect the elastic portion of deformation. The relations work
relatively well and are reasonably reliable if all required materials constants are known,

at least approximately.

1.4. MATERIAL BEHAVIOR AT HIGH STRAIN RATES

1.4.1. Introduction

It is possible to discuss the deformed shear band as a precursor to transformed
shear banding, as has been done in some cases [10,22,23], this review will treat them as

totally separate entities for the sake of simplicity.

1.4.2. Quasi-Static Versus Dynamic Deformation

In the classical quasi-static torsion model, plastic deformation is considered to be
uniform throughout the cross-section, as shown in Figure 5. In high strain rate or
dynamic torsional testing the classical quasi-static model applies for only a very brief
period of time or for extremely low strain values. After this period the quasi-static
regime ceases to be valid and adiabatic strain localization or shear banding begins. A
frame by frame picture of a high speed torsion test taken by stop-motion photography is
shown from start to finish in Figure 6. In Figure 6 the sample deforms according to
elastic theory for a only a few frames, after which localization occurs as is shown by the
nearly vertical deformation lines at the center of the specimen. It is important to note,
however, that for very hard specimens brittle fracture begins to dominate over ASB

formation and hence ASB theory is no longer applicable.



Figure 6: High-speed photograph of ASB formation [23].
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1.4.3. The Deformed Shear Band

The deformed shear band can be described as a zone of intense shear deformation
of the original microstructure across a very narrow band [24]. The reason for this
occurrence is the presence of mechanical instability in the material at some point during
the test. This instability functions as a nucleation point. The inhomogeneous shear
zones undergo plastic work, which in turn heats the zone adiabatically and initiates
thermal softening. This results in significantly reduced shear resistance in the shear

banded region [25].

Typically, a single shear band will form due to the effect of a single nucleation
point, though it is possible for multiple shear bands to form [7, 21] parallel to each
other if two nucleation points of similar size and type are within close proximity of each
other. Possible nucleation points include precipitates such as MnS [26], phase
boundaries of two dissimilar phases such as pearlite and ferrite [23] or ferrite and
martensite [27] and voids present within the material. More macroscopic points
include; scratches, machine marks or thinner sections on the specimen. Each of the
aforementioned flaws behaves as a stress concentration point and is subjected to more
stress and deformation than the surrounding material. This resuits in more heat being
generated in the region close to the flaw which in turn softens the material and creates
an environment conducive to further deformation, strain localization and heat
generation. It can be seen that upon the onset of adiabatic shear banding the process is

self-regenerative until failure or subsequent removal of the dynamic load.

Shear strain within shear bands commonly ranges from 5 to 100 [3, 28-34], and in

some cases as high as 570 [35]. The width of shear bands can range anywhere from 10
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to 360 pm in width [3, 5, 23, 27, 36] depending on the material tested and the strain

rate achieved

1.4.4, The Transformed Shear Band

The transformed shear band is initiated and forms through the same mechanisms
as the deformed shear band. The only difference being that due to some specific
material properties the specimen is capable of undergoing what is referred to as a phase
transformation of a sort and experience a permanent change in microstructure [6, 10,
21, 25, 33-42], instead of remaining simply a deformed shear band. As mentioned
before, the elevated temperature of the shear band has been inferred indirectly from
metallurgical evidence [6, 10, 25-55] and directly from experimental observation [56,
57} to be much higher than in deformed bands, often up to several hundred degrees
greater than the surrounding matrix. The shear band is then quickly cooled by the
surrounding material upon completion of plastic deformation, implying that the material
is quenched. Subsequent nital etching reveals the band to have a very high reflectivity

and hence appear white in optical micrographs, Figure 7.

Cooling rates in the order of 107 K/s have been calculated [52]. If the
temperature rise is great enough and the cooling rate fast enough, martensitic-type

phase transformation is assumed to occur, resulting in a transformed shear band.

Identifying the shear band as definitely being martensite is a difficult task,
considering the fact that there has not been any real unequivocal evidence proving that
the phase is martensite [10, 21, 25, 58, 59] even from results published as recently as

1990.



Figure 7:

Example of a white efched ASB optical micrograph [23].
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1.4.5. Formation of a Transformed Shear Band

The transformed shear band has generally been found to occur only in materials
which display a phase transformation at elevated temperatures [21]. Typically, this also
corresponds to materials with lower thermal diffusivities such as 4130 steels and 6Al-
4V Ti alloys. Figure 8 shows the relation between thermal diffusivity and critical
longitudinal strain for several materials tested. In the figure, fully blackened circles
represent materials which form the transformed shear bands, half-filled circles represent
deformed type shear bands and white circles indicate a material which does not usually

undergo shear localization,

It is evident that as the thermal diffusivity increases so does the materials
tendency to form shear bands of the transformed type, thus the most commonly affected
materials are steels. [6, 10, 25, 34-40, 60-64] The strain rate sensitivity and strain-
hardening rate are important related properties to the material resistance to adiabatic
shear localization. A material with a high strain rate sensitivity and a low strain
hardening rate will become unstable at high strain rates and ultimately fail through the

formation of an adiabatic shear band.

The microstructure of a material also plays an important role in shear band
formation, as mentioned by Backmann and Finnegan [6]. For a given strain rate,
pearlitic/ferritic microstructures tend to favor deformed shear banding while tempered
martensite has a tendency to form the transformed variety. Thus, most of the work
reported on the TEM analysis of transformed shear bands is on materials that initially

had a microstructure of tempered martensite [56, 65-68].
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1.4.6. Temperature Requirements

Adiabatic heating plays a major role in the formation of the shear band, therefore
temperature effects are rather critical, well pronounced and well documented. It has
been determined, almost counter-intuitively, that lower test temperatures are more
conducive to adiabatic shear band formation than elevated temperatures. This was first
indirectly inferred in Zener and Holloman's landmark paper on shear banding in 1943
[28] and then reiterated and verified many times since [69, 70]. The reason for this
effect is easier understood if analyzed from the actual case of the shear banding process
instead of the shear band as an entirely separate and unrelated occurrence dependent
only upon temperature. With increased test temperatures the plasticity of a sample
increases along with the specific heat. These details, combined with the fact that less
work is now required for deformation and all plastic deformation that can occur is less
localized, results in a reduction of the temperature rise initiated by plastic flow. The
absence of a significant temperature gradient between regions experiencing localized
deformation and the bulk of the material hinders the mechanisms responsible for
catastrophic flow, and ultimately leads to adiabatic shear band formation [67]. The end
result is that at a given strain rate, a lower temperature test will be more likely to form a
transformed shear band than a higher temperature test due to the steeper temperature
gradient formed. Also, different degrees of strain localization and shear banding can be

obtained by varying the test temperature for a given strain rate.

The question of whether or not there is in fact a temperature rise significant
enough to induce a phase transformation posed a valid problem until Duffy and co-
investigators were able to provide data which verified the presence of a very significant

temperature rise across the shear band during shear localization [5]. Using an array of
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infrared indium-antimony detectors with a spot size of 20 um each, the surface
temperature of the torsional samples could be measured over the area expected to
undergo shear banding. The maximum recorded temperature was 455°C for a hot
rolled steel specimen. Though this temperature may not seem to be large enough to
cause a phase transformation, one must remember that the maximum temperature rise
within a shear band will occur at the center of a 5 - 10 um band, due to the high strain
rate gradient present in the ASB. What this implies is that, even if the spot was
centered exactly on the high temperature zone of the ASB, there would be a significant
contribution to the temperature reading from the cooler surrounding material within the
spot size. This could significantly reduce the maximum recorded temperature. If this
was the case, it would be a strong argument in favor of the theory that a phase
transformation does, in fact, occur. Conversely, it is very possible that 455°C is very
near the maximum value and, though there is not a temperature rise great enough for
phase transformation, it is high enough to allow deformation of a type that would give
the appearance of a transformed region due to its drastically altered and deformed

microstructure.

Whatever the temperature conditions may specifically be, it is well recognized
that there is a temperature increase within the shear band and that it contributes

significantly to the deformation mechanism and the resulting microstructure.

1.4.7. Microstructure and Morphology of the Transformed Shear Band

When accumulating research material regarding the structure of a transformed
shear band it becomes obvious that there are many conflicting viewpoints and opinions

all within a very small database from which to draw information. The existing
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information is far from detailed and conclusive, but it does shed some light on the
problem as well as giving an adequate starting point from which to conduct further

research.

From research as early as 1944, shear bands which have appeared white when
etched with Nital were assumed to be martensite [28] mainly due to their high
reflectivity of light and high hardness. This belief was adopted by many researchers in
the following years (7, 10, 22, 29, 36, 55, 71]. The white etch assumption might have
stood up undisputed if it were not for further transmission electron microcroscopy
(TEM) investigations of the so-called transformed shear bands and the interesting
findings published by Turley in 1974 [31], where white etched shear bands were found
to exist in specimens prepared through a process that would not be capable of providing
the high temperatures required for phase transformation. Subsequent TEM analysis of
the aforementioned rogue white etch bands revealed the structure to be BCC, definitely
not of the transformed variety. The subgrain size was reported to be very small (0.05 -
0.1 pm) and there was also a reduction in visible carbides, both effects associated with
transformed shear banding. This of course does not suggest that all white etch shear
bands obtained through high strain rate testing in the past have been incorrectly
classified as transformed shear bands. Just that it is conceivable now that the white etch
may be an artifact of the etchant and extremely high localized deformation, not

necessarily indicative of a phase transformation.

Supporting evidence of the above mentioned statement is provided by Manion
and Stock [26] who showed that a sample containing a white etched shear band,
assumed to be untempered martensite, could be subsequently tempered. If the

aforementioned shear band was truly untempered martensite it should darken when
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tempered and re-etched. The results were rather interesting, a first temper at 300°C for
30 minutes resulted in only one half of the shear band to darken whereas the other half
remained white. An additional temper at 575°C for 30 minutes was required to darken
the remaining half of the shear band. The markedly un-martensitic behavior of the
second half of the shear band implies then that it perhaps was not typical martensite as
is currently known to be, and that not all the white etch regions are untempered

martensite.

With all the questions of whether or not the white etch shear bands are
transformed or not, it was only a matter of time before analytical tools such as the TEM
were used to study the bands in more detail. Considering the amount of uncertainty
surrounding the topic of transformed adiabatic shear bands, there has been very little
analytical work done on the topic. The limited research is due, in part, to the fact that
specimen preparation is very difficult to carry out effectively. The white etch portion of
the shear band resists the etchant more than the matrix and therefore yields a thicker

specimen from which information is difficult to obtain.

One of the earliest attempts of shear band analysis used X-ray diffraction (XRD)
to determine the lattice parameter for an ASB using Ko and KP radiation. The results
seemed to show that the band was BCT martensite [S6]. However this is by no means
conclusive. The surrounding matrix was tempered martensite (carbides in a ferritic
matrix) and could have easily contributed to the impression of a martensitic shear band.
Also, there was no apparent presence of retained austenite within the shear band,
another factor contributing doubts to the theory that a phase transformation had taken

place. Finally, no concentration gradient was encountered when traversing the shear
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band, implying the adiabatic heating was too brief in duration for any measurable

amount of diffusion to occur.

TEM of the ASB seems to suggest a very fine grained, untempered martensite
with no evidence of carbide precipitate particles or retained austenite, as mentioned
carlier. The lack of austenite and the fine grains were attributed to the extremely rapid
heating and quenching by the surrounding matrix. No additional proof of a martensitic
transformation had been provided. Additional work from the same year provided
evidence that the grains within the ASB were approximately 0.1 um in diameter and
possibly less [55]. Electron diffraction patterns indicated a BCC structure but it was
still assumed to be martensite of some sort, in spite of the fact that for a 0.6% C steel
the martensite is of BCT plate type [72]. It was concluded that there was insufficient
time for recrystallization or grain growth in the austenite (which the authors show no
there is no evidence of occurring) so the martensite just formed heavily deformed
retained austenite. It is also difficult to accept this considering that austenite is FCC

and none was mentioned to have been found.

A similarly timed publication by Wingrove [63] reconfirmed the presence of
martensite in the shear banded region of the quenched and tempered steel through the
analysis of TEM produced electron diffraction spots. TEM micrographs showed that
the matrix was typical of a quenched and tempered high carbon steel with extensive
carbide precipitation along micro twin boundaries. The white etch band, conversely, had
a very high density of dislocations with some cell boundaries. Small precipitates could
occasionally be imaged using dark-field techniques, but for the most part, they were
very small and unidentifiable with any certainty. Tempering of the shear band did not

cause the martensite to behave as would be expected, as it continued to etch white,
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implying a lack of carbide precipitation which normally causes darkening, indicative of a
tempered martensite. Nonetheless, the lattice spacings indicate it is in fact martensite,
in spite of its unique morphology. The dislocation density could not be explained
conclusively, but was thought to be generated during the deformation of austenite and
inherited by the subsequently formed martensite. Another theory was that the
dislocations were gencrated within the martensite during deformation, after the
transformation process. The extreme plastic deformation during adiabatic shear
banding can conceivably create a very high dislocation density in the austenite, but this
assumes proof that some austenization takes place, which in this case did not and was
never mentioned. The very small size of the precipitate particles was assumed to be due
to the fact that they locked dislocations and thus survived the transformation to
martensite. The shear bands resistance to tempering as normal martensite was
attributed to either the carbides being so very small they were undetectable or that the
carbon was trapped in solid solution - held by lattice defects such as vacancies and

dislocations.

More contemporary work was far improved but still inconclusive. Dereps findings
in 1987 [64] stated that as the ASB is approached there is a considerable decrease in
the density of dislocations and that the martensitic lathes of the surrounding matrix
seemed to becoming refined. Another interesting fact was that the mean diameter and
density of the precipitates increased as the ASB was approached, going from a diameter
27 nm to 34 nm and a density of 6x1010 mm-3 to 2x101lmm-3, Electron diffraction of
all foils exhibited diffused rings that, when indexed, gave evidence of Fe3C carbides in
small proportion, austenite in very small quantities, ferrite and martensite sharing the
same diffraction rings and iron oxide from the surface of the thin foils. Significant

microstructural modifications occur near the ASB. In addition to the previously
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mentioned deiails there is a precipitation of iron carbide particles. All of the changes
that do occur are very similar to the modifications produced by heat treatment and are
due to the temperature increase associated with some aspect of the strain localization.
Areas close to the ASB have been subjected to temperature gradients which produce
effects similar to annealing, including increased polygonization as the shear band is
approached. The microstructure within the shear band was attributed to the fact that
enough diffusion was allowed for carbides to be almost completely placed in solution.
This would require a shear band temperature of at least 1000°C for 50 nm diameter
precipitates to dissolve in 0.1 ms. The previously mentioned ferrite was thought to be
delta ferrite, not alpha ferrite, which are impossible to distinguish in this instance due to
the thermal contraction effects upon the shear band. This assumption would require
that the shear band had become momentarily liquid, of course. Derep does not, in the
end state that alpha transformation had indeed taken place, considering the large
amount of seemingly contradictory evidence in regards to the occurrence of a phase

transformation.

The most recent work in the field is also the most comprehensive and conclusive.
Wittman, Meyers and Pak did a very extensive study of the shear band region in
quenched and tempered 4340 steel with the TEM [62]. The findings were relatively
close to what Wingrove had found, with a high dislocation density and some cell
boundaries within the shear band. Also noticed, was the appearance of extra spots in
the diffraction pattern upon tempering of the shear band, indicating a possibility of
carbide precipitation in spite of the fact that the characteristic white etching band
remained basically unchanged. The shear band itself did not possess a clear boundary
between itself and the matrix, and the martensite structure was unlike common lath or

plate-type martensite. The tip of the shear crack consisted of a highly deformed region,
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narrower than the fully developed band. This was representative of all shear bands
observed. In order to test the hypothesis of a phase transformation occurring the shear
band was analyzed for the presence of austenite, but none was evident. As a
verification of this the sample was immersed in liquid nitrogen for | hour such that any
remaining austenite would be transformed into martensite, thereby increasing the

hardness of the material. This process yielded no perceptible hardness variations.

Studying shear bands that were not yet fully developed showed a microstructure
consisting of highly deformed martensite plates with alignment in the direction of the
shear flow. The center of the shear band did not contain detectable grain boundaries
and is attributed in part to the large foil thickness (approaching 5 grains thick, as shear
band thinning is very difficult). Indexing electron diffraction patterns from this area
indicated X (Fe3Cy) carbides in a martensite matrix. The carbides are commonly
witnessed in the transition from epsilon to omega carbide during the onset of third stage
tempering. What is noteworthy is that X carbide usually requires a temperature between
200 and 400°C for 20 minutes before it becomes evident. Analysis of the internal twin
boundaries- revealed the presence of carbides common even without the influence of
shear loading. The boundary between the matrix and the shear band revealed a
presence of cementite carbides with diameters varying between 5 and 200 nm as shown
through dark-field micrographs. An interesting aspect of the TEM micrographs was a
tweed-like microstructure commonly associated with a significant amount of carbon in
solution [73] usually found in heavily deformed martensite in which carbon is locked up
at dislocations. This creates an image effect due to the interference of the electron
beam and the carbon rich dislocations. The Hégg carbides (¥, Fe3Cp) and cementite
carbides have been attributed to one of many reasons. Firstly, the material was

transformed to austenite and quenched rapidly to martensite with the remaining
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adiabatic heat creating carbides. This was reported to be improbable due to the fact
that there was absolutely no evidence of retained austenite in the shear band region,
which is usually present even in materials splat quenched. The second possibility is that
the Hagg carbides are the same as those that were initially in the matrix. The second
theory is supported by the fact that a relatively large amount of heat is required to form
the carbides mentioned in the first theory. Therefore, it is highly unlikely that a
transformation could have taken place within the shear band followed by a quench to
form martensite. This does not agree well with theoretical heat models and experiments
that predict and show, based on the severe amount of shear, adequate temperature rise
to induce austenitazation. Though this is explained by assuming that heating was not of
a significant enough duration to allow for the up-quench transformation to austenite to
have occurred. The hardening was then proposed to be partly due to adiabatic heat
induced carbon diffusion to dislocation sites within the shear band. Theoretical models
seem to allow enough time for this to occur. A by-product of the above mentioned
reaction would be a general reduction in carbide particle size, which would also explain
the thermal softening observed by Rogers and Shastry [10] during microhardness

traverses.

In summary of the paper by Wittman and co-investigators, the microstructure of
the shear bands closely resembles the matrix with the stress having broken up the laths
into very small pieces. It was concluded that the white etch is an artifact of etching and
cannot provide enough information to allow the assumption of a phase transformation
to be made. Instead, all that can be assumed is that carbides have been dissolved and
are too small to cause localized pitting or that the microcrystalline structure within the

band changes etching characteristics.
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The assumption of a martensitic transformation seems to be the easiest
explanation for the occurrence of a white etch. However, as mentioned earlier this
requires a tremendous amount of heat in order to occur, though temperature rises have
been recorded [11] and theoretically determined [64, 74]. It is believed that they are a
result of the deformation process which encourages further localization of deformation
by increasing the plasticity of the material in the shear band region. It is the highly
localized deformation which causes the material to take on the characteristics it does,
that is the very fine microcrystalline structure and increased dislocation density and

subsequent hardness.

The shear band microstructure is best described by Whitman and co-investigators
[65] as being the result of previously existing matrix carbides being broken up into
much smaller, finely disﬁ‘ibuted particles throughout the band. The driving force for
this process is the extremely high stress and the adiabatic heating inducing increased
plasticity. Even though it seems that existing evidence rules out the possibility of a
phase transformation having occurred, the above described shear band will still be
referred to as being a "transformed" type for convenience sake throughout the rest of

the document.

1.5. VARIOUS HIGH STRAIN RATE TECHNIQUES

There exist almost as many methods of obtaining high strain rate test conditions
as there are research groups pursuing the topic. Selection of which method to utilize in
the present study was based on cost effectiveness, practicality and the type of data and
subsequent analysis desired. For the purpose of this study, a torsionally modified split-

Hopkinson bar was deemed the most effective way of achieving high strain rate
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experimental conditions and provide both data and adequate post-test specimens from
which significant metallurgical information could be obtained. More detailed reasoning
is supplied in Chapter 2. The remainder of this section will briefly touch upon the

existing technology currently in use elsewhere.

1.5.1. Rod Impact

In 1947, Taylor and Whiffin [46 and 47 from (5)] accelerated cylindrical
specimens into a rigid plate. The resulting plastic deformation shortened the rod.
Through [-D rigid plastic analysis the dynamic yield stress could be inferred.
Subsequent studies determined the strain distribution in the test specimen. A variation
of the rod impact is the symmetrical rod impact where two identical rods are collided.
This modification helped alleviate problem related to the frictional effects inherent to
the rod-plate collision, but introduced the problem of keeping the two rods perfectly
aligned. Some drawbacks include a lack of a conventional stress-strain curve, a highly
deformed sample which may not represent material behavior in the field and the lack of

easily examined shear banded regions.

1.5.2. Expanding Ring

The expanding ring test is a very sophisticated and extremely effective means of
subjecting samples to tensile loads with strain rates in excess of 104 1/s. In its most
complex configuration it can provide the full high strain rate stress-strain relationship
for the sample. Simpler configurations are limited to determining ultimate strain only.
The test is based on the sudden detonation of an explosive charge at the center of the
ring and for this reason only a few laboratories have the facilities, equipment and

authorization to employ this technique.
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1.5.3. Flyer Plate Impact

The flyer plate apparatus consists of a flat flyer plate slamming into a stationary
target plate. Typical data produced during this test include high strain rate yield-stress,
shock wave response, spall strength and equations of state information for materials
undergoing uniaxial strain. Extreme care and precision must be exercised to ensure that
there is no tilt between the target and impact plates. Typically, stress-strain curves and

adiabatic shear banded regions are not generated.

1.5.4. Torsional Impact

This technique typically consists of a high speed lathe mounted device consisting
of a rotating chuck and fixed chuck mounted components. Upon reaching the desired
speed a spring loaded catch mechanism engages the two, previously unconnected,
components. The ensuing impact is carried by the sample which acts as the weak link
between the recently coupled device and is subsequently shorn. The test is susceptible
to inaccuracies during data accumulation due to the impact of the catch mechanism and
the sample is typically shorn right through, making subsequent shear band analysis very
difficult.
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CHAPTER 2

DESIGN AND IMPLEMENTATION OF A TORSIONAL SPLIT-
HOPKINSON BAR

2.1. INTRODUCTION

This section covers all the design details involved with the torsionally modified
split-Hopkinson bar. Included are its construction and the methodology involved with
data acquisition, post-processing and interpretation. A description of the equipment
used for signal measurement, data acquisition and amplification is provided. The
operating procedure for varying temperature and strain tests are also given. Since the
experimental specimens are equally important as the apparatus, specimen preparation,
including all details of machining, specimen geometry, heat-treatment and final polishing

are included.

2.2. HOPKINSON BAR THEORY

The split-Hopkinson bar is by far the most commonly utilized experimental
configuration for high-strain rate material testing. Since its conception in 1948 by
Kolsky [75], many arrangements of the bar have been used, including compression,

shear and torsion, shown in figure 9.

The basic set-up is shown in Figure 10. As is often the case in high strain rate
testing, it is not always possible to directly monitor the test specimen for data regarding
to the stress and strain state the specimen is undergoing. For this reason, the sample

must be monitored indirectly. In the case of Hopkinson bars the stress-strain
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information from the sample is derived from the wave magnitude signals entering and
leaving the specimen, the difference between total input and total output represents the
amount of load signal required to deform the sample. For the torsional split-Hopkinson
bar the load impulse is supplied by the sudden release of a stored torsional wave (which
shall be discussed later). The input, or incident, wave and the transmitted and reflected
waves are all recorded by strain gauges and captured by a computer. Subsequent
analysis of the captured data, done as detailed later in this chapter, provides all pertinent

stress-strain information.

The theory behind the bar involves obtaining data on the dynamic stresses, strains
and displacements at the end of a bar based on information obtained at some location
near the center of the bar. Provided that impact-load traveling through the bar remains
elastic in nature, the disturbance at the end of the bar will remain essentially undistorted
except in very high frequency components. The speed of the wave traveling through

the bar follows the relation;

-

Where E is the modulus of elasticity and p is the density. This equation is valid
for axially applied pulses, either positive or negative in nature. For shear pulses the
modulus of elasticity would be replaced by the modulus of rigidity, or shear modulus,
G. Deformation of the sample occurs because its size, or more specifically, cross-
section, is much smaller than the Hopkinson bar, resulting in the elastic wave traveling

through the Hopkinson bar to plastically deform the sample.
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For this thesis it was decided that a torsional version of the split-Hopkinson bar
would be constructed due to the combined factors of the drawbacks associated with
axial-type bars and the benefits inherent to torsional type bars. The shortcomings
intrinsic to the axial-type compression type Hopkinson bars shall be discussed in order

to establish further justification for the construction of a torsional bar.

Due to the Poisson's ratio effect, compressive loading is always accompanied by a
radial expansion of the test specimen. With this radial expansion is the opposing force
of radial inertia, which increases with shorter pulses and greater pulse amplitudes. This
results in a radial stress component superposed on the axial component. Thus, in a test
which is supposed to be uniaxial, the stress state is not fully uniaxial. To further
compound the problem, elimination of the radial stress component is not a trivial
calculation due to the fact that it relies on dynamic material parameters not yet

determined.
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Figure 10: Typical set-up of a torsional Hopkinson bar [76].
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Another problem associated with the radial expansion of the sample is the friction
induced radial traction acting at the interfaces between the sample and the loading bars.
Friction can be minimized through proper lubrication, but it can never be eliminated.
All of these factors, plus the fact that the sample is severely deformed after testing
contribute to the difficulties associated with compression testing, resulting in torsional

impact being a very attractive alternative.

In torsion testing, due to a complete lack of Poisson's ratio effects, radial
deformation of any significant variety does not occur. This implies that inertial and
frictional effects prevalent in axial testing are non-existent in the torsional test. These
factors were the driving force behind the development of the torsional Kolsky bar. A
beneficial quality which was later determined is that stain rate sensitivity values obtained

using the torsional bar compare well with axial tests.

Another important difference between the axial and torsional setup is the nature
of the pulses traveling along the length of the cylindrical bar. An axial pulse will
undergo geometric dispersion due to the fact that different frequency components of the
pulse travel at different velocities [76]. This effect is especially pronounced in higher
frequency components. Conversely, there is no geometric dispersion when a torsional
pulse travels elastically down a bar. This implies that as the pulse is carried toward the

specimen it will not change its shape.

A benefit of the no dispersion quality is that a pulse initiated with a very low rise
time will sustain this sharp wave front without any alteration to the pulse due to various
components of the wave moving ahead or falling behind the main body of the pulse,
independent of the length of the Kolsky bar. This quality in torsional pulses lends itself

well to pulse measurement. Contrary to axial/longitudinal pulses, the strain gages used
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to measure the pulses can be placed as near, or far, from the specimen as is convenient
and still accurately represent the magnitude and duration of the pulse, as it affects the
specimen. In axial Kolsky bars, a gage placed too far from the specimen will provide
irrepresentative signals due to excessive dispersion, while a gage too close to the

specimen will be susceptible to three dimensional end effects.

A disadvantage to the non dispersive nature of the wave is that if the torsional
pulse is noisy when initiated, implying it is superposed by some high-frequency
distortion components, this quality will be maintained by the pulse for the duration of its
existence. A direct effect of the noisy pulse would be an equally variable strain rate, the

physics of which will be described later.

Torsional split-Hopkinson bars can also be modified for use as a quasi-static
torsional apparatus [11], allowing quasi-static incremental strain rate and dynamic strain
rate tests. This arrangement allows strain rate effect tests to be done without incurring
the errors associated with using more than one test apparatus throughout the range of
strain rates. The modification consists of fixing the free end of the transmitter bar to
the base of the apparatus and applying the quasi-static load to the incident bar where
the jack mechanism is currently attached. Load application is facilitated through the use
of a powerful electric motor coupled to the bar with a speed reducer. This modification

was not implemented in the present study due to time and cost constraints.

In his axial bar, Kolsky showed that in the measurement of the pulses on either
end of the specimen, the portion of the incident loading wave that is transmitted
through the specimen yields a measure of the axial stress, while the magnitude of the
reflected wave is in proportion to its strain rate. With a torsional Kolsky bar the axial

stress and strain values are replaced by shear stresses and angular displacements.
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Combining output from the strain gages on opposite sides of the specimen and
integrating the strain rate/time pulse to yield strain versus time , as will be shown later,

provides a complete record of the stress-strain curve.

The actual stress wave in the torsional Hopkinson bar is produced by the sudden
release of a stored torque. The loading pulse itself is produced by clamping the bar at
some predetermined distance from its end equipped with some mechanized means of
twisting the clamped length. Upon loading to the desired level of strain, the retentive
force of the clamp must be suddenly released. An ideally functioning clamp will hold
the bar with no slippage and release the torque expediently and cleanly enough to
consistently provide a sharp fronted, flat stress pulse, as often as is required. Due to
this necessity, the clamp is the most critical component of any successful torsional

Hopkinson set-up. The design of which will be discussed subsequently.

Upon release of the clamp, the stored torque is released in the form of two
torsional pulses equal and opposite in magnitude, exactly one half the value of the
stored torque each. One of the pulses propagates from the clamp towards the specimen
while the aforementioned equal and opposite unloading pulse propagates from the
clamp towards the loading mechanism. The resulting phenomenon is commonly
overlooked in related literature in spite of the already contained evidence. The length
of the stress pulse is, if one disregards rise time and clamp release noise, exactly double
the length of the loaded portion of the Hopkinson bar. The reasoning behind this is

illustrated in Figure 11.

If at the point of clamp release the solid and dotted square waves represent the
loading and unloading pulse respectively, the loading pulse moves to the left while the

equal and opposite unloading pulse moves to the right. Upon moving to the right, the
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unloading pulse will immediately ricochet off of the loading end, invert to be the same
sign as the loading pulse and instantly, and seamlessly, attach itself to the loading pulse,
effectively doubling the length of the loading pulse and the ensuing torsional puise.

Evidence of this phenomenon is provided in the following section.

2.3. DESIGN OF A SPLIT-HOPKINSON BAR

In 1992 a preliminary design of a split-Hopkinson bar at the University of
Manitoba had been developed based on the schematic shown in Figure 10. No actual
bar was available. The major focus of the current study involved design and

implementation of the apparatus covered in this section.

2.3.1. The Loading System

The method of loading is facilitated through the rather simple yet highly effective

hydraulic jacking mechanism shown in Figure 12,

Upon adequately securing the bar to prevent slip (the clamping mechanism,
Figure 18, will be discussed later), torque application to the load section is done by
cranking the jack, Figure 12. Between the loading arm and the point of contact with
the jack is a load cell calibrated to provide the applied load in kilograms. Next, the
applied torque is calculated by taking into consideration the acceleration of gravity and

the length of the torque arm.
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To eliminate errors, there are two other redundant systems which are used to
obtain the actual applied load. To counter the detrimental effects of jack pressure
decrease, the loading wheel can be locked in place with a caliper clamp. However, for
the most part, this is not necessary as the jack decrease is slow enough to allow for
fracture of the load release pin with no more than a few percent loss in stored torque.
The jack itself is a simple 3 ton hydraulic jack fixed to a swivel base to compensate for

motion of the lever arm when twisting the bar.

2.3.2. Specimen Mount

Another extremely important aspect of the entire experimental setup is the way in which
the specimen is held between the two ends of the Hopkinson bar. The literature shows
that for materials of relatively low flow stress the specimen flanges can be fastened with
epoxy to the ends of the bars. This method is not effective for stronger materials such

as the SPS-Plus steel used in these experiments.

It was decided that machined hexagonal sockets and hexagonal flanged specimens,
15.88 mm across and 6.35 mm deep would be used for the specimen gripping set-up, as
shown in Figures 13 and 14. Unlike some cases in the literature [5], no set screws or
rigidity increasing compounds like glycol phthalate were used. This does not preclude
the possibility of set screws being retrofitted to the existing apparatus for future

experimental runs though.
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2.3.3. Strain Gage Placement

Due to the complex nature and interactions present within the Hopkinson bar,
more specifically the incident bar, careful attention must be paid to the placement of the
strain gages. As touched upon earlier, the necessary data for processing the stress-
strain history of the sample are obtained through the combined analysis of the incident,
transmitted and reflected waves. Placement of a gage too close to the specimen will
result in the leading edge of the reflected wave interfering with the trailing edge of the
transmitted wave, thereby ruining the data over the interval of overlap. Conversely,
using an arbitrary distance away from the sample is also not feasible either because
there are physical restraints imposed by the length of the bar and the space constraints
available for this rather long set-up. Optimally, there are two things that should be
considered in order to ensure proper bar design. First is the length of the section to be
twisted which acts as the source of the load impulse. Second, is the actual wave
characteristic diagram that functions to give the time displacement record for all three

of the required waves for the duration of the test.

2.3.3.1. Wave Characteristic Diagram

An example of a wave characteristic or Lagrangian diagram is given in Figure 10.
Interpretation of the wave characteristic diagram is not nearly as difficult as it seems.
The starting point of the wave is directly under the clamp gage section at time equal to
0 ps. Based on the velocity of the wave, given above to be approximately 3100 m/s,
and the dimensions of the bar (i.e. the length) one can derive the time displacement

history for every wave and its accompanying reflection.



51

In the case of the Hopkinson bar used in the present experiments, since the
clamped section is 49 cm long the load impulse will therefore be 98 cm long or 316 ps
in duration. In order to avoid overlap of the incident and reflected waves, the incident
strain gage must be at the very least 49 c¢m from the end of the bar. This location
coincides with the intersection of two lines at approximately the 570 us line, in Figure
15, more specifically immediately to the left of it. This location should be theoretically
clear of any overlapping zones, but due to real effects such as rise time, decay and
clamp release noise it is necessary to move a few centimeters further away from the

specimen. A complete drawing of the final working design is provided in Figure 25.

The second important gage to be placed is on the transmitter bar. Since both bars
are of equal length, the transmitter bar is relatively immune to reflective overlapping
effects, due to the fact that they occur so late in the test. So late, in fact, that all the
necessary data has been captured and the test completed before the transmitted wave
could reach the end of the bar and return to overlap with itself. Gage placement, in this

case, is simply the same distance from the sample as in the transmitter bar.

A beneficial side effect of placing the gage the same distance from the sample on
both ends is that, when captured at the same time, it facilitates easier data reduction and
increases accuracy [77]. Placed in this manner, one does not have to be concerned with
the timing of the signal capturing devices, as they can be triggered simultaneously.
Slight discrepancies between the placement of the two gages can be overlooked, as an
error of 1 mm in alignment corresponds to an error of only a fifth of a microsecond

[73].
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Figure 15: Langrangian or time-displacement diagram superposed on a typical split-
Hopkinson set-up [73].




53

The third stain gage placed on the Hopkinson bar is probably the least significant.
It provides the magnitude of the stored torque in the bar before unloading and can be
located anywhere within the clamped section, but preferably near the center to avoid
inhomogeneous end-effects. This gage also functions a means to measure the load in

the bar and aid in calibrating the instrumentation.

2.3.4. Criteria For the Design of the Load Length

2.3.4.1. Velocity of the Impulse

In order to be able to make accurate calculations as to the location of the wave at
a given time, it is necessary to first know, at least approximately, the velocity of a shear

wave through an aluminum bar.

In the Handbook of Chemistry and Physics [78], the velocity of a plane transverse
(shear) wave in rolled aluminum was given to be 3040 m/s. As will be shown later, the
use of this approximation proved to be very accurate, as was verified upon completion

and testing of the split-Hopkinson bar.

For the sake of accuracy in later calculations, and to show the techniques used to
determine it, the true value for the shear velocity is calculated through data obtained

during regular testing of the Hopkinson bar.

To measure transverse wave velocity, the bar is set up to record data as in normal
testing. All the required information is provided by the transmitted wave record.
Attention must be paid to the configuration of the recorder such that capture duration is

set long enough to have record of the waves first pass under the strain gage as well as
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the leading edge of the same wave inverted after striking the end of the transmitted bar.

The inversion effect is illustrated in Figure 16.

The circled sections of the wave represent the matching arbitrary points on the wave
from which all calculations are based. Figure 17 shows the actual record used for this

calculation.

The time between the two reference points represents the time required for the
wave to travel 99 cm, reflect off the end of the bar and travel back along the same 99
cm. Since the time between the two points is 631.08 s, the speed of the wave in the

bar is;

2%x99[cm] =3139[ﬂ}
631.08[ ps] st

As can be seen, this is a very close to the published value of 3040 m/s. In fact,
only off by ~3%. Since the factors of safety are far larger than this, it can be concluded

that having worked with the value of 3040 m/s was adequate.

Having obtained an exact value of the velocity for future reference, the next step
is to determine the absolute minimum length of the wave that would still cause a

fracture in the specimen.
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Figure 16: Tracking the wave inversion effect in order to calculate shear wave velocity.
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2.34.2. Specimen Fracture Criteria

Throughout the calculations presented in this section a number of assumptions
have been made for the sake of simplicity. In turn, factors of safety have been

introduced to counter the possibly detrimental aspects of the assumptions.

The standard sample size of a 12.7 mm internal diameter and a 13.39 mm outer
diameter with a resulting wall thickness of 0.34 mm is used in the following calculation.
The amount of energy required to illicit the onset of yielding in a quasi-static test can be

calculated as follows.

The torque Ty at the onset of yielding is given by:

T =2 (19)

where Ty is the shear stress required for yielding, J is the polar moment of inertia and ¢

is the outer radius. In the case of a hollow cylinder, J would be;

JT=Z(ct-c*) (20)
2
In the case of the average specimen in the present study,

J_E (13.39)4_(_1_2._7)4
2|\ 2 2

= 602[ mm"*].
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Based on the fact that the steel used is a medium carbon type similar to 4340 and
previous data, the maximum yield strength that can be obtained through heat treatment
can be taken to be Ty = 1000 MPa. Following equation (19), this would result in a

torque at yielding of,

7 _ 1000%601.93| Nrmm®
’ 13.39/2

= 89907 Nmm].

mm3

The angle of twist at this same point would be,

¢, =——, (21

where L is the gage length and G is the modulus of rigidity or shear modulus. The

resulting twist is thus,

0. = 1000x 4.953 | Nmm’
¥ 13.39/2 % 79000| Nmm®

=9.36 X107 [radians)
=0.536°.

The approximate limiting value, under quasi-static test conditions, for plastic

deformation would be as follows,
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4
L,=37
4
=3 (89907.16)[ Nmm) (22)
= 119900[ Nrmm].

The next part of the calculation lays out the limitations of the Hopkinson bar

based upon the material and geometry of the twisted length.

The absolute maximum strain, ¥ ., that could be carried by the bar is as

follows;

since 1T=Gy
.
vm=izﬂ%Mm} (23)
G 26 { GPa
=5.38x1073,

This maximum strain would correspond to some degree of twist or torque within the

bar, depending upon its length L.

L
q)max = 'Ymax ) (24)
¢

where c is the radius of the bar. This results in a twist of,

. =5.38x 10‘3@[5’1’-]
12.7 Lmm

=0.199[radians]
=11.42°,
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These numbers are based on the current length of the clamped section, L.
Recalling the approximate value of torque required to generate fracture to be 120,000
Nmm from equation (22), the maximum torque produced in the loaded section can be
determined and then compared to the specimen value to see if at least that amount of

torque can be produced.
The equation used to calculate the torgue in a bar of given length is as follows:

Tmm( = q)szG " (25)

Substituting values in for the above equation yields,

Tmax -
469.9

= 450,500[ Nmm).

L 4
B 0.199><-2—12.7 X26!:mm4GPa}

mm

Based on the above calculated value, the current design of the bar should be
capable of effectively breaking materials having up to three or four times the strength
for which it was designed. This factor of safety is large enough to accommodate any

increases in material strength introduced due to dynamic loading.

2.3.5. The Clamp/Release Mechanism

The clamping mechanism is shown in Figures 18 and 19. The clamp itself is
utilized by loosening the loading bolt and then fully tightening the load release pin as

much as possible by hand. At this point the loading bolt is tightened enough to remove
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any slack in its motion plus another quarter of a tum. The desired load can now be
applied with minimal slip of the bar, after which the loading bolt is tightened until
fracture of the load release pin. In order to verify the validity of the clamps

effectiveness, a few calculations are made to illustrate the effectiveness of the design.

Assuming that the bar will be loaded to its maximum load resulting from a twist

angle of 12° or 0.209 radians, the accompanying torque in the bar would then be,

T 4
) 0.209><512.7 X 26 min*GPa
469.9 mm
= 472500[ Nmm].

This torque can be expressed as a force acting on the surface of the 12.7 mm radius bar.

3 472551.29[Nmm}
bar 12.7 mm
=37200[N].

In order for the bar not to slip, there must be at least that much braking force
from the clamp, after skip losses. The coefficient of static friction between mild steel

and aluminum is p = 0.61 [79]

F =B 3720876,
brake u 061 26)

= 61000[ N].
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Figure 18: Sketch of the clamping mechanism.
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Figure 19: Photograph of the clamping system.
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As illustrated in Figure 20, the load on the pin will be Fy, where,

F =22260097.97N]
7 27

=30900[ N].

In order for the mechanism to perform as described above, this load must be sustained
by the fracture pin without premature failure. The load carried by the pin, o pins will

be,

P Apin
_30934.69[ N ]
74.763% L mm®

= 434 MPal).

(28)

Since the pin is made of high strength steel, it can easily accommodate the
aforementioned load without premature failure, even with a stress concentration notch
machined through its midsection to ensure fast, brittle fracture. Further tightening of
the clamp, as prescribed earlier in the section, will cause fracture and ultimate release of

the stored torque to occur.
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Figure 20: Force diagram of the clamping mechanism.

2.3.6. Final Mechanical Design

The bar is constructed of two 1.829 m lengths of 25.4 mm diameter 6061-T6
aluminum. The bars are suspended on a series of Teflon bushing lined mounts which
are, in turn, attached to a 4 m long I-beam which functions as the base of the whole

apparatus.

With every fundamental component of the test apparatus having been covered in
detail, the Hopkinson bar can now be shown as the sum of its components. Figure 25
shows a schematic of the torsional split-Hopkinson bar, and Figure 22 is an enlarged
view of the loading side of the Hopkinson set-up. The electronic componentry and

schematics are described in the following section of the text.
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Figure 21: Sketch of the Hopkinson bar set-up.
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2.4. ELECTRONIC INSTRUMENTATION / DATA ACQUISITION

The electronic instrumentation of the system is based on three transient wave
form recorders which capture the incident, transmitted and reflected waves. The system
is completed with the addition of 3 amplifiers, 3 strain gages, 3 non-storage
oscilloscopes, 1 digital storage oscilloscope, a personal computer and a signal switching
box. The set-up will be described as an integral unit rather than by individual

component.

All data acquisition starts with the strain gages on the surface of the bar. Typical
90° offset tension gages, and the problems associated with using them in torsion, have
been by-passed in favor of torsional type strain gages designed specifically for this
manner of application. The strain gages were supplied by Measurements Group, Inc.,
type CEA-06-250US-350. The apparatus was fitted with 3 separate strain gages. Two
on the incident bar and one on the transmitted bar. Each strain gage signal is amplified
by one of the three amplifiers which increase the signal to a full scale output of 10 volts,
The incident bar strain gage uses a Honeywell Accudata 118 amplifier while the
transmitter bar gage is coupled to an Accudata 218 amplifier. Only the two gages
placed equidistant from the specimen shall be examined closely, as they are the only
gauges responsible for the test data acquisition. From the amplifiers, the signal is then
ready to be captured by the Biomations 805 transient wave form recorder. The
amplifier for the incident signal also provides the reflected signal, and thus must have a
signal splitter at its output to accommodate each of the two connected Biomations.
The typical set-up consists of two digital storage oscilloscopes working in parallel. The
first captures the incident and reflected waves and the second captures the transmitted

wave. The drawback of this set-up is the fact that the scales of both the scopes are set
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such that two waves could fit in the memory at once. This results reducing the possible
resolution to one half of the maximum. With three independent capturing devices

maximum resolution can be utilized.

The transient recorders used have the ability to be internally or externally
triggered, with the trigger delay time adjustable to precisely the duration required. In
addition, the length of the stored signal can also be easily set based on the pulse
duration. With the principle of operation established, it was decided to have the first
unit, the incident wave recorder, be the master recorder to which the reflected and
transmitted recorders would be linked. That is, the incident recorder triggering the

storage of the reflected and transmitted waves.

The order of events in signal capture are as follows. The incident pulse travels
over the first strain gage, the incident recorder would detect this initial signal and
commit its entire duration to memory. At this point the incident recorder would send a
trigger pulse to the remaining two recorders. Since both remaining signals have an
equidistant path from the specimen to their respective gage, the delay after incident
trigger is set to the same value for both of them. The delay and duration on the
reflected and transmitted recorders have been adjusted such that the signals stored on
them start at approximately the same point in memory as in the incident recorder. With

all three signals captured, the data is ready for the next step in processing / storage.

To check the status of the stored signal, each of the recorders is coupled to a BK
Precision 2120 non-storage oscilloscope. In order to transfer the data to DOS format
disk, the use of a Gould 4035 digital storage oscilloscope was required. The Gould
scope has the ability to download stored traces from each of the transient recorders and

upload them, individually, to the personal computer through an IEEE interface card.
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Selection of which signal to transfer is facilitated by a 3-channel switching box located

undemeath the electronics rack.

The Gould is computer controlled by a program which was modified for this
operation. The program stores the signals as three individual ASCII files, which can
then be manipulated by either an automated stress-strain / strain rate history generating
program, written specifically for this task, or manually manipulated in a spreadsheet

program, to the same basic result.

2.4.1. Equipment Calibration

The calibration presented in this section does not apply to the individual
components of the system, piece by piece, such as various amplifiers or wave form
recorders. It is assumed that everything has been previously calibrated to roughly the
same gain and full scale output, as per their respective manuals. This section is
provided to explain how the entire collective system was calibrated and each of the
components adjusted to perform on par with the others, and ensure that each device

used to provide the data is on scale with each back-up system.

Since amplifier performance may change slightly if moved to another strain gage,
the amp were calibrated with the strain gage they would be coupled to during the
experiments. To calibrate the load cell with the strain gage on the loaded section of the
bar and the accompanying twist indicator, the following operation was performed. The
clamp was tightened and the bar loaded in smali increments up until maximum safe load
was achieved. At each increment the load displayed on the strain gage, the load cell
and the twist gage were recorded and then converted to torque by whatever

mathematical manipulation was required. The relationship between the three techniques
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was linear and directly proportional, indicating that the load cell and twist gage were
accurate systems of redundancy to the strain gage. Calibration curves of the

aforementioned operation is provided in Figure 23.

To ensure that all the signals produced would react identically to a given input,
the transmitter and incident bar were connected via a solid core sample that would
undergo minimal deformation regardless of the applied load. With the clamp loosened
and the loading arm in the rest position, another loading arm was attached to the end of
the transmitter bar. From this temporarily affixed torque arm, calibration weights were
hung and the deflection of the incident/reflected and transmitted signals measured. The
respective amplifiers were then fine tuned until their signals, reactions and deflection
matched exactly the strain gage output from the loaded section of the incident bar and
the equivalent torque inferred from the load cell. Upon completion of this technique the

signal detection and amplification is perfectly calibrated and ready for testing.
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2.5. CALCULATING STRESS, STRAIN AND STRAIN RATE

With a working split-Hopkinson apparatus and data acquisition system in place,
all that remains to be done is the necessary post-processing and data manipulation to
provide the stress, strain and strain rates for each test. Originally the analysis was
developed by Kolsky for tension, but appears in this section transposed to shear [73].
The building blocks for theses calculations are in the incident, transmitted and reflected
pulses, shown in Figure 25. Tt is the use of these building blocks which will now be

discussed in detail.

One fact that must be kept in mind when analyzing stress-strain data from the
Hopkinson bar is that the inherent limitations of the design preclude its effectiveness for
determining material behavior in the elastic region due to stress-wave reflection,
nonuniformity of stress and large strain-rate variations during the initial portions of the
test [85]. The nonuniformity is well illustrated in the strain rate vs. time graph in Figure

25.
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Keeping with Kolsky's analysis, the reflected torsional pulse provides a measure

of the shear strain rate through the specimen, "Ys (). Single integration of this quantity

yields the shear strain in the specimen, Y, (t). The shear strain in the specimen can be
expressed as the difference in rotation of the two ends, divided by its length,

_D,¢,-D¢2

29
Y, oL (29)

¢, and ¢, are the twist angles of the incident and transmitted bars, respectively. Dy is

the mean diameter of the thin walled specimen and L is the gage length. The value of

¢, can be obtained from the surface shear strain of the transmitter bar by:

D dp, D 9o
i & Nk ¢ 30
¥r 2 ox 2c or G0
in which D is the diameter of the Kolsky bar and
A
c b
the torsional velocity in the Kolsky bar. From this relation ¢ 2 can be expressed as,
2¢ ¢
0, == [y (0, 31
D ]

and similarly, ¢, can be expressed as the difference in strains due to the incident and

reflected pulses:
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i

P :'ZDEJ[VI(I)*YR(T)}d’- (32)

0

The negative sign is required due to the fact that the reflected pulse travels in the
-x direction. Differentiating equation (29) and substituting in (31) and (32) for ¢, and

¢,, respectively, will yield:

1,0 =22, ()~ {0~ 12 ()] (3

5
with all the strains being a function of time. In the case of a homogeneous state of

strain in the specimen, the transmitted pulse can be expressed as the difference between

the incident and reflected pulses, that is,

Yr =Y~ (‘“'YR)-
This assumption would cause equation (33) to be simplified to the form

. 2¢cD
V(1) = ESB'YR(t)- (34)

The assumption posed to derive equation (34) from (33) relies heavily on the
occurrence of a very uniform strain-rate. Analysis of the curves has shown this to be
incorrect. Though the strain rate is generally constant, there are aspects of change
within the test that cannot be overlooked and should thus be taken into consideration
when calculating all aspects of the experimental results. All quantities in equation 33

are known and constant except for the magnitude of the strain values v, , Ve and v,

which are provided by the digital acquisition equipment.
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Integration of equation (33) yields the value of strain, y(t), in the sample. For
example:
2¢D

V()= [ S [rr (0= 1, (0) + v 0)]a, (35)

where T is the duration over which the required strain value is to be obtained. As
mentioned previously, full time for data acquisition would be 1024 ps with each
interval, At, being | ps in duration. Simplifying equation (35) to a more workable form
yields,

1024
_ 2¢D;

T 2 V(= )+ v (D), (36)

=0

v, (1)

which is the total strain acting on the specimen.

For the specimen shear stress, Kolsky has shown that the transmitted pulse,

'YT(I ), provides a direct measure of the average shear stress in the specimen. In a

thin-walled tube loaded in tension, the stress is expressed by:

2T
T, = . 37
* (D), oD

where /g is the wall thickness and T’ is the average torque. The specimen average

torque is expressed in terms of the average torque at each of its ends.

=2 (5 +1), ()
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in which 7' is the torque at the specimen - incident bar interface and T the torque at
the specimen - transmitter bar interface. 7' is given in terms of the strain at the surface

of the bar, that is, the incident and reflected pulses:

T = G(’Y; +'YR)7ID3

39
| 16
In a homogeneous state of strain in which vy, + v, = v, ;
GD” v7()
T, (1) = ——-5—, (40)
8 Dt

but as mentioned earlier, the state of strain is seldom uniform enough to assume it as

such, and thus equation (40) is modified instead to be;

3

T 8D,

T, (1) [vr(®)—v,(6) + R (1)]. (41)

Thus, strain rate has been calculated and by eliminating time in the stress and

strain equations, stress-strain curves can be obtained as well.

2.5.1. Theoretical Limits on Strain Rate

Many design considerations can be taken into account to maximize the strain rate
of the Hopkinson bar. However, there are practical and theoretical limits on the

uppermost attainable strain rates. The generally accepted theoretical upper limit for a
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Kolsky bar is about 104 s‘l, though actual limits are far less. This can be inferred from

the relation provided by Hartley et al in [76] as follows;

. 1 D. D. Y[ 2.
- [ ) gl 2| [ Aty | 2
b=t s (2o 2 () “

From to above relationship it is evident that the most significant influencing

quantity comes from the right side of the equation within the square brackets - the

specimen gage length. By shortening the gage length one will maximize this quantity.

Earlier it was mentioned that a few of the assumptions made by Hartley er f for
simplicity were not followed to facilitate a higher degree of accuracy. An important
addendum to the aforementioned decision is that a further means of decreasing
inhomogeniety during the test is to increase the gage length . Though this does
decrease the strain rate, it ensures an increased stability with the test conditions,
specifically the strain rate. The reasoning behind this is that as the gage length is
shortened, the strain rate will increase noticeably. At the same time, end effects become
far more significant and the strain rate increasingly less uniform, resulting in erratic
results and material behavior, as well as tested samples unsuitable for metallographic

analysis.

The second term that can be modified to maximize strain rate is the diameter of
the test specimen. Due to physical limitations imposed by the specimen holder, D¢/D,

or the specimen diameter over the bar diameter has a limiting ratio of unity.

A high yield stress bar material will also increase the strain rate, but introduces

many significant logistical difficulties. The beneficial aspects come from the fact that
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the amount of stored torque can be significantly increased by using an alloy steel bar.
However, two detrimental factors come into play when contemplating using a steel bar.
Firstly, the mass density, p, in steel is approximately three times that of aluminum.
Therefore in order to be able to realize any of the advantages associated with using a
steel bar, its yield strength must also be triple that of aluminum. Otherwise there will be
no increase in the strain rate. Secondly, the same problem posed when attempting to
clamp and restrain an aluminum bar are present when clamping a steel bar. The critical
difference being that if using a steel bar, the torque would be three time greater than in
aluminum, requiring three times the clamp pressure. This, extremely intensified, radial
pressure on the bar may lead to the introduction of radial and axial pulse components

due to the sudden deletion of Poisson's effect upon release of the clamp.

Increasing the radius of the bar is a relatively insignificant modification, as can be
inferred from equation (42), and not worth the additional effort when considering the
return on investment. To effectively acquire upper limit strain rates above 104 1/s, and
still have reliable data, an alternate testing system such as double shear, punching or

plate impact must be utilized.

Lower limits from the strain rate are in the vicinity of 102 1/s. This is because a
lower strain rate could not be held constant through the entire test. In order to
approach a constant value of strain, the reflected pulse is required to remain constant.
This condition, in turn, requires that the incident pulse be significantly larger than the
transmitted pulse. Though the effect varies depending on the work hardening rate of

the material, the end result is a lower limit of strain rate imposed upon the Kolsky bar.

2.5.2. Practical Limits on Strain Rate
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Having seen the theoretical limits of the split-Hopkinson bar, it is important to
understand why the practical limits of the strain rates reported within this thesis are less

than 1000 1/s.

The first step is to start with the equation which governs what the maximum

strain rate will be based on bar input capacity static analysis;

_ 2eD;
'Ymax - v max’Y rm!oad'Yrr(msmirred
LD

As shown, the equation represents the maximum strain rate for the current
configurations set-up. As is shown, the strain energy of Ymax 1S not completely
transferred to the specimen, as was assumed in the theoretical analysis. Exactly 1/2 of
the energy is lost to the unloading pulse detailed in Chapter 2. In addition, depending
on the hardness of the sample, approximately 1/2 of the remaining load pulse energy is
passed right through the sample to the transmitter bar. This results in approximately
25% of the maximum strain energy being absorbed by the sample for deformation.
Finally it is not recommended to operate the bar at the maximum load value due to the
poor fatigue resistance of aluminum, if prolonged bar life and accuracy are desired. For

this reason the input load was restricted to 60% of maximum capacity.

The resulting equation is;

St BV 0.6 (43)

based on the current set-up;
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2.3139” 13mm

' = 5 <5380y - —.—. 0.6
Vmax 4.953mm - 25.4mm Ky 2 2

=533 %

This number compares well with the recorded strain rate values of approximately

(44)

400 - 500 1/s.

The easiest way to increase strain rate without major geometric changes to the
existing sample or apparatus would be to replace the current 6061-T6 aluminum bar
with a 7075-T6 bar. 7075-T6 has a yield strength over twice that of 6061-T6 and
would therefore result in an increase of Ymax by more than twice of what is currently
realized. Adjustment of sample geometry would provide a further increase in the strain
rate to a combined total of about 2000 - 3000 1/s. However, as mentioned previously,
this would preclude the possibility of extensive metallurgical analysis due to the

extremely small gauge section that would have to be utilized.
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CHAPTER 3

PROCEDURE FOR EVALUATION

3.1. EXPERIMENTAL PROCEDURE

The material in this investigation is SPS-Plus, supplied by Atlas Alloys. The
composition is similar to 4340. The composition of SPS-Plus is given in Table 2.

Included for the sake of comparison is the composition of 4340 steel, as well.

The steel was ordered in 15.88 mm hexagonal bar stock, hereafter referred to
as hex-bar, such that it would fit into the specimen insert with no significant amount

of machining required.

The final dimensions of the specimen are as per the values given in Figure 26.
The machining process consisted of first cutting a 17 c¢m length of the bar stock and
drilling a 12.7 mm diameter hole through the center of it using a lathe. To ensure
true centering of the hole, a centering drill was used to start the hole followed by a
guide hole of approximately 7 mm in diameter, with the guide hole functioning to
keep the roughing bit straight. The rough bit used was 12.30 mm in diameter and
was bored all the way through the material. Final tolerance was then achieved by

carefully utilizing a 12.7 mm reamer,
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Table 2. Composition of SPS-Plus and AlISI 4340, wt %

Material Cc Mn Si Ni Cr Mo
SPS -Plus 0.42 1.18 0.29 0.4% 0.95 0.06
4340 0.40 0.85 0.20 1.80 0.75 0.25

....i —
o
/777 A A A\ b
R i

Figure 26: Specimen diagram. Dimensions in mm.
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Upon completion of the hole being drilled, the specimens were notched with a
custom designed notching tool that consistently cut 4.953 mm notches. Periodic
checks of the outer diameter, while machining the notch, were made to guarantee a

wall thickness of approximately 0.381 mm before final polishing.

All the critical polishing was done with the sample attached to the bulk of the
material and still in the lathe. The turning speed was set to 1800 RPM and abrasive
cloths and diamond paste were used in the same progression as in normal polishing to
a surface roughness of approximately 8 um. After polishing, the samples were
ultrasonically cleaned, degreased and stored in a vacuum sealed desiccator until heat

treatment.

3.1.1. Specimen Heat Treatment

For all the specimens that required heat treatment, a partially inclined 61 cm

Marshal tube-type furnace was employed. The heat treatments used were as follows:
. Austenized at 850°C for 1 hour, air cooled.

. Austenitezed at 850°C for 1 hour, oil quenched. Tempered at
315°C for 1 hour, air cooled.

. Austenitezed at 850°C for 1 hour, oil quenched. Tempered at
480°C for 1 hour, air cooled.

° Austenitezed at 850°C for 1 hour, oil quenched. Tempered at
650°C for 1 hour, air cooled.



Table 3: Pre-Test Statistical Data on Test Samples

Test Sample # of Mean Standard Mean Wall Standard
Temperature Sampies Outer Dia. Deviation Thickness Deviation
mm mm

Room A 3 13.37 0.04 034 002

B 3 13.45 0.13 0.37 0.06

Cc 3 13.47 0.08 0.39 0.04

D 3 13.34 0.05 0.32 0.03

E 3 13.31 0.18 0.30 0.09

-30°C A 3 13.39 0.02 0.35 0.001

B 3 13.48 0.14 0.39 0.07

c 3 13.42 0.09 0.36 0.05

D 3 13.43 0.13 0.36 0.07

E 3 13.40 0.04 0.35 0.02

Overali Statistics = 30 13.41 0.09 0.35 0.04

Gage length for all samples = 4.95 mm
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The aforementioned heat treatments, in addition to the as received condition,
make up the full range of material conditions tested. Prior to heat treatment, the
inclined furnace was flooded with argon for 20 minutes in an attempt to reduce the
oxidizing atmosphere within as much as possible. In addition, the bottom of the tube

was filled with titanium shavings to further reduce the harmful effects of oxidation.

Following cooling to room temperature, either by air cooling or the oil quench,
the samples were again ultrasonically cleaned and degreased. In spite of all the
precautions, there was always some oxidation or staining of the samples due to the
high temperature oil quench. Thus some final touch-up polishing was always
required. Final stage polishing was done by mounting samples on a 12.7 mm
diameter shaft with a means of tightening the samples together, and then inserting the
whole assembly into a lathe and repeat the last few grades of polishing cloth and

diamond paste to reacquire the same finish achieved earlier.

Machining work was done before heat treatment such that any residual stresses
due to the machining process would be removed. In addition, to ensure that the
material failed within the gage length instead of along the corners, the notching tool
automatically put a small radius along the edge of the gage section. Though
extremely fragile and often difficult to obtain perfect samples from, the thinner gage
section assured that there would be no variations in the heat treatment through the

sample volume due to deep hardening limitations or variations.

3.1.2. Experimental Apparatus Instructions

When conducting the experiment, the most convenient method of describing the

sequence of events is with an itemized list.



Ensure the Jacking mechanism is at its lowest possible position

and the release valve closed.

The clamp load applicator is fully loosened and a notched load
release pin inserted through the clamp and wrench tighten as

much as possible.

Tighten the load-applicator with the large wrench

accompanying the split-Hopkinson apparatus 3/4 of a turn.

Zero all electronic equipment indicating the load within the
stored torque region of the bar. This includes the readouts for
the crank arm load cell and the strain gage at the mid-point of

the length to be twisted.

Load the jacking mechanism until the desired angle of twist is
shown at the end of the bar, or the predetermined load is

displayed on either the load cell or strain gage displays.

Insert the sample between the incident and transmitter bars.
Shave all burrs off the sample to ensure an unforced fit. Push
the transmitter bar towards the sample and twist it clockwise
(looking down the bar towards the clamp) to remove any slack
that might exist at the interfaces between the specimen and

either bar,

Double check that all the Biomations wave form recorders are

turned on, properly set and triggered for capturing data.
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o Further tighten the load applicator until fracture of the load
release pin occurs, thereby releasing the stored torque and

inciting the test.

. Upon completion of the test, download each of the wave
signals to the digital storage oscilloscope, which will in turn

upload the file to the personal computer for final capture.

. Final manipulation is carried out automatically by an automatic

pulse manipulating program,

3.1.3. Low Temperature Testing Procedure

To conduct low temperature tests the test sequence is essentially the same, with
a few obvious additions. All the samples must have thermocouples spot welded to
the inside edge of the hexagonal lug, as close as possible to the gage section as
possible without actually contacting the surface. It is an acceptable placement for the
thermocouple, as all the samples will be treated in the same way, keeping the level of

consistency high.

The cooling source is a slightly pressurized dewar of liquid nitrogen. Cooling is
obtained by aiming the nozzle of the pressure head attachment towards the sample
and allowing a steady, controlled stream of Ny gas to wash over the sample. By
monitoring the temperature of the sample it is possible to adjust the Ny flow to have
a nearly constant temperature reading in the vicinity of -30 °C. Upon realizing the
desired temperature, the test commences exactly as with the room temperature

samples.
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3.1.4. Varying Experiment Strain Rates

The most effective means of modifying the strain rate is to change the gage
length of the test specimen. Equation 29 illustrates the theory behind this technique.
Lg is the gage length term and is inversely proportional to the strain rate. It is
important to realize, however, that by increasing the strain rate the surface of the
specimen becomes increasingly small and difficult to salvage after the test for post
mortem specimen analysis. The strain rate achieved was 439 1/s with a standard

deviation of 102 1/s.

3.1.5. Post-Test Specimen Analysis Preparation

In order to conduct optical or electron microscopy of the gage section it is
necessary to first remove the hexagonal lugs on either side of the test section. A slow
speed diamond saw was used for this operation. Upon removal of the lugs, burrs left
from the cut were ground off and the specimens cleaned in warm soapy water

followed by an ultrasonic alcohol bath.

An unfortunate aspect of the lug removal process is the fact that in some
instances the shear band and / or crack formation occurred quite far off center and
close to the end - if not on the fillet itself. In these cases, care was taken to cut as
close to the lug as possible, without damaging the deformed region. In spite of the

care taken, however, some samples were left unusable after the procedure.



Figure 27: lllustration of the y angle on a post-test specimen.
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Upon completion of the gage length extraction and cleaning, the specimens
where then observed under the Nikon Epiphot binocular optical microscope and the
JEOL JXA - 840 scanning electron microscope. Once all the desired observations
have been made with each system mentioned, the samples were subjected to a light
2% Nital etch. The examination process was then, once again, followed to obtain

similar micrographs in the etched condition.

Determination of the local strain (strain within the shear band) was performed
by taking the tangent of the angle y as shown in Figure 27. ASB width was taken
directly from micrographs. In totally sheared samples fracture was assumed to have
taken place through the center of the band, allowing the measurement on one side to
be doubled and represent the whole ASB. This was verified by analyzing both sides
of a shorn ASB,
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CHAPTER 4

VALIDATION AND EXPERIMENTAL RESULTS

4.1. EQUIPMENT FUNCTIONALITY

As required, the apparatus functions according to design. High strain rate tests
can be obtained easily and consistently. The data are very clear and require very little
post-processing to yield pertinant data. A wide range of material strength levels have

been employed, each with reasonable results.

4.2. PRE-TEST SPECIMEN MICROSTRUCTURE

The five microstructures obtained for the various heat treatments were revealed
using a 2% Nital etch. The various microstructures as observed in the scanning
electron microscope (SEM) arc documented in this thesis. The SEM micrographs are
shown in Figures 28, 29, 30, 31 and 32. This redundancy is used such that
drawbacks of one micrograph type could be compensated for by the other, and vice
versa. In this section, the samples or micrographs may be referred to as A through E,
inclusively, for the sake of brevity. Also, it should be noted that the five test

conditions and corresponding Vickers hardness numbers (VHN) were as follows;

A As received. VHN = 185.7
B Annealed @ 850°C for 1 hour, air cooled. VHN = 209.2
C Austenitezed @ 850°C for 1 hour, oil quench. Tempered @

315°C for 1 hour, air cooled. VHN = 330.0
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D Austenitezed @ 850°C for ! hour, oil quench. Tempered @
480°C for 1 hour, air cooled. VHN = 3233

E Austenitezed @ 850°C for | hour, oil quench. Tempered @
650°C for | hour, air cooled. VHN = 2147

Figure 28 shows a typical coarse pearlitic structure with some ferrite outlining
the prior austenitic grain boundaries. The lighter, almost featureless, smooth regions
are ferrite. From examination of this morphology it can be inferred that the bar was
hot rolled and slowly cooled , giving ample time for the formation of the lamellar
pearlite shown. This, indeed, was the case for the as received bar stock - the first

sample type tested.

Indicative of a higher cooling rate than what was used in the as received stock,
Figure 28 shows the pearlite to be unresolved and of a very fine lamellar structure.
The ferrite has formed at the prior austenite grain boundaries, just as in their
specimens corresponding to Figure 28. In fact, closer examination of the
micrographs in the aforementioned figures reveals that the ferrite structures are very
similar in appearance. As initially mentioned, the increased cooling rate resulting
from air cooling did not allow for the formation of a very coarse lamellar pearlite.
Instead, the lamellae are very fine, and in some cases indistinguishable. Further
justification for the aforementioned statements is derived from the fact that the "cell-
like" pearlitic structures show resistance to the etchant while the surrounding ferrite

is etched preferentially, as is expected [80].

Figure 29 shows a microstructure consisting of very fine and uniform lathe type

martensite with a few second phase particles interspersed within the matrix. Though
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the precipitates were not examined in this sample, the presumably same, but larger,
precipitates in Figure 31 were analyzed using EDS and were found to be high in
magnesium, aluminum and oxygen. This microstructure is very similar to untempered

martensite. By appearance alone the two would probably not be distinguishable.

It is believed that the early visible stages of tempering of the martensite is
shown in Figure 31. Ferrite regions are being formed throughout the martensitic
matrix, and are much more visible in Figure 31. The micrographs exhibit a visibly
coarser microstructure than the one shown in Figure 30, and the precipitates have
significantly increased in size and number. In addition, the martensitic cells appear to

be increasingly segregated from each other with what is assumed to be ferrite [81].

The microstructure of the last specimen tested, shown in Figure 32, is just an
extension of the changes noticed in Figures 30 to 31, The martensite has become
very coarse and the grain boundaries compose a much larger fraction of the total area
than is seen in 31. In fact, the ferrite is now much more uniformly distributed
throughout the matrix. As a result of prolonged tempering the precipitates have

probably become very large and fallen out of the sample during preparation.
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Figure 28: SEM Micrograph of Specimen A.

Figure 29: SEM Micrograph of Specimen B.




Figure 31: SEM Micrograph of Specimen D.
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Figure 32: SEM Micrograph of Specimen E.
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4.3. STRESS - STRAIN BEHAVIOR

The generally accepted form, with some variation, of a typical stress-strain

curve is shown in Figure 33.

This figure is shown in order to validate the appearance of the curves to follow.
In spite of the fact that the experiments were conducted at strain rates in the
neighborhood of 500 /s, the general appearance of high strain rate curves will still
follow the classical elastic-plastic behavior of ductile to semi-ductile metals.
Discemnibie yielding, upper shear and fracture points are all present in each of the

curves presented in this thesis.

Details pertaining to the methodology of processing the raw data into stress -
strain curves are provided in Chapter 2. Once all the samples had been post
processed and their corresponding curves generated, one curve most indicative from
each of the five sample types tested was selected. These five curves will be discussed

for each, the room temperature and low temperature tests.

4.4. ROOM TEMPERATURE DYNAMIC TORSION TESTS

4.4.1. Stress Strain Curves

The first curve shown, Figure 34, corresponds to the as received, hot rolled,
condition of the material. The curve shows a slight yield drop near the yield point,
but is otherwise typical in its appearance. The ductility and strength values obtained

from this curve are both average within the group, as demonstrated in Table 4.
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Figure 33: Typical Shape for a Stress Strain Curve [82].
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The annealed material curve, Figure 335, is similar to the one corresponding to
the as received condition. The ductility is slightly lower with approximately the same

strength, as compared to the strength of the as received condition samples.

The stress-strain curve shown in Figure 36 takes a radical departure from the
previously discussed two curves, but is still of an acceptable shape. The austenitized,
oil quenched and tempered at 315°C specimen is typical of a very strong but brittle
steel. There is limited plasticity following yielding, and the material possesses nearly

double the shear strength of the first two sample types discussed above.

The steel which was austenitized, oil quenched and tempered at 480°C for 1
hour exhibited the siress-strain curve in Figure 37. As seen in this figure, this
treatment resulted in improved strength and ductility compared to treatments A, B
and C discussed earlier. This indicates that an intermediate tempering temperature is
beneficial for this steel. The only drawback of this treatment would be the close

proximity of the ultimate and yield strength.
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Figure 35: Stress - Strain Curve for B.
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Figure 38 corresponds to the steel tempered at 650 °C following oil quenching
from the austenitized temperature. In this material a drop in strength to the levels of
samples A and B was observed, in exchange for considerable increased ductility -

unique to all samples.

In order to be able to visualize more readily the relative performance of each of
the sample types on the same scale, a composite figure consisting of all five samples is

provided in Figure 39.

4.4.2. Mechanical Properties

The high strain rate data provided by the experiments are shown in Table 4.
The effect of specimen hardness on the failure strain is shown in Figure 40. As
shown, there is a gradual trend towards a decreased average specimen strain with an
increase in material hardness, data presented includes both the room temperature and

-30°C tests.

Table 4; A complete summary of the room temperature data accumulated

Tyield Tult Tailure Tlocal ASB width Vickers
Hardness
Condition MPa MPa % % wm
A 535 565 5.0 274 60 185.7
B 613 840 3.9 97 50 209.2
C 675 930 3.4 274 10 330.0
D 640 758 55 188 15 323.3
E 520 580 9.7 248 63 214.7
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Figure 41: The effect of yield strength on the shear band width, at room temperature.
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Another effect well illustrated graphically is the relationship between the yield
strength of a material at room temperature and the adiabatic shear band width, at high
strain rates, shown in Figure 41. Clearly, a higher yield strength results in a narrower

shear band.

4.4.3. Morphology of the ASB Region

4.4.3.1. Unetched Specimens

In this section the shear banded regions are revealed more closely. One can see
from Figure 42 that the shear banding was a gradual and spread out process. There
seems to have been geod flow and ductility, even within the shear band. Figure 42
displays shear bands reaching the maximum thickness found within the group under

the circumstances of the applicable test conditions.

The annealed sample, Figure 43, does no seem to posses the uniformity of
deformation found in sample A, Figure 42. The ASB seems to be cellular in its make-
up and has deformed in such a way as to separate the cells from each other. The

shear banded region is 50 pm, nearly as wide as was found in sample A, 60 pm.

Sample C, Figure 44, the quenched and 315 °C tempered steel, shows the
narrowest ASB of the lot. The deformation was very localized and ultimately very

brittle. The shear band itself, however, was uniform in topographical appearance.

Figure 45 displays how the segregation between cell-like divisions within the
steel due to the onset of recrystallization and recovery are pronounced by the
extensive deformation that takes place in these boundaries. The majority of the

material deformation within the shear band is done along these cracks.
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The shear band itself is very narrow, similar to that observed in C, with the
material itself being very brittle. In the final sample (Figure 46) the shear band once
again displays signs of a very ductile material and homogeneous deformation within

the shear band. Generally, it is very similar to the ASB shown for sample A.
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Figure 43: The unetched ASB for B.
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Figure 44: The unetched ASB for C.
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Figure 45: The unetched ASB for D.
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Figure 46: The unetched ASB for E.
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4.4.3.2. Etched Specimens

Whereas the preceding section simply illustrated the macroscopic appearance of
the adiabatic shear banded zones, this section will bring to the forefront fow each of
the shear bands is formed by revealing their etched microstructure. This enables one
to see which components of the microstructure are more ductile than others, and how

they interact with each other when severely deformed.

The widths of their shear bands have already been referred to and therefore they
will not be discussed again here, since the etching process only affected the
microstrucures observed.. Except, perhaps, that the microstructures are generally
pearlitic in nature for sample A and B, and martensitic in nature for C, D and E.

These are shown in Figure 47 through 51.
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Figure 47: The etched ASB for A.
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Figure 48: The etched ASB for B.
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Figure 50: The elched ASB for D.
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4.5. Low TEMPERATURE DYNAMIC TORSION TESTS

4.5.1. Stress Strain Curves

In relation to the room temperature tests, the low temperature stress-strain
curves are very similar in behavior and appearance. An interesting difference between
the low and room temperature tests is that the scatter in experimental data between

samples is somewhat decreased.

4.5.2. Mechanical Properties

Table S briefly summarizes the mechanical properties of the samples tested at -
30°C. As mentioned previously, the results are basically congruent with the room

temperature data, except the failure strain, which is somewhat larger.

Table 5: A complete summary of the -30°C data accumulated

Tyleld Tuit Ytailure Mocal ASB width Vickers
Hardness
Condition MPa MPa % % pum
A 575 725 8.0 308 60 185.7
B 598 795 59 100 45 209.2
C 490 785 4.9 308 13 330.0
D 530 875 5.0 210 19 323.3
E 640 720 7.0 * 58 214.7

* NO Y|gca] for sample E due to transformed nature of the ASB
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Figure 52: Stress - Strain Curve for A, -30°C.
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Figure 53: Stress - Strain Curve for B, -30°C
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Figure 55: Stress - Strain Curve for D, -30°C
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4.5.3. Morphology of the ASB Region

4.5.3.1. Unetched Specimens

As was done for the room temperature tested sample, this section provides
micrographs of the low temperature tested samples. The shear bands had roughly the
same appearance as they did during the room temperature tests and need not be
described again. Their are only two significant differences between the room and low
temperature test samples. The first being that the last sample, Figures 62 and 67,
portrays shear band characteristics unlike and other sample tested, showing no visible
signs of deformation within the ASB itself, and possessing a discrete boundary
between the shear band and the surrounding matrix. The second difference is that the
samples were less inclined to break during the test, and thus provided better samples
to study the shear bands. In fact, the mean of the average or failure strains from all
the room temperature tests was 5.5% with a standard deviation of 2.5. Conversely,
the low temperature tested samples yielded a mean average strain of 6.2% with a 1.3
standard deviation. This represents a 12% increase in the mean average strain.
Analysis of the mean local strains for both the room temperature and low temperature
tests yields similar results, with an increase in values from room to low temperature
tests being 11%. Interestingly, the shear band widths were within 1.5% of each other
going from the room temperature to the low temperature. The trends are best

presented in tabular format, Table 6.
4.5.3.2. Etched Specim'ens

In this section the etched version of the previously shown micrographs are
examined. The shear bands are similar to the room temperature tests and are

basically unchanged except for the aspects mentioned in preceding section.
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Table 6: Mean and standard deviation values for room temperature
and -30°C data

Tyield, MPa Tyl MPa Vailurer % Yocal % ASB width, pm

RT -30°C RT -30°C RT -30°C RT -30°C RT -30°C

Mean 5966 5666 | 7346  757.3 55 6.16 | 20825 2315 39.6 39.0

o 6701 5842 | 160.01 1177 2.49 1.33 8452  99.09 | 2528  21.87

Figure 58: The unetched ASB for A, -30°C.
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Figure 59: The unetched ASB for B, -30°C.

Figure 60: The unetched ASB for C, -30°C.
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Figure 62: The unetched ASB for E, -30°C.
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Figure 63: The stched ASB for A, -30°C.
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Figure 64: The etched ASB for B, -30°C.
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Figure 66: The etched ASB for D, -30°C.
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Figure 67: The etched ASB for E, -30°C.
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CHAPTER 5

DISCUSSION OF RESULTS

5.1. EQUIPMENT APPRAISAL

The test apparatus functioned extremely well. Each of the tests was captured
without any difficulty and periodic calibration checks revealed the system to be stable
throughout the testing procedure. Post processing of the data was performed on a batch
basis, meaning the acquired pulse information was consistent enough to allow the same

analysis to be conducted on each set, without having to specially examine a single case.

The strain rates were all within 400 - 500 1/s and the equipment shows potential to
provide higher strain rates with the modifications mentioned earlier. Generally speaking,

the design and implementation of the torsional split-Hopkinson bar was a success.

5.2. YIELD CHARACTERISTICS

Examination of the stress-strain curves provided in Chapter 3 shows that, regardless
of the test temperature, the behavior of the materials upon yield varied from sample to
sample in a similar manner. In sample A there is a slight yield drop characteristic to stress
relieved ductile materials due to the interaction of dislocation jogs. Samples B through E
display continuous yielding typical to stronger or strengthened materials and progress

smoothly through the elastic-plastic transition on the stress-strain curve,
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5.3. HEeAT TREATMENT/MICROSTRUCTURAL EFFECTS

Studying the effect of tempering temperature on shear band width, excluding the
annealed and as received sample, provided the relationship shown in Figure 68. The graph
shows two important pieces of information. Firstly, as the tempering temperature is
increased there is an increase in the width of the observed shear band which is formed
during the high strain rate test, and secondly the aforementioned effect is constant
regardless of the test temperature. What this implies is that the shear band width is a
property independent of test temperature, and for a given tempering condition the shear

band width will remain constant over a range of test temperatures.

Another relationship which can be of interest is the effect of material hardness,
regardless of microstructure, on adiabatic shear band width, Figure 69. As illustrated,
with increasing hardness there is a general narrowing trend on shear band width. In
addition, since the shear bands are of a constant width for a given hardness regardless of
test temperature, the change in width with respect to hardness is the same for both test

groups. This reiterates the independence of shear band width to test temperature.

5.3.1. Room Temperature Tests

In this section the samples have been divided into two groups, the pearlitic
materials, A and B, and the martensitic materials, C, D and E. This division is based on

the fact that the two groups behave differently due to the microstructures.
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Sample A consists of typical coarse pearlite with some ferrite outlining the prior
austenite grain boundaries (Figure 28). The smooth regions being ferrite. From this it can
be inferred that the bar was hot rolled and slowly cooled , giving ample time for the
formation of the lamellar pearlite shown. The steel with this microstructure was exhibited

the lowest yield point of any of the materials tested.

Sample B portrays a microstructure indicative of a higher cooling rate than what
was used in the as received stock (Figure 29) displays the microstructure of this steel
showing pearlite of a very fine lamellar construction. The ferrite has formed at the prior
austenite grain boundaries, similar to what is shown in Figure 28, sample A. Closer
examination of the micrographs in Figures 28 and 29 reveal that the ferrite structures are
very similar in appearance. The increased cooling rate did not allow for the formation of
coarse lamellar pearlite. The higher cooling rate results in a finer pearlite with a hardness
approximately 13% higher than was found in sample A. The cell like structures are
pearlite and show resistance to the etchant while the ferrite is etched preferentially, as
expected. The material had a 49% higher yield point than sample A, but at the cost of the

nominal ductility reducing by 28%.

A microstructure consisting of a very fine and uniform lathe type martensite with a
few precipitates interspersed within the matrix is shown in Figure 30. EDS of the
precipitates revealed them to be high in magnesium, aluminum and oxygen content. As is
typical of martensite tempered at relatively low temperatures, the material had the highest

yield point of the group and was the least ductile.

The early visible stages of recovery and recrystallization of martensite is shown in
Figure 31. It appears that lathe-like ferrite grains are being formed, which were visible

when the microstructure was observed in the optical microscope. The micrograph shows
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a coarser microstructure than the one in Figure 30, and the precipitates significantly
increased in size and number. In addition, the martensitic cells appear to be increasingly
segregated from each other with what is assumed to be ferrite. The overall effect on the
mechanical properties is a 5% reduction in the yield strength and a 62% increase in the

nominal ductility relative to sample C. In addition, the local strain decreased by 46%.

The last steel to be commented on is demonstrated in Figure 32. The trend
established by samples C to D is also followed by this steel. The martensite has become
very coarse and the grain boundaries compose a much larger fraction of the area than the
one seen in Figure 31, corresponding to heat treatment D. In fact, the ferrite is now much
more uniformly distributed throughout the matrix. The precipitates have either become
very large and fallen out of the sample during preparation, or dissolved in the matrix -
probably the ferritic grain boundaries. The mechanical properties fit the trend so far
evident from sample C to D, E has the lowest yield strength and greatest ductility of the
quenched and tempered group of samples. The relative change in E from D is a 23%

decrease in yield strength and a 76% increase in sample ductility.

5.3.2. Low Temperature Tests

In this section it is convenient to change the grouping of the materials based on their
original ductility rather than original microstructure. The reasoning becomes clear when
considering how the materials behave under the influence of a considerably reduced testing
temperature of -30°C. A and E will be in the first group with C and D in the second. B is
somewhat enigmatic, and lies somewhere between the first two groups with respect to its

dynamic mechanical properties at low temperatures.
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Due to the fact that E was tempered at a relatively high temperature (650°C), it has
been softened enough to respond similarly to A (as received) during a low temperature
test. Both A and E exhibit an increase in yield strength, by 7% and 23% respectively,
when tested at a temperature of -30°C as compared to the behavior at room temperature,
as is expected of ductile materials [82, 83]. The interesting difference is that the nominal
ductility and local strain of sample A increased by 60% and 12%, respectively, instead of
dropping as is expected under the quasi-static regime. This was not the case with sample
E. This anomaly may be attributed to the increased susceptibility to ASB formation, as
has been observed by other researchers [2-8] and verified by the increased amount of local
strain within the shear band at the low temperature test. The ASB allows greater
deformation than the material would normally undergo, thereby increasing the ductility.
E, in contrast, does not experience and increase in ductility, in fact its nominal ductility
drops by 38%. This can be attributed to the fact that the hardening mechanism far
overshadows the ASB contribution to ductility. Another possibility is the fact that the
shear band in this treatment portrayed features typical of the transformed type. If this is
the case, it is possible, though not verified, that the hardness of the transformed shear band
was greater than the deformed shear band, and could be held accountable for the materials

reduction in ductility.

The second group to analyzed consists of samples C and D, which were tempered at
315°C and 480°C. Contrary to expected behavior, the yield strength of both samples
decreased, by 38% and 21% respectively, while their local ductility increased slightly, 12%
for both sample C and D. The nominal ductility increased by 44% for C and decreased by
10% for sample D. Similar to the reasons cited for samples A and E, shear band
formation occurs more readily in samples C and D as well. However, the effect is far

more pronounced and not only results in an increase in the ductility level but affects the
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yield strength adversely by causing the shear band to form at a much lower yield strength,
a 38% lower for C and 21% lower for D. It is believed that the low test temperature
causes a greater temperature differential to be established earlier in the test than would
normally be realized at room temperature. This leads to earlier strain localization which,
due to stress relaxation outside of the shear band, does not allow the material to reach its
room temperature yield stress. In summary, most of the deformation process from

elasticity to plasticity and finally shear banding occurs on a very localized level.

Sample type B has a microstructure responsible for standard material properties
lying somewhere in between samples A and E, and C and D. The result is low
temperature mechanical properties that are similar to room temperature data, The yield
strength increases by 2.5% and the local strain by 3%. The most drastic change is in the
nominal ductility which increases by 51% going from room temperature to -30°C tests.

Tables 4 and 5 summarize the data for all of the tested samples.

5.4. SHEAR BAND CHARACTERISTICS

The first interesting aspect that becomes evident when examining Tables 4 and 5 is
the fact that the width of the shear bands remained relatively constant at both of the
experimental temperatures used. The second interesting finding is that the local strains,
between bands, tested at the two temperatures remained essentially constant as well. This
implies that for a given strain rate and a fully developed shear band, its width and local
strain will remain constant regardless of the test temperature. The only anomalous point is
between the room temperature and low temperature local strains for sample E. Due to the
formation of what appears to be a transformed shear band, there were no deformation

features that could be used to provide some indication of the strain within the shear band.
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The reason for the transformed shear band forming is due to a combination of; tempered
martensite increased likelihood of transforming and the additional influence of the low

temperature test.

As mentioned earlier, the test temperature has no apparent effect on the width of the
shear bands, however, the initial microstructure does. Figures 42 through 51 and 58
through 67 all inclusive, show the shear banded regions of each sample for the room and
low temperature tests, respectively. Since the shear bands are of equai width for both the
room and low temperature tests, it makes no difference which set of photos are used for
reference.  Generally, it can be seen that the lower ductility samples exhibited the
narrowest ASB. In addition, a more uniform material microstructure results in
microstructurally uniform ASB. Figures 43 and 59 are examples of highly segregated

microstructures with equally inhomogeneous shear bands.

Analysis of the micrographs for sample A indicate that the presence of ferrite greatly
influences both the mechanical properties and the nature of the shear band observed. The
coarse pearlite structure is very rich in ferrite both within the pearlite itself and in the prior
austenite grain boundaries. The post mortem micrograph shows a very fibrous,
homogeneous ductile type of fracture mechanism occurring. This agrees well with the

ductility expected of a coarse pearlitic material.

Sample B, as described earlier, is composed of unresolved pearlite and ferrite, of
which the pearlite is much stronger. Examination of Figures 43 and 59 show what seems
to be inhomogeneous intergranular deformation. The harder and stronger fine pearlite
cells show more resistance to deformation than the surrounding ferrite and, thus, it is the

ferrite which takes up most of the deformation of the material.
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A rather large change in the ASB, was observed for sample C, when compared to
the previously discussed samples A and B. This is because sample C consists of a very
strong, fine martensitic structure. Examination of the shear band region shows the
deformation band to be very narrow in comparison to the others, implying a lack of
ductility, as well as being very uniform due to the uniform nature of the martensitic

structure.

In sample D, the effects of tempering on the yield stress and ASB structure, are
beginning to become much more noticeable. The previously described ferrite boundaries
have begun to form and will deform preferentially over the, still very hard, martensitic cells
they surround. Figure 50, which shows an etched version of the structure shown in Figure
45, supports this conclusion. Though the separation between the cells appear to be brittle
type cracks, close examination reveals them to be fibrous in nature, lending credibility to

the argument that the ferritic structures are responsible for the ductility of the sample.

In the sample tempered at 650°C, E , the tempering process has dramatically altered
the microstructure. The presence of ferrite is far more prevalent and uniform than in
sample D. For the room temperature tests the result is a shear band far more uniform and
fibrous in appearance than was shown for sample D and, in fact, the most ductile sample
tested. For the low temperature tests the microstructure was conducive to the formation
of a transformed shear band which, apparently, cooled somewhat sconer in the test than
its deformed counterpart in the room temperature tests. This resulted in an overall slightly

reduced ductility.
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5.5. CONSTITUTIVE MODELING

Figures 70 and 71 show the correlation between the measured shear band widths
determined in the present study and predicted values according to calculations by Dodd
and Bai [36]. Constants for the calculations where obtained from [36] where applicable or
required. As shown in both figures, the predicted values show very good agreement with
samples which developed wider and more ductile shear bands, but diverged when applied
to samples of increased hardness and narrow shear bands. This result indicates that the
Dodd and Bai model applies most effectively to specimens which deform within the ductile
fracture regime and increases in divergence as the specimen approaches the brittle fracture
regime. The graphs present shear band width as a function of material hardness and show
straight line approximations through both the predicted and observed values. Ideally, the
linear approximations would overlap and form a single line. The observed deviation from
the ideal is greater for the -30°C test with the angle between the two lines being 37°. The

deviation for the room temperature lines is 24°.

Table 7 shows the values used to obtain the predicted shear band width, the

equations are detailed in [36].
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Table 7: Data used for calculation of the Shear Band Width.

Test Test Measured  Calculated Flow Therma! Coeff. Tm, K
Temp. Sample  Width, pm  Width, pm Stress, Cond,, Visc.,
MPa WimK kgims
room temp
A 60 56 535 50.191 2450 1800
B 50 49 613 50.191 2450 1800
c 10 44 675 50191 2450 1800
D 15 48 840 50.191 2450 1800
E 63 57 520 50.191 2450 1800
-30°C
A 60 52 575 50.191 2450 1800
B 45 50 598 50.191 2450 1800
c 13 61 490 50.191 2450 1800
D 19 56 530 50.191 2450 1800

E 58 46 640 50.191 2450 1800
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CHAPTER 6

CONCLUSIONS

The major objective of this research project was to design ad construct a torsionally
modified split-Hopkinson bar which would be capable of conducting high strain rate tests.
Following this, verification of the equipment performance was to be conducted through a
series of tests on SPS-Plus steel. The resulting widths of the adiabatic shear bands
obtained through the high strain rate tests were determined and related to the various

material conditions and experimental variables used in this study.

Based on the results presented within this thesis, the following conclusions can be

drawn:

1. The designed and built apparatus is reliable, simple to use and provides
consistent results.

2. The general shape of the stress-strain curves is not affected by the heat

treatment condition of the material studied.

3. An increase in the yield strength of the material results in a decrease of the
width of the adiabatic shear band observed on the surface of the specimens
tested at high strain rates, regardless of the test temperature.

4, The adiabatic shear band increases in width as the martensite tempering
temperature increases, at both room temperature and -30°C test conditions.

5. There is a good correlation between the adiabatic shear band widths as

measured in this study and the predicted widths based on Dodd and Bai's
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model for materials which deformed in the ductile fracture regime. Brittle
materials such as samples B and C diverged considerably and suggest that

the Dodd and Bai model is most effective on ductile materials.

6. An increase in material hardness results in a reduced failure strain

percentage, regardless of the test temperature.

7. Deformed shear bands portrayed stretch or strain lines as opposed to
transformed shear bands. In a pearlitic structure, deformation occurred
mainly in the ferrite resulting in a cellular appearance in the banded region.
Martensitic microstructures were associated with shear bands that appeared
markedly different than the surrounding matrix and could not provide local
deformation information. The appearance consisted of a discretely bound

network of cracks.

For future work it is recommended that replacement of the 6061-T6 aluminum bar
with a 7075-T6 aluminum bar be executed to allow higher strain rate testing than is
currently being realized. As well, additional modification of the machinery to allow quasi-

static testing would be benificial for studies over a wide range of strain rates.

A detailed study of martensitic steel should also be conducted in order to obtain
more data in regarding the effect of tempering temperature and the subsequent effects on

shear band formation, without the difficulty of dealing with a multitude of microstructures.
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