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ABSTRACT

The project investigated the effect of strain rate on tensile properties at room 

temperature for austenite stainless steel Types 309 and 304L. Tensile tests were 

conducted using a 10 kip MTS conventional frame with strain rates of 0.000125 s'1 to 

1.25 s"1 and a high strain rate MTS frame with strain rates from 10 s-1 to 400 s~\ Yield 

strength increases with strain rate and at the high strain rates, 10s1 to 100s"1, the yield 

strength increases at a faster rate. The ultimate tensile strength of Type 309 increases 

with strain rate. In contrast, Type 304L initially exhibits a reduction in ultimate tensile 

strength and uniform elongation as strain rate is increased and deformational heating 

becomes significant, reducing the propensity of austenite transforming to martensite. As 

strain rate is increased further, the ultimate tensile strength and uniform elongation of 

Type 304L increase similar to Type 309, because adiabatic heating occurs at intermediate 

and high strain rates. For a given strain level, the flow stress of Type 309 increases with 

strain rate and the increase is more rapid at the high strain rates. At low strain rates when 

there is minimum martensite formation, the flow stress of Type 304L shows the same 

trend as Type 309.

A series of interrupted tests was conducted, where the specimens were analyzed 

by x-ray diffraction to determine the amounts of e-martensite and a'-martensite that were 

formed as a function of strain. Tests were conducted at strain rates of 0.000125, 0.125 

and 100 s"1 and interrupted at strain increments of 5%. For Type 304L the interrupted 

tests at 0.000125 s"1 result in significantly more a'-martensite than tests with strain rates 

of 0.125 s"1 and 100 s '1. As the strain rate increases, the amount of deformation heat 

retained in the sample during the test increases, which inhibits the martensite formation. 

Optical metallography was performed in order to help verify the deformation 

mechanisms.



The as-received Type 304L was temper rolled and had a thin layer consisting of 

15 volume percent a'-martensite on the surface. The layer penetrated less than one 

percent of the total sheet thickness. It was observed that at low strain rates there was less 

a'-martensite on the surface and as strain rate increased the amount of a'-martensite on 

the surface increased. It appears that the initial martensite may have aided in the 

formation of martensite during tensile deformation. There was also an increasing gradient 

of martensite from 1 percent depth into the bulk presumably due to lack of constraint near 

the surface. The gradient in martensite decreased as strain rate increased.

Double deformation tests were performed at a quasi-static strain rate and a strain 

rate at which adiabatic conditions were met. After the first deformation there was a 15 

minute interval time where the sample was either unloaded or held at constant 

displacement. Both interval conditions produced similar results with respect to the 

yielding phenomena after reloading as well as similar ultimate tensile strength and 

uniform elongations. At the quasi-static strain rate there was no increase in ultimate 

tensile strength, uniform elongation and in the case of the Type 304L there was no 

increase in martensite. At the higher strain rate, upon reloading there was a significant 

increase in flow strength as well as increases in ultimate tensile strength and uniform 

elongation. This increase is greater for the Type 304L, which also produced twice as 

much martensite as the continuous tests. The increase in ultimate tensile strength, 

ductility and martensite are believed to be strain rate independent and are due to the 

temperature increase of the specimen. At the fast strain rate the specimen temperature is 

increased and during the interval time the specimen cools back to room temperature. The 

colder temperature promotes a greater flow stress and as the test continues the 

temperature will rise again allowing the ductility to be increased. For the Type 304L the 

cooling allows more martensite to form during the second deformation.

iv
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1.0 INTRODUCTION

This section provides a background on austenitic stainless steels. The effects of 

alloy additions on phase stability are discussed, as well as the influence of strain rate and 

temperature on the mechanical properties and microstructure are reviewed.

1.1 Austenitic Stainless Steels

Austenitic stainless steels have a large family selection in terms of alloys and end 

uses. These steels are favorable because of the wide range of uses that they can be 

applied to; such as corrosive environments as well as high temperature environments, 

large ductility of the material in the annealed state makes it favorable for forming 

operations. The ductility and work hardening rate are both dependent on the austenite 

stability and the suitability to martensite transformation during deformation.

1.2 Background - Martensite Formation and Mechanical Properties

Certain grades of austenitic stainless steels are referred to as ‘metastable’ due to 

the initial face centered cubic (fee) austenite (y) that can transform to body centered cubic 

(bcc) martensite (a'). Factors that affect the transformation are: composition, 

deformation temperature, plastic strain, strain rate, and stress state and grain size.

Transformation from austenite to bcc martensite can occur by three different 

means: spontaneous transformation, stress-assisted nucléation, and strain induced 

nucléation. Figure 1.1 (1) illustrates the relationship between stress, temperature and 

transformation mechanisms. Spontaneous transformation occurs when the material is 

cooled below the martensite start temperature (Ms). Slightly above the Ms, stress-assisted 

martensite can form in response to an applied elastic stress. This type of martensitic 

transformation occurs until the austenite yields at a temperature designated by MSCT. Both 

spontaneous transformation and stress-assisted nucléation involve the same nucléation
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sites and embryos. Spontaneous transformation is thermally driven while stress-assisted 

nucléation occurs at greater temperatures but the applied elastic stress provides sufficient 

energy for the martensite to nucleate. Above Ms° the material will yield by slip. When the 

alloy yields, new highly potent nucléation sites are generated. Thus, (plastic) strain- 

induced transformations on these new sites are possible at stresses lower than the stress- 

assisted transformation. Strain-induced martensite will proceed until the temperature 

above which martensite is not produced by plastic deformation, Md (1).

"induced j

'  sl<p) 1

jU cr
co

<
Tem perature *-

Figure 1.1: Schematic representation of the interrelationships between
stress-assisted and strain induced nucléation of a '- 
martensite (1).

It has been proposed that the transformation of austenite to martensite during 

plastic deformation proceeds initially as follows y austenite (fee) —» e-martensite (hep) — 

a'-martensite (bcc) (2). Venables (3) and Lagneborg (4) observed shear bands consisting 

of e martensite, twins or dense stacking fault bundles that intersect grain boundaries or 

twins in austenite. These intersections serve as nucléation sites for a' martensite.
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Mangonon and Thomas (2) observed shear band intersections or intersections of shear 

bands with twins or grain boundaries that were nucléation sites for a 1 martensite.

Eichelman and Hull (5) studied the effect of composition on the martensite start 

temperature (Ms). They developed an equation that relates alloying elements to the 

martensite that first forms on cooling in austenitic stainless steeL The relation is:

Ms (°F) = 75[14.6 - Cr] + 110[8.9 - Ni] + 60[L33 - Mn]
[1.1]

+ 50[0.47 - Si] + 3000[0.068 - (C + N)]

where elements are given in weight percent. The coefficients in this relationship show 

that chromium and nickel have moderate effects on the Ms, while carbon and nitrogen 

have very strong effects.

The effects of composition on the formation of strain-induced martensite have 

also been investigated. Angel (6) correlated the composition of austenitic stainless steel 

to the temperature at which 50% martensite is formed by 30% true strain in tension, 

denoted by Md3 0-

Md3o (°C) = 413 - 462[C + N] - 9.2[Si] - 8.1[Mn] - 14.7[Cr]
[1.2]

- 9.5[Ni] - 18.5[Mo]

where each element is in weight percent. Again, carbon and nitrogen have strong effects 

on austenite stability. The grades with lower chromium and nickel, such as 301 and 302, 

are considered to have less austenite stability. The Md3o is lower and thus more 

deformation-induced martensite is produced in these alloys, which significantly enhances 

strength generated by the transformation during cold work. Figure 1.2 illustrates the 

effect of temperature on the amount of strain-induced martensite produced in alloy 304.
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0.2 O, 6O. 0 g. e 1 . 0
TRUE STRAIN

Figure 1.2: The effect of strain at various temperatures on the
formation of strain induced martensite of a Type 304 
stainless steel (7). Solid lines are original data from Angel 
(6), dashed lines are data from Hecker et al. (7) and dotted 
extrapolations are from Olson’s analysis (8).

Nohara et ah (9) modified Angel’s equation to include copper, niobium and grain 

size. The equation is:

Mœo (°C) = 551 - 462[C + N] - 9.2[Si] - 8.1[Mn] - 14.7[Cr]
[1.3]

- 29[Ni + Cu] - 18.5[Mo] - 68[Nb] - 1.42(GS - 8.0)

where all elements are given in weight percent and the GS is the ASTM grain size 

number.

Bressanelli and Moskowitz (10) conducted an investigation on the effect of strain 

rate on the tensile mechanical properties on Type 301 stainless steels. For tests at room 

temperature, as the strain rate increased the amount of martensite decreased. They 

concluded that as the strain rates were increased the specimen temperatures increased as a 

result of adiabatic heating. Since the tested material was unstable, the test temperatures 

greatly affect the formation of martensite, which strongly influences the tensile 

properties. Peterson (11) experienced similar results with Types 301 and 304 when tested 

at 25 °C. Bressanelli and Moskowitz (10) then performed tensile tests in a constant
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temperature bath at 21 °C and observed that as the strain rate increased the tensile 

strength slightly decreased while the amount of martensite and tensile elongation 

remained constant. They then performed multiple tests with Types of 301 and 304 at 

multiple test temperatures in liquid baths. Results can be seen in Figure 1.3. The 

martensite content was measured by “magnetic response” of the material. The 

relationship between “magnetic response” and martensite content can be seen in Table 

1.1. Each of the steels experienced an increase in elongation up to a peak and then a 

decrease. For all of the steels, the peak elongation was exhibited when there was 

approximately 50% martensite. The increase in ductility is due to martensite 

transformation in the region of incipient necking. The necked portion of the tensile 

specimen partially transforms to martensite and therefore has a greater strength than the 

adjacent material, causing the adjacent material to deform when further load is applied. 

Thus, the incipient neck becomes stabilized. In other words, this formation of martensite 

in necked regions promotes high uniform strain by reducing the propensity for localized 

flow. In stable materials the austenite that is deformed during incipient necking will strain 

harden and will therefore be harder than the adjacent material but eventually the work 

hardening rate will not be fast enough to keep up with the increase in stress in the neck. 

Since martensite is stronger than the work hardened austenite the uniform elongation is 

increased. It is important to note that only martensite that forms during incipient necking 

can increase the elongation of the specimen, which is normally considered to be 

beneficial. If a significant level of martensite is formed prior to necking then failure will 

result much earlier in the loading process due to the low ductility of martensite.
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Figure 1.3: Effects of test temperature on the elongation and martensite
content in Types of 301 and 304 austenitic stainless steels 
(10). Heats E (Fe-17.0Cr-7.6Ni) and F (Fe-16.7Cr-7.0Ni) 
are Type 301. Heats J (Fe-18.1Cr-9.4Ni) and K (Fe-18.4Cr- 
9.9Ni) are Type 304.

Table 1.1 - Conversion from Magnetic Response to Martensite Content (10)

Magnetic Response (g) Martensite Content (Vol. %)
1 20
4 50
9 70
16 90

Huang et al. (12) conducted tensile tests with Type 304 at various temperatures, 

see Figure 1.4. As the temperature increases there is a transition from parabolic to 

sigmoidal shape curves. The inflection point for the lower temperature curves indicates 

the formation of the strain-induced martensite. Hecker et al. also observed similar 

behavior (7). At low strains the materials continue to plastically deform before strain- 

induced martensite forms as Olsen and Cohen predicted (1).
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Figure 1.4: Engineering stress-strain tensile curves for Type 304
austenitic stainless steel at various temperatures at a strain 
rate of 1.5 x 10"2 s"1 (12).

Hecker et al. (7) conducted a study on the effects of stress state on the austenite to 

a' martensite transformation. They concluded that the transformation was more favorable 

during balanced biaxial tension deformation as compared to uniaxial tension deformation. 

The rate of shear band formation is greater in biaxial than tension, hence there are more 

nucléation sites for martensite formation.

1.3 Industrial Relevance

Typically in industry, forming operations take place at ambient temperature. The 

material can be deformed at various rates; mechanical properties which govern 

formability are affected by strain rate. In addition, the actual temperature of the metal 

may increase, as strain rate is increased, due to an intrinsic deformational heating of the 

work piece, which in turn can affect mechanical properties. Also during deformation, 

phase transformations can have significant effect. For example, some stainless steels are



8

metastable at room temperatures, and can transform from soft, ductile austenite to the 

stronger martensite phase during deformational processing. Therefore, it is important to 

understand the influence of high strain rate on mechanical properties and on austenite 

stability while comprehending the mechanisms that control these behaviors. In this study, 

the strain rate and the temperature increase due to deformational heating of material was 

investigated and was related to the strength of the both the austenite and the effect on the 

martensitic transformation. The martensite evolution was evaluated via an appropriate 

constitutive equation.

1.4 Objective of Study

The objective of this study was to investigate the strengthening mechanisms that 

contribute to the tensile properties of austenitic stainless steels. Since the strain induced 

martensitic transformation plays a large role it was decided that the best way to study the 

effects of the martensite was to examine a stable Type with respect to the transformation, 

Type 309 and a grade that is metastable at room temperature. Type 304L. The parameters 

that control the transformation that were studied are strain rate, strain path and 

temperature. A full range of strain rates were applied, single and double step 

deformations were investigated and special attention was given the rise in specimen 

temperature due to deformational heating. These materials were chosen with similar grain 

sizes because it is known that grain size also contributes to the extent of the 

transformation (13-15).
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2.0 EXPERIMENTAL PROCEDURES

This chapter discusses the materials that were studied, the equipment utilized and 

the experimental procedures. The as-received materials were characterized and no further 

processing before mechanical testing was applied for the study. A detailed description of 

test equipment and data analysis methods are given followed by procedures for 

mechanical testing, x-ray diffraction and microscopy.

2.1 As-received Material

Two grades of austenitic stainless steel, Type 309 and 304L, were supplied in 

sheet form by AK Steel Inc., each with different austenite stability with respect to 

martensitic transformation. The steels were commercially produced and annealed. As 

described in a later section, 304L was apparently subjected to a temper rolling step after 

the final heat treatment. Both sheet steels have a thickness of 1.50 mm (0.059 in).

Table 2.1 provides the chemical composition of the two steels. Figure 2.1 shows 

the as-received microstructures in the short transverse direction. Both alloys exhibit 

annealing twins within the equiaxed grains. Grades 304L and 309 have ASTM grain sizes 

of approximately 7.5 and 7.1, respectively. Table 2.2 gives the calculated martensite 

transformation temperatures for the steels. The Ms and Mdso temperatures were 

calculated for the received material, 309 and 304L. The predicted MD3o temperatures vary 

greatly, the predicted value denoted by Angel (6) is between the other two predicted 

values. Although Nohara et al. (9) include grain size in their Md3o calculations, the 

effects of alloying elements contributes to the large difference in their respective 

predicted values.
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Figure 2.1 : Light micrographs of as-received microstructure of (a)
Type 309 and (b) Type 304L. Samples etched using a 
mixture of 10ml nitric acid, 10 ml hydrochloric acid, 15ml 
acetic acid and 2 drops of glycerol.

Table 2.1 - Chemical Composition of Types 304L and 309 Austenitic Stainless Steel (wt.
pet.)

Type C Cr Ni P Si Co N M n Cu
309 0.054 22.08 12.09 0.029 0.32 0.15 0.120 1.91 0.35

304L 0.028 18.13 8.32 0.025 0.45 0.10 0.044 1.32 0.26

Type V Mo Nb Ti A1 s w Fe
309 0.06 0.21 0.02 0.01 0.01 0.008 0.02 Base

304L 0.04 0.15 0.015 <0.01 0.01 0.005 <0.01 Base
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Table 2.2 - Martensite Transformation Temperatures of the Austenitic Stainless Steels

Transformation 
Temperatures (°C) Authors 309 304L

M s Eichelman and Hull (5) (Eqn. [1.1]) * -135
Md30 Angel (6) (Eqn. [1.2]) -107 35
Md30 Nohara et al. (9) (Eqn. [1.3]) -216 2

* Temperature below -273 K

The as-received materials were examined using x-ray diffraction, description of 

procedure will follow, to evaluate the initial volume fraction of phases present. Alloy 309 

was fully austenitic, however, 304L showed significant amount of a'-martensite (bcc 

martensite) on the as-rolled surface, i.e. approximately 15 pet. Table 2.3 shows the 

volume fraction of the phases as a function of depth from the surface. At depths greater 

than 1% of the sheet thickness, there is less than one pet of a'-martensite. It was verified 

on two separate randomly, selected samples that both surfaces (opposite faces) of the as- 

received sheet steel had an equivalent amount of martensite, see Table 2.4. A small 

amount of e-martensite was also detected. Three samples were taped together in order to 

perform x-ray diffraction on the machined surface of the gage sections. It was determined 

that 15.2 pet. a'-martensite was on the machined surface. X-ray diffraction performed on 

the as-received 309 confirmed that 100% austenite was present on the surface (a single 

sample was tested).

Table 2.3 - Volume Fraction of Phases of As-Received Type 304L

Distance from  
Surface (%)

Number of 
Tests

Vol. % 
Austenite

Vol. % a'- 
Martensite

Vol. % £- 
Martensite

0 13 84.5 ±2.1 15.3 ±2.1 0.2
1 2 99.9 ±0.1 0.1 ±0.1 0.0
5 1 100.0 0.0 0.0
15 2 99.4 ± 0.3 0.6 ± 0 .3 0.0
30 1 99.5 0.5 0.0

Uncertainty is ± 1 standard deviation
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Table 2.4 - Volume Fraction of Phases of Both As-Received Surfaces of Type 304L

Sample Vol. % 
Austenite

Vol. % GC*- 
Martensite

Vol. % £- 
Martensite

1, side 1 84.5 15.1 0.4
1, side 2 84.8 14.9 0.3
2, side 1 85.6 14.2 0.2
2, side 2 85.2 14.5 0.3

2.2 Tensile Testing Procedures

To assess the effect of strain rate on the properties, longitudinal tensile specimens 

of Types 304L and 309 were strained to fracture at room temperature (approximately 24 

°C). Strain rates of 0.000125 s '1 to 1.25 s"1 were applied using a standard MTS servo- 

hydraulic 10 kip test system with computer controlled MTS® TestStar™ digital control 

software. Tests were conducted using strain-control with a one-inch Shepic extensometer 

(50% strain capacity). For samples that experienced elongations greater that 50%, a 

specialized Shepic fixture was designed and built so that the same extensometer could be 

used with a half-inch gauge length, thereby doubling the strain capacity.

Test rates of 10, 100 and 400 s’1 were achieved using the MTS 810 high strain 

rate (HSR) servo-hydraulic testing machine. The MTS system has a 50 kN actuator 

mounted in a 500kN frame. Conventional actuator speeds are achieved through a 10 gpm 

servo valve supplied by a 10 gpm hydraulic pump. High rates are achieved through a 400 

gpm servo valve supplied by a 5 gallon capacity oil accumulator. The specified peak 

velocity is 13.5 m/s at zero load and 10 m/s at 50% of the peak load capacity. Special low 

mass titanium grips are utilized. The grip width is 15.2 mm (0.60 in) wide and required 

special specimen dimensions so that the grip section of the specimen does not deform in 

the grip. The specimen can be seen in Appendix-A.

Above the upper grip assembly is a 40 kN capacity Kistler type 9071A 

piezoelectric load washer. The signal is sent through a Kistler model 5010B amplifier to a
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National Instrument BNC-2090 12-bit acquisition board. The acquisition board allows 

four channels of data to be collected during the high strain rate tests; displacement, load 

and two strain signals. The system is computer controlled using MTS® TestStar™ digital 

control software. MTS® TestWare™ uses TestStar™ to configure files and set the test 

parameters. The data acquisition software utilized VirtualBench Scope™ by National 

Instrument.

The high rate tests were conducted using displacement control because of the 

response time of standard extensometers are not fast enough to run the test using strain 

control. Strain gages (Vishay Measurement Group EP-08-250BG-120) were applied to 

the middle of the gauge section with a high-elongation adhesive (Vishay Measurements 

Group Epoxy Resin and Hardener A -12). The strain gage debonded after uniform strains 

in the range 8 to 18%.

The load washer data characteristics vary with strain rate. At strain rates of 10 s '1 

(and lower) the data did not require any filtering or post test processing, but for higher 

strain rates the load washer data experienced large fluctuations referred to as “ringing”. 

As a result of the significant difference between the low rate data and the “ringing” data 

two different data analysis approaches were utilized. A detailed approach of the 

conversion from raw data to stress-strain curve can be found in Appendix-B.

For both the low strain rates and the high strain rates the 0.2% offset yield 

strength was obtained graphically from the engineering stress-strain curve. The modulus 

of elasticity was taken as the slope between 120 MPa and 220 MPa. The uniform 

elongation was determined by plotting the engineering stress-strain curve and visually 

finding the ultimate tensile strength and the corresponding strain.

To determine the phase evolution during deformation, tests were stopped at 5% 

incremental strains up to the tensile strength. Strain rates of 0.000125, 0.125 and 100 s 1 

were employed. The amount of phases present was measured by x-ray diffraction. For 

strain rates of 0.000125 s '1 and 0.125 s"1, the tests that were conducted on the 10 kip test
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system were utilized. Since the inertia of the tests at 100 s '1 is too great to stop the test at 

precise strain levels a new procedure was developed. Specimens had notches cut into the 

bottom region of the gage length using a diamond blade in order to induce fracture at 

strains less would have normally been achieved during a continuous test. The notches 

were perpendicular to the tensile axis and had a width that cut the full thickness. Depths 

were varied to induce varying amounts of uniform strain in the major part of the gage 

section.

2.3 Temperature Calculations

The change in temperature, due to deformational heating, was calculated for tests 

conducted with applied strain rates of 0.125 s"1 and 100 s"1. For frictionless deformation 

processes, such as tensile tests, the increase in temperature can be calculated by the 

following equation (16):
£

a  [de
AT = —2— P  [21]

P C ,

where,
£

^de  = the area under the true stress-strain curve
o

p  = density of the steel

Cp = specific heat

P  = the fraction of deformational work that is converted to heat, which typically

equals 0.95. The remainder is stored in the material as defect structure.

The physical properties used for the calculations can be seen in Table 2.5.
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Table 2.5 - Physical Properties of Both Types (17)

Type Density (g/cm3) Specific Heat (J/g °C) (0-100°C)
304L 8.03 0.50
309 9.01 0.50

The change of temperature can be determined by Equation [2.1] if adiabatic 

conditions are satisfied. A study was conducted to confirm that a strain rate of 0.125 s'1 

fulfills the conditions for an adiabatic process in this work, refer to Appendix-D.

2.4 Interrupted Tensile Test Procedures

Interrupted tensile tests were conducted on the 10 kip MTS frame at constant 

engineering strain rates of 0.000125 s '1 and 0.125 s '1. The strain rates of both initial and 

final deformation steps were equivalent. The specimens were deformed to various 

uniform strain levels and then were fully unloaded and held for 15 minutes. After the 

hold a second deformation step to fracture was imposed on the samples. A second series 

of tests was conducted with a 15 minute period hold where the sample was not fully 

unloaded but instead was held at the specific level of strain that was achieved during 

initial straining (using an extensometer). Selected samples were evaluated for phase 

volume fraction using x-ray diffraction.

With respect to the second series of tests, due to the high load on the sample at the 

start of the second deformation step, the modulus of elasticity of the second deformation 

was obtained by using the slope of the engineering stress-strain curves between stresses 

of 220 MPa and 320 MPa. Upon reloading of the specimen there appears to be an 

increase in yield strength or an upper and lower yield point. When investigating this 

phenomenon, the initial stress-strain curve is extrapolated forward, into the post

interrupted strain space, in order to separate the effects of normal ongoing work 

hardening and the interval hold time effect. As the specimen is reloaded, if it yields
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without a distinct yield point then Aoys will signify the difference between the yield 

strength and the theoretical work hardened strength. The notation of A o u y p  will be 

employed if the material experiences an upper yield point upon reloading. The relative 

increase in yield strength is calculated by the Aoys divided by the theoretical stress 

extrapolated forwarded at which the yielding occurs, AgYs, iheo. The same notation is used 

for the relative upper yield point. The difference in strength when work hardening 

continues will be denoted by Aowh, this may take on many different meanings as 

summarized in Table 2.6. During the second deformation several yield phenomena arose 

depending on the applied strain rate and applied prestrain. In some cases, upon reloading 

the yield strength appeared to be continuous as if an interruption had not occurred. In 

other cases, the yield point appears as a flat plateau and then continues to work harden on 

the extrapolated forward curve. Figure 2.2 (b), or continues to work harden above the 

extrapolated curve. Figure 2.2 (c). Upper yield and lower points also occur but then the 

stress-strain continues on, below or above the expected point appears as a flat plateau and 

then continues to work harden on the extrapolated curve obtained prior to the hold period. 

Figure 2.2 (d), (e) and (f) respectively.
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Figure 2.2: Illustration of representative shapes of yield point at
different holding conditions, strain rates and prestrains.

Table 2.6 - Definition of Agwh

Yielding Phenomena A o w h  =
Smooth deformation O y s  — O Y S , Theo

Discontinuous yielding G at the end o f discontinuous yie lding — 

G at the end o f discontinuous yielding, Theo

Upper and Lower Yield Points G l Y P  — G l Y P , Theo
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2.5 Quantitative Estimation of Phase Fractions Using X-ray Diffraction

X-ray diffraction was used to perform quantitative estimation of phases in the 

steel. Small rectangular sections were cut from the gage length of the tensile specimen. 

Some x-ray diffraction scans were performed on the surface of the sample and others 

were performed after removing controlled amounts from the surface of the samples. 

Samples were acid-thinned, rather than by some mechanical means, in order to avoid the 

stimulation of the deformation-induced transformation from mechanical grinding that 

occurred during sample preparation. The acid was a solution of hydrochloric acid, nitric 

acid and distilled water in 1:1:1 proportion.

X-ray diffraction analysis was conducted using CuKa radiation with a step time of 

1 second and a step size of 0.02 degrees. Phillips X’Pert Pro x-ray diffraction system was 

utilized. Phillips X ’Pert Data Collector was used to record the data and Phillips Profile 

Fit 1.0 software was used to fit the peaks. When only austenite and of a'-martensite 

phases were present then the ASTM method was used (18) and when e-martensite was 

also present then the method developed by De et al. (19) was utilized. A summary can be 

seen in Appendix C. The depth of x-ray penetration was calculated to be a depth 4pm 

(using the calculation for pure iron) (20).

Figure 2.3 shows a typical XRD profile of a 304 stainless steel (19). The 

individual diffracting planes of the austenite (fee), a'-martensite (bcc) and e -martensite 

(hep) are identified and labeled. The phases were quantified by using two diffracting 

planes from each phase. The following peaks were used for each phase; (200)y and (311)Y 

for austenite, (200)^ and (21 l)a' for a'-martensite, (101 )e and (102)e for e-martensite.
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Figure 2.3: X-ray diffraction scan using Cu Koc radiation of a 304
Stainless steel (strained 15% at -50°C with a strain rate of 
5.2x1 O'4 s '1) sample showing the presence of s-hcp, cc'-bcc 
martensite and austenite constituents (19) .

2.6 Microscopy and Image Analysis

All microstructures shown were prepared from samples viewed in the short 

transverse direction. The as-received micrographs of both grades and the Type 309 

strained samples were etched using a mixture of 10ml nitric acid, 10 ml hydrochloric 

acid, 15 ml acetic acid and 2 drops of glycerol. The as-received samples were submerged 

in the etchant for approximately 10 seconds. The strained samples of Type 304L were tint 

etched to reveal the a'-martensite. This etchant is composed of two solutions that were 

mixed in 1:1 ratio: 0.15 g sodium-metabisulphate in 100 ml distilled water and 10 ml 

hydrochloric acid in 100 ml distilled water. The samples were submerged for 10 to 12 

seconds.
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In addition to x-ray diffraction some of the Type 304L strained samples had phase 

volume fractions determined by image analysis. The image analysis software utilized was 

Pax-it™ Image Management System by MIS.

Environmental scanning electron microscopy (ESEM) images of the fractured 

surfaces were obtained for both metals tested with applied strain rates of 0.000125 s '1 and 

100 s '1, with a Quanta 600 was manufactured by FEI.
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3.0 RESULTS

This chapter discusses the results of both materials. The mechanical properties 

and flow curves of the single step deformation are presented. X-ray diffraction was 

performed on the 304L to determine the martensite evolution for three strain rates. The 

amount of martensite in the bulk was compared to that of the surface. The mechanical 

properties of double step deformation were also examined. These results were also 

compared to the results of the single step deformation tests.

3.1 Effects of Strain Rate - Single Step Deformation

3.1.1 Type 309

3.1.1.1 Mechanical Properties

The mechanical properties for Type 309 are summarized in Table 3.1. Figure 3.1 

shows representative stress-strain curves for each of the various strain rates. Figure 3.2 

shows that the yield strength (YS) and ultimate tensile strength (UTS) increase with 

strain rate, which is expected. Although, the rate of increase in YS and UTS appears to 

have two characteristic trends with a transition between 10 s '1 and 100 s"1. Figure 3.3 

shows that as the strain rate increases the uniform elongation first decreases and then 

increases slightly.
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Table 3.1 - Average Mechanical Properties of Type 309

Strain Rate
(s'1)

Number of 
Tests

Yield Strength 
(MPa)

Ultimate Tensile 
Strength (MPa)

Uniform 
Elongation (%)

0.000125 3 291 ± 0 639 ± 1 47.9 ±0 .6
0.00125* 3 311 ± 3 653 ± 4 42.0 ± 0.4
0.0125* 3 343 ± 2 644 ± 3 32.5 ±0.3

0.125 3 373 ± 2 659 ± 2 31.0 ±0.4
1.25 3 393 ± 2 684 ± 5 31.7 ± 0.3
10 3 426 ± 8 703 ± 7 35.6 ±0.6

100 3 492 ± 3 732 ± 2 37.1 ± 1.0
400 3 541 ± 2 0 791 ± 8 35.2 ± 0 .6

Uncertainty is ± 1 standard deviation
* YS is the average of the UYP & LYP, explanation of this occurrence can be 
seen in Appendix D.

1200 -

160

1000 -

120
£  800 — 
S S train  Rate (s ')

■-------  0.000125
•-------  0.00125
«.-------0.0125
a  0.125
3-------  1.25

I 600 —
SO

4 0 0 -

100
100 - Predicted 
400
400 - Predicted

40

2 0 0 -

0.50.40.1 0.20 0.3
T rue S tra in

Figure 3.1: True stress-true strain plots of Type 309 tested at strain
rates from 0.000125 s" to 400 s 1 using one representative 
plot for each strain rate.
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Figure 3.2: Average yield strength and ultimate tensile strength plotted
as a function of strain rate for Type 309.
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Figure 3.3: Average uniform elongation as a function of strain rate for
Type 309.
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Two specimens of 309 were tested at 0.000125 s '1 and stopped at an engineering 

strain of 30%. The surface was analyzed using x-ray diffraction, which revealed that 

there was 100 volume percent austenite, with no strain-induced martensite.

The strain rate sensitivity of Type 309 was investigated. The strain rate sensitivity 

can be obtained using:

À loger
m -    [3.1]

A logé*

where,

m = strain rate sensitivity for a given strain 

<7 = is the stress for a given strain

£ — strain rate

The strain rate sensitivity is the slope of log <r versus log e  . A plot of log a  versus

logé* can be seen in Figure 3.4. It is evident that at each strain there are two strain rate 

sensitivities, one at low strain rates and another at higher strain rates. The transition 

between the two is between 10 s 1 and 100 s '1 (i.e. log(10) = 1 and log(100) = 2) as seen 

for the YS and UTS in Figure 3.2.
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Figure 3.4: Log(true stress) versus log(strain rate) for various strains of
Type 309.

3.1.2 Type 304L

3.1.2.1 Mechanical Properties

The mechanical properties of 304L as a function of strain rate are presented in 

Table 3.2. A representative true stress-strain curve from each strain rate is presented in 

Figure 3.5. The flow curves of the slow rate tests (0.00125 s '1 and 0.000125 s"1) are 

sigmoidal in shape rather than smooth parabolic of the higher rate tests. The transition 

from parabolic to sigmoidal occurs at an approximate true strain of 0.17. Figure 3.6 

shows the trends for the average yield strength and average ultimate tensile strengths as a 

function of strain rate. The yield strength has the same characteristic trend as Type 309, 

the first linear trend ends, again, between 10 s"1 and 100 s '1, and the second and steeper
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linear trend commences. The behavior of the ultimate tensile strength is different than for 

Type 309. At the lowest strain rate (0.000125 s '1), the UTS is at a maximum value. As the 

rate increases, the UTS first decreases and then increases. The uniform elongation, Figure 

3.7, has a similar trend to the ultimate tensile strength as well as the uniform elongation 

of the Type 309. These properties exhibited a minimum at a strain rate of 0.125 s '1.

Table 3.2 - Average Mechanical Properties of Type 304L

Strain Rate
( s 1)

Number 
of Tests

Yield Strength 
(MPa)

Ultimate Tensile 
Strength (MPa)

Uniform 
Elongation (%)

0.000125 3 300 ± 3 755 ± 0 59.1 ± 0 .7
0.00125 3 307 ± 5 714 ± 8 59.4 ± 0.6
0.0125 4 328 ± 2 654 ± 5 44.2 ± 0.8
0.125 3 351 ± 0 646 ± 2 42.1 ±0.3
1.25 3 361 ± 5 658 ± 4 42.7 ± 0.4
10 3 382 ± 6 673+1 45.7 ± 0.4

100 3 438 ± 11 699 ± 1 45.5 ± 0.6
400 3 480 ± 11 738 ± 4 45.9 ±0.9

Uncertainty is ± 1 standard deviation
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True stress-true strain plots of Type 304L tested at strain 
rates from 0.000125 s' to 400 s '1 using one representative 
plot for each strain rate.
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Figure 3.6: Average yield strength and ultimate tensile strength plotted
as a function of strain rate for Type 304L.
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Figure 3.7: Average uniform elongation as a function of strain rate for
Type 304L.

The strain rate sensitivity of Type 304L was investigated, see Figure 3.8. At low 

strains the curves resembles those of Type 309, in which there are two distinct 

characteristic trends with a transition between 10 s’1 and 100 s '1 (i.e. log(10) = 1 and 

log(100) = 2). For the tests that were conducted at slower strain rates, for strains greater 

than 0.17 a linear trend is no longer applicable due to the increased strength, presumably 

due to the increase in martensite.
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Figure 3.8: Log(true stress) versus log(strain rate) for various strains
of Type 304L.

The temperature increase due to deformational heating has a significant influence 

on the mechanical properties. The increases in temperatures were calculated and can be 

seen in Table 3.3. At strain rates of 0.125 s"1 and 100 s '1 there is in an increase in 

temperature of approximately 59°C and 65°C, respectively. It is shown in Appendix E 

that adiabatic conditions commence at a strain rate of 0.125 s '1, thus the difference in the 

increase in temperature is reflected by the difference in the area under the true stress- 

strain curve.

Table 3.3 - Calculated Increase in Temperature Due to Deformational Heating

Strain  Rate (s'1) Increase in T em perature (°C)
0.000125 0*

0.125 59 ± 1
100 65 ± 3

Uncertainty is ± 1 standard deviation 
* Assumed
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3.1.2.2 Non-Uniformity of Martensite Formation

A study was conducted in order to determine the profile of volume-pct martensite 

as a function of sheet thickness. There were two reasons for this analysis. First, to 

determine if the layer of martensite on the surface influenced the formation of martensite 

underneath the surface. Second, a study by De et a l  (19) showed decreased amount of 

martensite formation from the surface to a depth (25% of sample thickness) in 304 tested 

at -50°C and at a strain rate of 5.2x10"4 s’1. The authors theorized the lessened 

transformation near the surface was due to the lack of constraint near the surface. In this 

study, two samples were strained to an engineering strain of 55% with an applied strain 

rate of 0.000125 s’1. These conditions were chosen because they would produce the most 

martensite formation, i.e. maximum uniform elongation at the slowest strain rate with the 

specimen remaining at room temperature. The results from these two specimens are 

plotted in Figure 3.9. It can be seen that at the surface there is between 60 and 66 volume 

% a'-martensite. Then 1% of the surface was removed by acid thinning, the amount of a'- 

martensite dropped by approximately 10 volume percent. As the material is removed, the 

amount of a'-martensite slowly increases and reaches a plateau value at a depth of 15% of 

sheet thickness, below the surface.
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Figure 3.9: Volume fraction a'-martensite as a function of specimen
thickness for 2 samples of Type 304L tested with an 
applied strain rate of 0.000125 s '1 to a strain of 55%.

3.1.2.3 Chemical Banding

A microprobe analysis was conducted at Los Alamos National Laboratory to 

observe the uniformity of the chemical composition across the thickness. An examination 

was conducted across 48% of the thickness. Cr, Ni and Mn banding was observed with 

differences of 0.95, 0.99 and 0.16 wt. pet. being detected for the three elements 

respectively. The widths of the bands are on average 50 pm. Variations in chemistry may 

cause the steel to be more or less stable with respect to martensite transformation, thus 

resulting in local variations in a'-martensite at depths below 15% the surface. The 

composition variations can cause changes in the Md3o temperatures. The differences in 

composition and the corresponding MD3o can be seen in Figure 3.10. A summary of the 

ranges of Mdso temperatures due to the chemical compositional variations can be seen in 

Table 3.4. It is evident that there is a greater fluctuation in the Nohara et al. (Equation
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[1.3]) M D3o calculation than the Angel (Equation [1.2]). The reason for the greater 

variation in the Nohara et al. equation has a greater dependency on Ni than the Angel 

equation, therefore it can be seen as the Ni sharply decreases there is a sharp increase in 

Md3o. The variation in austenite stability causes slight martensitic banding upon 

deformation. Figure 3.11.
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Table 3.4 - Maximum Fluctuation in Md3o Temperatures Due to Chemical Variations
Type 304L

A uthor M ax. -  Min. Calculated Tem perature (°C)
Angel (6) 9

Nohara et al. (9) 19

Figure 3.11: Light micrographs of Type 304L taken from a test that was
stopped at e = 10% with applied strain rate of 0.000125 s'1. 
To the right is the edge of the specimen and the dark color 
band is in the center. The dark color phase is the a '- 
martensite and the white phase is the matrix. Color tint 
etchant was applied.
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3.1.2.4 Evolution of Martensite

Interrupted tests for strain rates of 0.000125, 0.125 and 100 s'1 were performed 

and x-ray diffraction was used to examine both the bulk (i.e. 15% of total thickness 

removed from one surface) and the surface. The bulk results can be seen in Figure 3.12. 

For all tests, e -martensite was not present. The tests strained with the lowest rate 

exhibited a significantly greater amount of a'-martensite. Up to a true strain of 0.18 the 

rate of martensite formation is slow but for true strain greater than 0.18 the rate is greatly 

increased at the slowest strain rate. For strain rates of 0.125 s’1 and 100 s'1 the rate of 

martensite formation is relatively low. The tests with an applied strain rate of 0.125 s 1 

have almost twice as much martensite as the tests with an applied strain rate of 100 s '1.

The x-ray diffraction results of the sample surfaces can be seen in Figure 3.13. It 

is clear that the amount of a'-martensite on the surface is significantly greater than that 

formed in the bulk, with the exception of the low strain rate-high strain combination. The 

data at the surface exhibits more scatter than in the bulk so the apparent peak in 

martensite content at intermediate strain levels may not be real, this is possibly due to the 

varying amounts of martensite on the surface in the as-temper rolled condition.
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Figure 3.12:
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The microstructural evolution of the a'-martensite for tests conducted with an 

applied train rate of 0.000125 s"1 can be seen in Figure 3.14. At an engineering strain of 

10% the martensite appears very fine and within shear bands. Some of the martensite 

appears to be rounded and out of the shear band. As the strain increases, the shear bands 

appear to get wider and the grain boundaries and annealing twins become evident. A 

microstructural comparison between two samples that were strained to 30%, one with an 

applied strain rate of 0.000125 s '1 and the other with 100 s"1 can be seen in Figure 3.15. 

The sample at 100 s"1 can be misleading because it appears to be more than 4.4% 

martensite but this area was chosen to show that the martensite morphology is similar to 

that of the lower strain rate.



38

(c) (d)

Figure 3.14: Light micrographs of Type 304L taken from interrupted
tests that were strained with an applied strain rate of 
0.000125 s'1, (a) e = 10%, 3.1% a ', (b) e = 20%, 8.1% a ',
(c) e = 30%, 24.9% a ', and (d) e = 45%, 53.2% a '. The 
straw color phase is the a'-martensite and the white phase is 
the matrix. Color tint etchant was applied.
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(a) (b)

Figure 3.15: Light micrographs of Type 304L taken from tests that were
stopped at e = 30% with applied strain rates of (a)
0.000125 s'1, 24.9% a  and (b) 100 s '1, 4.4% a ’. The straw 
color phase is the a'-martensite and the white phase is the 
matrix. Color tint etchant was applied.
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3.2 Effects of Strain Rate - Double Step Deformation

Specimens were deformed to a desired prestrain, then unloaded or held at a 

constant displacement (stress relaxation) for 15 minutes, followed by a second 

deformation.

3.2.1 Type 309

3.2.1.1 Two Step Deformation with 15 Minute Unloaded Interval Times 

Specimens were tested with strain rates of 0.000125 s '1 or 0.125 s"1 where they

were first deformed and then unloaded for 15 minutes followed by a second deformation 

to fracture. The results for the tests with an applied strain rate of 0.000125 s"1 are 

tabulated in Table 3.5. For prestrains of 10% and 20%, there is a yield point which 

appears as a flat plateau (Figure 2.2 (b)). For prestrains of 30% and 40%, upper and 

lower yield points (UYP and LYP) occur as described by Figure 2.2 (e). The difference 

between the UYP and the extrapolated forward stress for both prestrains are equivalent as 

is the difference between the upper and lower yield points. Regardless of the amount of 

prestrain, the relative increase in the yield strength or UYP is essentially equal. 

Furthermore, following each level of prestraining the UTS and uniform elongation are 

correspondingly equal to those of the continuous tests from Section 2.1.1 (i.e. prestrain of 

0%).
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Table 3.5 - Results of Double Step Deformation with 15 Minute Unload for Type 309
with an Applied Strain Rate of 0.000125 s"1

P restra in
(% )

A cfys

(MPa)
A o u y p

(MPa)
U Y P - LYP 

(M Pa)
A<Ty s /<*YS, Theo O r  

A o u y p /<*UYP, Theo ( % )
10 4 ± 1 N/A N/A 0.8 ± 0.2
20 4 ± 1 N/A N/A 0.7 ±0.1
30 N/A 4 ± 0 3 ± 1 0.4 ±0.1
40 N/A 4 ± 1 5 ± 1 0.6 ±0.1

Prestrain A Own UTS Un. El.
(% ) (MPa) (MPa) (% )

0 N/A 639 ± 1 47.6 ± 0 .6
10 0 ± 0 650 ± 1 48.4 ±0.3
20 0 ± 0 649 ± 3 48.5 ±0.1
30 -2 ± 1 644 ± 3 48.7 ±0.3
40 -2 ± 0 642 ± 4 49.6 ± 1.0

Uncertainty is ± 1 standard deviation

Table 3.6 shows the results for the tests conducted with an applied strain rate of 

0.125 s '1 and Figure 3.16 shows one representative curve for each prestrain. Following 

each of the prestrains, the specimen experienced upper and lower yield points as denoted 

by Figure 2.2 (f). As the amount of prestrain increases so does the Aouyp, the difference 

between the upper and lower yield strength. The relative increase in upper yield points 

also increases with prestrain. For prestrains of 10% and 20% the difference between the 

lower yield point and the theoretical stress of the extrapolated forward stress-strain curve 

form the first deformation ( A g w h )  were the same but had a significant increase after a 

prestrain of 30%. As the amount of prestrain increases, so does the UTS and uniform 

elongation.
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Table 3.6 - Results of Double Step Deformation with 15 Minute Unload for Type 309
with an Applied Strain Rate of 0.125 s"1

Prestra in
(% )

A o u y p

(MPa)
U Y P - LYP 

(MPa)
ACTu y p /CTu y P , Th eo  

(% )
10 27 ± 0 2 ± 1 5.0 ± 0.0
20 39 ±1 10± 1 6.2 ±0.1
30 47 ± 3 15 ± 0 7.1 ±0 .5

Prestrain
(% )

Actwh
(MPa)

UTS
(MPa)

Increase in 
UTS (MPA)

Un. EL
(% )

0 N/A 659 ± 2 N/A 31.6 ± 0.6
10 20 ± 1 671 ± 2 12 ± 2 32.4 ±0.8
20 21 ± 1 684 ±1 25 ± 2 34.2 ± 0.4
30 29 ± 2 694 ±1 25 ± 2 38.2 ±0.5

Uncertainty is ± 1 standard deviation
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E ng ineerin g  S tra in  (% )

Figure 3.16: A comparison of engineering stress-true strain plots of
Type 309 tested at a strain rate of 0.125 s"1 with varying 
amounts of prestrain. One representative plot for each 
strain rate.
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3.2.1.2 Two Step Deformation with 15 Minute Interval at Constant Strain

A series of tests were conducted with a 15 minute interval at constant strain. The 

load on the sample decayed with time (stress relaxation). Applied strain rates of 0.000125 

s '1 and 0.125 s '1 were utilized with only a prestrain of 30%. The results are compared to 

the tests discussed above which were fully unloaded for the 15 minute interval time, refer 

to Table 3.7. For the lower strain rate, both the unloaded and loaded interval conditions 

experiences an upper and lower yield point of the same magnitude. Neither the ultimate 

tensile strength nor uniform elongation was significantly affected by the test interruption. 

For the higher strain rate the upper and lower yield points were also of similar value. The 

ultimate tensile strengths and uniform elongations of the two interrupted conditions are 

equivalent with respect to one another and are significantly greater (by about 5%) then 

the single deformation tests.

Table 3.7 - Comparison of the Unloaded Tests to the Loaded Tests for Type 309

Strain 
Rate (s'1)

Interval
Condition

A o u y p

(MPa)
U Y P - LYP

(MPa)
A o u v p /  ® UY P,Theo  

(% )
0.000125 Unloaded 4 ± 0 3 ± 1 0.4 ±0.1
0.000125 Loaded 6 ± 2 4 ± 1 0.9 ± 0.2

0.125 Unloaded 47 ± 3 15 ± 0 7.1 ± 0 .5
0.125 Loaded 40 ± 1 8 ± 1 N/A

Strain 
Rate (s'1)

Interval
Condition

Aowh
(MPa)

UTS
(MPa)

Un. El.
(% )

0.000125 None 639 ±1 47.6 ± 0.6
0.000125 Unloaded -2 ± 1 644 ± 3 48.7 ± 0.3
0.000125 Loaded 0 ± 0 652 ± 7 48.4 ± 0.7

0.125 None 659 ± 2 31.6 ± 0.6
0.125 Unloaded 29 ± 2 694 ± 1 38.2 ± 0 .5
0.125 Loaded 38 ± 2 694 ± 3 36.4 ± 0.7

Uncertainty is ± 1 standard deviation
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3.2.2 Type 304L

In addition the identical sequence of tests that were conducted for Type 309, 

another series of tests was performed in order to evaluate the volume fraction of the 

phases present via XRD. Tests with an applied strain rates of 0.000125 s '1 were stopped 

during the second deformation at a strain of 55% and those tested at 0.125 s '1 were 

stopped at a strain of 40%. The final strain levels correspond to the approximate 

maximum uniform elongation measured from continuous tests (see Section 2.1.2). These 

specimens were then prepared for bulk x-ray diffraction analysis, as described in Section 

2.5.

3.2.2.1 Two Step Deformation with 15 Minute Unloaded Interval Times

Table 3.8 shows the results for the tests conducted with an applied strain rate of 

0.000125 s-1. For a prestrain of 10%, the yield strength is the same as the stress 

extrapolated forward from the first deformation. A prestrain of 20% resulted in a yield 

strength flat plateau that develops as in Figure 2.2 (b). After a prestrain of 30%, an upper 

and lower yield point is produced with the LYP being above the extrapolated forward 

stress. The relative increase in yield stress and UYP slightly increases with prestrain. The 

UTS, uniform elongation and volume percent a'-martensite of the continuous tests from 

Section 2.1.2 (prestrain of 0%) and the interrupted tests are all equivalent.
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Table 3.8 - Results of Double Step Deformation with 15 Minute Unload for Type 304L
with an Applied Strain Rate of 0.000125 s '1

P restra in
(% )

A c t y s

(MPa) l
i

U Y P - LYP 
(MPa)

A cFy s / ^ Y S ,  T h eo  O r  

A < T U Y P /< *U Y P , T h eo  ( % )

10 0 ± 0 N/A N/A 0.0 ± 0.0
30 4 ± 2 N/A N/A 0.6 ± 0.2
50 N/A 11 ±1 4 ± 1 1.6 ± 0.1

P restra in
(% )

Aowh
(MPa)

UTS
(MPa)

Un. El.
(% )

Vol. % a '-m artensite  
a t e= 55 %

0 N/A 755 ± 0 59.1 ±0.7 67.8
10 0 ± 0 748 ± 8 59.8 ± 0.9 70.9
30 0 ± 0 748 ± 3 59.5 ±0.8 68.8
50 3 ± 1 746 ± 2 60.2 ± 0.6 64.6

Uncertainty is ± 1 standard deviation

Table 3.9 shows the results for the tests performed with an applied strain rate of 

0.125 s"1. Representative engineering stress-strain curves are plotted in Figure 3.17. As 

the prestrain increases the Agys increases and then the yield phenomena changes to yield 

point in which the A g u y p  also increases. In this case, the specimens prestrained to 10% 

and 20% exhibit yielding plateaus that do not intersect the extrapolated forward stress- 

strain curve. As the prestrain increases so does the relative increase in the difference of 

the YS and UYP. For prestrain of 40% the specimen experiences an UYP but then 

continuously softens until fracture, hence the UYP -  LYP, UTS, uniform elongation and 

the volume percent martensite are not obtainable. The Aowh increases as the prestrain 

increases from 10% to 30%, but eventually the UTS increases approximately the same 

amount. The UTS of the prestrained samples are greater than that of the continuous tests. 

Although the UTS of the prestrained samples are equivalent, the uniform elongations 

increased substantially as the prestrain increases. Interestingly for prestrains of 10, 20 and 

30%, the volume percent a'-martensite (bulk) is approximately twice that of the 

continuous tests.
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Table 3.9 - Results of Double Step Deformation with 15 Minute Unload for Type 304L
with an Applied Strain Rate of 0.125 s '1

Prestrain
(% )

Aoys
(MPa)

Aouyp
(MPa)

U Y P - LYP
(MPa)

A o y s / © Y S ,  Th eo O r  

A © U Y P /© U Y P ,  Theo  

(% )
10 12 ± 2 N/A N/A 2.4 ±0.4
20 23 ± 2 N/A N/A 3.9 ±0.3
30 N/A 33 ± 1 5 ± 1 5.2 ±0.1
40 N/A 44 ± 2 N/A 6.9 ± 0.2

Prestrain
(% )

A © w h

(MPa)
UTS

(Mpa)
Increase in 
UTS (MPa)

Un. El.
(% )

Vol. % a ’-martensite 
at e=40%

0 N/A 646 ± 2 N/A 42.1 ±0.3 9.4
10 8 ± 3 672 ± 2 26 ± 2 45.2 ±0.5 20.2
20 16 ± 2 676 ± 6 30 ± 6 49.3 ± 1.2 20.1
30 20 ± 0 668 ± 4 22 ± 4 53.5 ±0.2 19.9
40 N/A N/A N/A N/A N/A

Uncertainty is ± 1 standard deviation
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Figure 3.17: A comparison of engineering stress-true strain plots of
Type 304L tested at a strain rate of 0.125 s 1 with varying 
amounts of prestrain. One representative plot for each 
strain rate.
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3.2.2.2 Two Step Deformation with 15 Minute Interval At Constant Strain

These tests were conducted only for strain rates of 0.000125 s’1 and 0.125 s"1 with 

a prestrain of 30%. The results are tabulated and compared to the results of the unloaded 

tests in Table 3.10. At the slow strain rate, pronounced upper and lower yield points are 

observed. This is in contrast to the yielding phenomena found in the unloaded test which 

exhibits a yield stress in a plateau. The increase in stress at which work hardening 

continues ( A g w h )  is slightly greater for the loaded tests, although, the UTS, uniform 

elongations and volume percent a'-martensite are consistent with the continuous tests. At 

the higher strain rate, both interval conditions result in upper and lower yield points of the 

same magnitude and correspondingly equivalent values of UTS, uniform elongation and 

volume percent a'-martensite, which are greater than found in the continuous test.

Table 3.10 - Comparison of the Unloaded Tests to the Loaded Tests for Type 304L

Strain 
Rate (s'1)

Interval
Condition

i
i A o u y p

(MPa)
U Y P - LYP 

(MPa)
A<Ty s /<*YS, Theo O r  

A O u y p /O u YP, Theo ( % )

0.000125 Unloaded 4 + 2 N/A N/A 0.6 ± 0.2
0.000125 Loaded N/A 14 ±1 6 ± 1 2.2 ± 0.2

0.125 Unloaded N/A 33 ± 1 5 + 1 5.2 ±0.1
0.125 Loaded N/A 35 ± 1 4 ±  1 5.6 ±0.1

Strain 
Rate (s'1)

Interval
Condition

Aowh
(MPa)

UTS
(MPa)

Un. El.
(% )

Vol. % 
a'-martensite

0.000125 None N/A 755 ± 0 59.1 ±0.7 67.8
0.000125 Unloaded 0 ± 0 748 ± 3 59.5 ±0.8 68.8
0.000125 Loaded 4 ± 2 755 ± 3 59.4 ±0.9 69.0

0.125 None N/A 646 ± 4 42.1 ±0.3 9.4
0.125 Unloaded 20 ± 0 668 ± 4 53.5 ±0.2 19.9
0.125 Loaded 23 ±1 676 ± 2 55.0 ±0.1 18.8

Uncertainty is ± 1 standard deviation
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4.0 DISCUSSION

The differences in mechanical properties and work hardening rates of the two 

materials are explained by means of martensite transformation and stacking fault energy. 

The martensite transformation in the bulk is modeled via a constitutive equation. The rate 

of martensite transformation varies as the depth from the surface increases up to the bulk.

The double step deformation with two interval conditions was investigated. These 

tests were conducted to investigate the mechanical properties of the second deformation 

and how strain rate, temperature and interval conditions affect them. Upon reloading, the 

yielding phenomena, ultimate tensile strengths and uniform elongations are discussed 

with respect to the operative strengthening mechanisms.

4.1 Effects of Strain Rate - Single Step Deformation

4.1.1 Ultimate Tensile Strength

The characteristics of the ultimate tensile strengths with respect to strain rate are 

different for the two materials; refer to Figure 3.2 and Figure 3.6. As the strain rate 

increases, the UTS of Type 309 gradually increases up to a strain rate of 10 s '1 and then 

the UTS increases more rapidly as the strain rate increases. On the other hand, Type 304L 

has the greatest UTS at the slowest strain rate. As the rate increases the tensile strength 

decreases and then at approximately 0.125 s '1 the rate increases. The change in UTS 

occurs because as strain rate increases more deformational heat is retained in the sample, 

which increases the temperature of the sample and in turn inhibits the transformation to 

martensite. At a strain rate of 0.000125 s"1 there is no temperature rise due to 

deformational heating because all of the heat from deformation is dissipated. At greater 

strain rates the temperatures of the tensile rises until 0.125 s '1 and at higher strain rates 

the deformational process is adiabatic. So at a strain rate of 0.125 s"\ the maximum
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temperature is generated from the deformational heating and the greatest inhibition of 

martensite formation is achieved. Therefore, changes in properties at strain rates above 

0.125 s"1 must be attributed to sources other than martensite formation. At strain rates 

greater than 0.125 s"1 the trend for UTS is similar to the 309. The rise in temperature 

abates the martensite transformation and explains the significant difference between the 

amount martensite formed for 0.000125 s '1 and the higher strain rates in Figure 3.9. For 

strain rate of 0.000125 s’1, the amount of martensite starts to rapidly increase at an 

approximate strain of 0.17, which is reflected on the stress-strain curves by the second 

increase in work hardening at roughly the same strain. This phenomenon has been well 

recorded in the literature (6, 7, 11, 12, 21-23). For strain rates of 0.125 s’1 and 100 s'1, the 

amount of martensite also starts to increase at an approximate strain of 0.17, although 

there is not an adequate quantity to change the shape of the flow curve from parabolic to 

sigmoidal.

4.1.2 Uniform Elongation

The trend in the uniform elongation of Type 309 resembles that of Type 304 but 

as a result of different mechanisms. For the 309, at slower strain rates the material 

experiences the greatest uniform elongation and then the uniform elongation decreases up 

to a strain rate 0.125 s’1. At the lowest strain rate the deformational heating of the 

specimen is fully dissipated so when incipient necks form there is localized flow in the 

necks, the necks work harden and the strength is increased to amount greater than the 

area outside the neck, which causes new incipient necks to form. As the strain increases 

the temperature of the specimen starts to increase and when the specimen develops 

incipient necks there is localized heating that lowers the strength locally, this 

macroscopically lowers the uniform elongation. The uniform elongation decreases until a 

strain rate of 0.125 s '1, which is the temperature at which adiabatic conditions start, and 

then increases as strain rate increases. The rise in temperature of the specimens is
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sufficient for an increase in ductility to occur. When 304L is deformed at low strain 

rates, the rapid increase in martensite (around strains of 0.17) contributes to the high 

uniform elongation because martensite can form during incipient necking. The elongation 

decreases with increasing strain rate until a strain rate of 0.125 s’1 because the 

deformational heating of the sample also increases and hinders the martensite formation 

during incipient necking. Since there is less martensite at high strain rates, the material 

acts similarly to the 309 and the uniform elongation increases. Similar trends in UTS and 

uniform elongations have been seen in other stable and metastable austenitic stainless 

steels (10, 21, 22). Environmental scanning electron microscope (ESEM) images of the 

fracture surfaces for tests at 0.000125 s’1 and 100 s’1 show that all failures to be of the 

dimple type with no indication of brittle cleavage. Images can be seen Appendix F.

4.1.3 Strain Rate Sensitivity

The decrease in strain rate sensitivity with strain for both metals is compared in 

Figure 4.1. The trends in strain rate sensitivity for both low and high strain rates are 

apparent for both alloys, refer to Figure 3.4 and Figure 3.8. For the 309 the strain rate 

sensitivity decreases as strain increases up to the uniform elongation. The increase in 

strength in at high strain rates have been observed in other fee metals such as aluminum 

(24, 25) and copper (26, 27). This increase in strength is also seen in the 304L but only at 

low strains (i.e. low amount of martensite). At strains greater than 0.17 the constant linear 

trend is no longer applicable because the stresses at the lower strain rates have risen due 

to the large amount of martensite that forms. Stout and Follansbee (28) observed an 

increase in flow stress at approximately 100 s '1 for a 304L, while Lee and Lin (29) at 

1000 s’1 saw similar increase in flow stress for 304L. The strain rate sensitivity of 309 

decreases as strain increases; whereas for 304L the strain sensitivity first decreases and 

then appears to increase due to martensite formation. The strain rate sensitivity decays at 

a greater rate for the 309, as a result of its greater stacking fault energy. Similar curves
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have been observed by Huang et al. (12). Both curves in Figure 4.1 are characterized by 

the following equations and are valid for strain rates ranging form 0.000125 s'1 to 1.25

0 .0 2 5

0.02

>
0 .0 1 5

ed
c  0.01
2

0 .0 0 5
Type 309 
Type 304L

0 0 .05 0.1 0.2 0.25 0 .30 .15
T rue Strain

Figure 4.1: A comparison of the change m-value as a function true
strain. The m-values are taken as the slopes on Figure 3.4 
and Figure 3.8 of the given strain for strain rates ranging 
from 0.000125 s '1 to 1.25 s '1.

Type 309: m = 0.0054s-04732 [4.1]

Type 304L: m  = 0.0062s"0 3479 [4.2]

It is apparent that both materials respond differently to the high strain rates than 

the low strain rates. This dependence is related to the dislocation behavior. The total 

applied stress required to move a dislocation is composed of an athermal component and 

a thermally activated component. The athermal component is necessary to overcome



52

long-range stress fields and the thermally activated component is related to the short- 

range stress-fields. It is well known that at low strain rates the deformation mechanism is 

controlled by thermal activation. It was first believed that the change in strain rate 

sensitivity at higher strain rates occurs due to viscous drag, where dislocation velocity is 

controlled by the dissipation of energy as it moves through the lattice (25, 26, 30). 

Alternatively, it has been shown that viscous drag is not the responsible mechanism but 

the change in strain rate sensitivity with strain rate results from an increased rate of 

dislocation generation (31, 32). Johnson and Tonks (33) concluded that viscous drag in 

OFE copper was not responsible for the increase in flow strength for strain rates greater 

than 1000 s '1. Ludwigson (34) suggests that 304L with a low SFE tends to have planar 

glide of dislocations during plastic deformation until the strain is sufficient for 

dislocations to start cross-slip and create cells. At high strain rates the temperature 

increases due to deformational heating, which aids in cross-slip and gives rise to an 

increased density of tangled dislocations. As the strain increases more dislocations are 

generated and the cell sizes become smaller with an increased wall thickness. Lee and 

Lin (29) investigated 304L at high strain rates (0.001 s '1 to 4800 s '1) and saw an abrupt 

change in flow stress at 1000 s '1. They studied the microstructural evolution over these 

strain rates and found the microstructural behavior to be consistent with Ludwigson. Of 

course, the increase in dislocation density increases the resistance to dislocation motion 

and results in greater flow stresses. Murr (35) observed similar microstructural evolution 

with shock loaded copper and nickel.

4.1.4 Work Hardening

Another method to observe the effects of martensite is to evaluate the work 

hardening of the materials. The work hardening rate as a function of strain for each strain 

rate was calculated for 309 and 304L and plotted in Figure 4.2 and Figure 4.3. For Type 

309, the work hardening rates from 0.000125 s '1 to 10s"1 are very similar. The slowest
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rate tests are parabolic, which has also been seen for stable 304 at low strain rates (12).

At 0.00125 s '1 the stress-strain curve is less parabolic and then at the strain rate of 0.0125 

s '1 and above the curves change to a sigmoidal shape. The shape change may contribute 

to the increase in temperature due to deformational heating, which lowers the flow stress 

(thermal barriers) and also increases the SFE (36, 37), which promotes more dynamic 

recovery (38). SFE of both metals were calculated using the relation developed by 

Schramm and Reed (39). The SFE of 309 and 304L are 45mJ/m2 and 17mJ/m2, 

respectively. At 100 s"1, the work hardening rate appears to be lower than the other strain 

rates and has a region where the work hardening rate decreases more slowly than the 

lower strain rates. There are two possible reasons for the low decrease of the 100 s '1. 

Firstly, it can be explained by the above dislocation generation mechanism during high 

strain rate deformation and also that at higher strain rates the deformational heating 

occurs and raises the temperature sufficiently to lower the work hardening rate by 

increasing dynamic recovery. Secondly, it could result from the curve smoothing routine 

used to process the data.

The characteristics of the work hardening rate versus strain curves are different 

for Type 304L. Similar results have been seen observed (12, 23), where significant 

amounts of martensite produce an increase in work hardening and when there is small 

amounts of martensite the work hardening decreases. The slowest strain rate the work 

hardening starts to rapidly increase at an approximate strain of 0.17. This strain 

corresponds with the rapid increase in flow stress as observed on the stress-strain curve 

(Figure 3.5) and the rapid increase in the volume fraction of a'-martensite (Figure 3.12). 

At a strain rate of 0.00125 s '1 there is also an increase in work hardening at intermediate 

strains but to a lesser extent than the 0.000125 s '1 presumably due to the slight decrease 

in martensite formation. At 0.0125 s '1 and above the flow curves do not exhibit any 

increase in the work hardening rate. Although the faster strain rates do not increase the 

work hardening rate, each lessened the decrease in work hardening rate around a strain of
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0.17, which again corresponds with the strain at which the martensite transformation rate 

increases. The decrease in work hardening rate at a strain of 0.17 again shows that as 

strain rate increases the amount of deformational heating increases and hence the amount 

of martensite transformation is hindered. The test at 100 s '1 again behaves slightly 

different than the tests at other strain rates by having an initial lower work hardening rate. 

There appears to be a slight increase around a strain of 0.17. The 309 tested at 100 s’1 

experiences a decrease in work hardening rate and the influence of martensite in the 304L 

also slows the decrease in work hardening rate. So it is possible that when the 

transformation rate increases at 0.17, plus the increase in dislocation density due to the 

high strain rate deformation that occurs at high strain rates that there is a slight increase in 

work hardening. When comparing the work hardening characteristics of the two metals it 

is apparent that 309 has a greater decrease in work hardening rate, which is expected 

because of the greater SFE, which promotes dynamic recovery. The influence of 

martensite formation in 304L reduces the decrease in work hardening rate that would 

otherwise been observed because of deformational heating and the resultant drop in flow 

stress and increase in SFE.
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Figure 4.2: Work hardening versus true strain for Type 309. The lines
were obtained by differentiating the average polynomial for 
each strain rate. The first points for strain rates from 
0.000125 s '1 to 10s"1 were obtained by determining the 
point by hand when the test reached a steady state strain 
rate. This point is then “Fitted” at the strain at which the 
polynomial overlapped the actual data.
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Figure 4.3: Work hardening versus true strain for Type 304L. The lines
were obtained by differentiating the average polynomial for 
each strain rate. The first points for strain rates from 
0.000125 s"1 to 10 s’1 was obtained by determining the 
point by hand when the test reached a steady state strain 
rate. This point is then “Fitted” at the strain at which the 
polynomial overlapped the actual data.

4.1.5 Yield Strength Comparison

Although both steels commence with a fully austenitic microstructure, the 

variation in chemical composition causes the austenite to act slightly differently. Both 

309 and 304L experience an increase in yield strength with strain rate but Type 309 

increases more readily, refer to Figure 4.4 and Table 4.1. Irvine et al. (40) studied Type 

302 and developed a constitutive equation to predict the yield strength based on 

chemistry and grain size. Ohkubu et al. (41) also developed an equation for SUS 304 

based on chemistry for a constant grain size of 30 pm. A comparison of the yield 

strengths using both equations can be seen in Table 4.2. These calculations are a
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guideline to calculate theoretical yield strengths based on chemistry. It is evident that the 

difference in yield strengths between 309 and 304L escalates as strain rate increases. In 

contrast to these equations, the yield strength of each material is also a function of strain 

rate.
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Figure 4.4: Comparison of the yield strengths of Types 309 and 304L.

Table 4.1 - Average Difference in Yield Strengths between Types 309 and 304L

Strain  Rate ( s '1) Actys = <*YS, 309 — <ÎYS. 304L (MPa)
0.000125 -9  ± 3
0.00125 4 ± 6
0.0125 15 ± 3
0.125 22 ± 2
1.25 32 ± 5
10 4 4 ±  10

100 54 ±11
400 61 ± 22

Uncertainty is ± 1 standard deviation
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Table 4.2 - Calculated Yield Strengths of Types 309 and 304L

Author < ty s , 309 (MPa) <*YS, 304L  (MPa) <*YS. 309  — (?YS, 30 4L  (MPa)
Irvine et al. 199 148 52

Ohkubu et al. * 603 484 119
* The actual grains sizes of both grades are approximately 30pm.

4.1.6 Olson-Cohen Model

To test whether or not the martensite formation in the Type 304L is dependent on 

strain rate rather than just temperature the Olson-Cohen analysis was used. Olson and 

Cohen have modeled the kinetics of the strain-induced transformation using the data of 

Angel. Their model is based on a temperature dependent temperature and assumes that 

microscopic shear band intersections are the prevailing nucléation sites (refer to (42) for 

the full derivation). The model states:

f a' = \ -  exp{-y0[l -  e x p ( - a e ) r } [4.3]

The volume fraction a'-martensite, , is dependent on two parameters a  and 0 , a 

fixed exponent n and the imparted strain, £ . The a  parameter is a strain-independent 

constant that represents the rate of shear-band formation, which is dependent on stacking 

fault energy and strain rate and potentially grain size and crystallographic texture.. The 

0  parameter is related to the probability that an intersection will form an embryo and is 

temperature dependent through its relationship to the chemical driving force for the 

transformation of y—>a'. An exponent of n = 4.5 was found to be the best fit.

It is desired to use Equation [4.3] to model the behavior of the steel in the current 

study but it is necessary to evaluate the factors that affect the values of the a  and 0  

parameters. Hecker et al. (7) applied Olson and Cohen’s model to another heat of 304. 

Using the same value for the exponent (i.e. n = 4.5), they found that a  and 0  acted in a 

similar manner to the trends derived by Olson and Cohen but the dependence of the
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values on temperature were slightly different. It is likely that the difference is due to a 

variation in chemistry, which caused the martensite of Hecker et al. to be more unstable 

near room temperature. The difference between the Hecker et al. and the Olson-Cohen 

parameter values can be summarized as follows: for every 2°C a  was shifted to the right 

and p  was shifted 1°C.

The major difference between Angel and Hecker et al. materials appear to be the 

grain size, ASTM 6 and ASTM 9 respectively. Hecker et al. did not determine the levels 

of N, Mn, and Si, all of which have an affects on alloy stability. The most notable 

difference between the material of Angel and the current study is the chemistry, carbon in 

particular. The Mdbo equations of Angel and Nohara demonstrate that carbon has a great 

influence on the alloy stability. Therefore it is assumed that in this study that p , which is 

a measure of stability will be shifted, with temperature more that a  .

For strain rate of 0.000125 s"1 (isothermal room temperature), the Olson-Cohen 

model was fit to the current experimental data. A good fit was obtained when the 

parameters are shifted such that for every 3°C that p  was shifted to the right of the p  

derived for Angel’s material, a  was shifted 1°C. Plots of a  and p  values as a function 

of temperature are shown in Figure 4.5. Figure 4.6 shows the volume fraction of 

martensite as a function of true strain with the actual data from the present study and the 

predicted amount of martensite using the predicted parameters from Figure 4.5, a  = 4.4 

and P  =1.8, for a room temperature isothermal test.
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Figure 4.5:
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The variation of the Olson-Cohen a  and P  parameters 
with temperature. The Lichtenfeld - Predicted curves are 
the fitted Angel plots shifted to the right so that Equation 
[4.3] provides a good fit to the present data for isothermal 
tensile strain at 0.000125 s '1 and 24 °C.
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Figure 4.6: Volume fraction a'-martensite as a function of true strain
for actual data from the present study of 304L tested with 
an applied strain rate of 0.000125 s '1 (isothermally at 24 
°C) compared to predicted values using the modified Angel 
parameters.

The change in temperature was calculated using Equation [2.1] in increments of 

0.025 true strain for strain rates of 0.125 s"1 (24 °C to 83 °C) and 100 s '1 (24 °C to 89 °C). 

Predicted a  and p  were calculated from the behavior shown in Figure 4.5, for each 

increment of strain and corresponding temperature. The actual volume fraction martensite 

for 0.125 s '1 and 100 s"1 are compared to the predicted values in Figure 4.7. The predicted 

Md3o is 71 °C, hence the predicted values have plateau. The measured amount of 

martensite is greater than the amount predicted by the Olson-Cohen model. These results 

clearly indicate that strain rate does influence the amount of strain-induced martensite 

that forms.



6 2

Actual - 0.125 s 1 - 24 °C to 83 °C 
Predicted - 24 °C to 83 °C 
Actual - 100 s 1 - 24 °C to 89 °C 
Predicted - 24 °C to 89 °C0 .1 2 -

I
J  '
- t  0 . 0 8 -
<

1
0.04 -

0 0.1 0.2 0.40.3 0.5
T ru e  S tra in

Figure 4.7: Volume fraction a ’-martensite as a function of true strain
for actual data from the present study of Type 304L tested 
with an applied strain rate of 0. 125 s '1 with the specimen 
temperatures changing from 24 °C to 83 °C and 100 s"1 with 
the specimen temperatures changing from 24 °C to 83 °C. 
Predicted values using the modified Angel parameters were 
plotted for the two temperature evolutions.

4.1.7 Martensite Formation

From the micrographs in Figure 3.14 and Figure 3.15 it is apparent that the 

difference between 309 and 304L is the lath martensite present in the Type 304L. In each 

of the micrographs of 309, the shear bands and grain boundaries are revealed. The 304L 

was etched to expose the martensite. It has been well documented that strain induced oc'- 

martensite has lath morphology (1, 37, 43, 44). The x-ray diffraction results indicate that 

e-martensite is not present and therefore the sequence of transformation is shown to be
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y—»ex'. Studies conducted by Suzuki et al. (45) and Brooks et al. (46) showed using in situ 

high-voltage TEM, that a ' nucleates at intersecting slip bands with the aid of pile-up 

dislocations closely spaced on {111 }r  At higher strains it appears that the martensite 

grows out of the {111 }Y plane. Suzuki et al. (45) observed that individual a ' embryos 

combine and grow into polyhedral martensite defined by the habit plane {529}r  Brooks 

et al. (46) observed a ' embryos grow perpendicularly along one side of the active slip 

plane. The habit plane of the martensite growth was close to the {225}y. Murr et al. (44) 

found that a ' laths are composed of many small a ' embryos stacked together. They 

concluded that the formation of a ' embryos spaced very closely coalesce into continuous 

laths giving the appearance of propagation from an initial embryo in a {111 }Y plane or 

out of it. Murr et al. (44) observed that the number of shear band intersections increased 

in Type 304 when comparing low and high strain rate tests and concluded that the 

increase in temperature due to adiabatic heating resulted in an increase in SEE, which 

resulted in more narrow shear bands. The morphology of the martensite formed during 

tests at strain rates of 0.000125 s '1 and 100 s 1 (Figure 3.15) is the same, which is in 

accordance with the findings of Staudhammer et al. (47), who concluded that strain rate 

does not affect the morphology of the of-martensite.

Image analysis was conducted on the micrographs of the 0.000125 s '1 interrupted 

tests. The results are plotted in Figure 4.8 and are compared with the results of the x-ray 

diffraction. The amount of martensite given by the image analysis appears to be 

consistent with the x-ray diffraction. Although the image analysis appears to be 5 percent 

greater than the x-ray diffraction amounts. The difference may be attributed to etching 

technique and thee way in which the edges of the color tint blurs.
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Figure 4.8: Comparison of the volume percent martensite values
obtained by x-ray diffraction and image analysis for Type 
304L tested with an applied strain rate of 0.000125 s '1.

4.1.8 Effect on Martensite on Strength

There are several mechanisms in which martensite strengthens the system. 

Martensite has a greater strength than austenite, hence, when it forms it increase the 

strength of the matrix. Although martensite forms during straining, the existing 

martensite deforms within the system. Using the same approach as Mileiko (48), 

martensite can strengthen the system like a continuous fibre composite. Although, in this 

case there is a continual refinement of the mixture as the strain increases. The absence of 

voids between the martensite and austenite interface indicates complete bonding occurs 

and validates the rule of mixtures. Ashby (49) suggests that geometrically necessary 

dislocations dominate plastic deformation at low strains and then statistically stored 

dislocations govern the subsequent deformation. The presence of the martensite reduces
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the geometric slip distance and facilitates the increase in the geometrically necessary 

dislocation density. This explanation indicates why the reduction of the work hardening 

rate of the Type 304L is less significant than Type 309. Using the stress-strain curves 

and the martensite transformation curves of strain rates of 0.000125 s '1 and 0.125 s '1. 

Figure 4.9, and Equation [4.4], is calculate that for every 1% of martensite there is a 4 ± 1 

MPa increase in strength. The increase in strength reflects the formation of new 

martensite and the deformation of martensite already present in the system.
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Figure 4.9: True stress-strain curves plotted for Type 304L. The
0.000125 s"1 flow curve corresponds to the left hand axis 
and the 0.125 s '1 corresponds to the right hand axis.

Increase in Strength, Martensite = ------------------------ ;— = 4 ± 1 MPa [4.4]
AVol. pet.Martensite
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It has been shown that martensite affects the mechanical properties, thus modeling 

the flow curves is of interest. Stout and Follansbee (28) found that for a Type 304L tested 

at 0.0001 s"1 (non-sigmoidal stress-strain curve) that the Voce law gives a prediction over 

the entire stress-strain curve but in the yield region both the Swift Law and Ludwik Law 

give better approximations. Constitutive models have been developed to describe the 

deformation behavior under low and high strain rate tests by Johnson and Cook (50) and 

Zerillli and Armstrong (51-53). Lee and Lin observed that the dynamic flow behavior of 

a Type 304L to be best described by Zerillli and Armstrong’s most recent constitutive 

model (53).

4.1.9 Constitutive Model for Martensite Formation

The volume fraction of martensite was measured as a function of strain and strain 

rate. Therefore it is desired to model the transformation behavior. Olson and Cohen (42) 

modeled the kinetics of the strain-induced transformation, which is based on the 

assumptions that the martensite nucleates on microscopic shear band intersections. This 

model was not employed because the constants are not obtainable from the current tests. 

Sugimoto et al. (54) characterized the retained austenite to a'-martensite in a TRIP-aided 

dual-phase steel. The relationship between the amount retained austenite,/ÿ, and tensile 

strain, e, is given by:

log(/x ) = logC/po ) -  ke  [4.5]

where fyo is the initial amount of austenite in the specimen and A:-value is a constant. In 

their initial study. A:-value was a function of test temperature. In the present study two 

modifications have made to their equation. Firstly, the £-value was studied as a function 

of strain rate. Secondly, the austenite to a'-martensite transformation varies with strain 

(strains lower than and greater than 0.17) and with strain rate. It is evident by referring to 

the low rates on the stress-strain curves (Figure 3.8), the a'-martensite transformation 

curves (Figure 3.12) and the work hardening rate plots (Figure 4.3) that although
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martensite forms at low strain values there is a distinct increase in strength after a strain 

of 0.17 ± 0.01. Thus, a strain of 0.17 will be referred to as the critical strain (cc). The 

critical strain, ec, at which there is an increase in the martensite transformation rate is 

influenced by chemistry, grain size, temperature and strain rate. When strained at room 

temperature in air, the temperature rises slowly during the initial strain. Therefore, using 

the same critical strain (0.17) for all three strain rates can be valid. The plots in Figure 4.7 

based on the Olson-Cohen model appear to have the critical strain at an approximate true 

strain of 0,10 but the actual tests at 0.125 s’1 and 100 s"1 exhibit a critical strain at roughly 

0.17.

Strains of less than ec will be referred to as £\ and strains greater than ec will be 

£2 . Figure 4.10 is a plot of \og(fy)  versus true strain where th e /y is in volume percent, the 

slope of the curves are the respective ^-values. It is evident that there are two regions 

divided by the critical strain. The negative of the values for both groups were plotted as 

a function of log(Strain Rate) in order to obtain the respective relationships as shown in 

Figure 4.10.
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Since 304Lhas two distinct rates of transformation, it is then possible to modify 

Equation [4.5] into the general form given by Equation [4.6]. The constants for the new 

equation were determined and are given in Table 4.3 and the conditions for the variables 

are given in Table 4.4.

lo g (/7) = lo g (/z0) + + k 2£2 [4.6]

Table 4.3 - Constants for Type 304L that Belong in Equation [4.6]

Constants Value or Relationship
fvO 100 (100% austenite in the bulk)
- h [0.0015(log(SÆ))2-0.0151 log(Sfi) + 0.0636]
- k 2 [-0.0082(log(SR))3 + 0.035 l(log(SR))2 -0 5 1 51og(Sfi) + 0.1352]

Table 4.4 - Constants for Type 304L that Belong in Equation [4.6]

Variable Condition Value
Sl Si < S C £ l = £
£2 f2 > ec S2 = S -  Sc

Two obvious limitations for this equation are related to the high strain region. Firstly, it is 

known that the maximum saturation of martensite is below 90% (6) and that saturation 

levels are lowered by test temperature (6, 7) (or increased strain rate). Although 

temperature is not directly included in the equation, it is indirectly included in the 

martensite fit because as strain rate increases the deformational heating increases.

4.2 Martensite Variation with Depth from the Surface

Figure 3.9 shows that when 1% of the sheet thickness is removed from the surface 

of 304L the amount of martensite decreases and eventually reaches a constant level at a 

depth of 15%. The initial thickness of the material is 1.50 mm (1500 pm), so 1% is equal 

to 15 pm and the grain size is approximately 27 pm (ASTM 7.5). This misleads the
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reader to think that half of a grain was removed but the material was temper rolled to 

enhance the surface finish. Rolling elongated the surface grains, reducing their dimension 

perpendicular to the sheet. Therefore, it can be assumed that 1 % from the surface 

represents one full grain. When strained to an engineering strain of 55% with a strain rate 

of 0.000125 s '1, the amount of martensite drops by approximately 10% when this 

deformed grain was removed, then it gradually increases until it reaches a plateau at a 

depth of 15% (Figure 3.9). This depth is an equivalent of about 8 grains. De et al. (19) 

reported that 25% from the sheet surface should be removed for a Type 304 submerged to 

-50°C. Their initial sheet thickness was 1mm (1000 pm) with a grain size of 58 pm, the 

amount removed from the surface is approximately 4 grains. The number of grains 

removed in this study are greater, 8 versus 4, but the total thickness removed from the 

sheet surfaces to reach the steady state plateau in volume percent a'-martensite is 

approximately the same, 225 pm in this study versus 250 pm in the study of De et al. 

There appears to be an increase in martensite at a depth of 5%. It is unknown why a 

significant increase in martensite occurs at a depth of 5% but it occurred in both of two 

randomly selected samples. This depth represents 4 grains, which is consistent with De et 

al.

Equation [4.6] adequately characterizes the austenite to a'-martensite 

transformation in the bulk but the surface of the 304L material behaves differently. The 

as-received material has approximately 15% a'-martensite on the surface due to temper 

rolling. Varma et al. (55) conducted a study with 304 and 316, when 304 was rolled it 

produced more strain-induced martensite than uniaxial tension while 316 produced very 

little martensite in uniaxial tension and a significant amount when rolled. Varma et al. 

performed martensite readings with a Ferriscope, which provides an average martensite 

reading for the full sheet thickness, as oppose to the XRD technique utilized in this study 

that penetrates only 4 pm from the surface, giving a more accurate value of the bulk 

phases. For the three strain rates, the relative increase in the transformation of martensite
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due to tensile straining is different. For the test with an applied strain rate of 0.000125 s '1, 

the amount of martensite on the surface is initially higher than the bulk but is slightly 

lower than the bulk at strains near the uniform elongation. These observations suggest 

that the lack of constraint on the surface causes the transformation rate to be slower than 

in the bulk. The opposite was found to be true at higher rates. After a strain of 0.30 at 

strain rates of 0.125 s’1 and 100 s '1, there is approximately 24.6% and 27.6% a '- 

martensite on the surface but only 8.6% and 4.6% in the bulk, respectively. At these 

higher strain rates the system is adiabatic and retains all of the deformational heat. 

Although the fundamentals of heat transfer indicate that the temperature on the surface is 

similar to the bulk (Appendix G), it is more likely that the depth of 4 pm from the surface 

in which the XRD penetrates is cooler than the bulk. After the intermediate strain rtes of 

0.125 s"1, the amount of martensite that forms on the surface is slightly greater than the 

bulk. Thus, it is apparent that the amount of martensite that forms during straining on the 

surface and in the bulk increases with strain rate.

As a result of this observation, a few supplemental tensile experiments were 

conducted to examine the variation of martensite at the surface and bulk. Two specimens 

strained to an engineering strain of 40%, one with a strain rate of 0.000125 s"1 and the 

other with a strain rate of 0.125 s '1. Table 4.5 shows the comparison for the amount of 

martensite formed on the surface (represented as actual measurement via XRD -  as- 

received sheet martensite), 1% removed from the surface and the bulk (15% removed 

from the surface). For 0.000125 s '1 test, the surface had less martensite than the bulk 

where at a depth of 1 % there was about 20 volume pet less martensite than the amount in 

the bulk and 13 volume pet less than the surface. For strain rate of 0.125 s '1, the surface 

was slightly greater than at 1% depth as was the bulk value. A possible explanation for 

the additional martensite on the surface at the surface is that the martensite on the as- 

received sheet acts to nucleate more a'-martensite during deformation in tensile test along
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with the highly dislocated structure due to temper rolling will aid in the nucléation of 

more martensite.

Table 4.5 - Comparison of the Amount of Volume Percent a'-martensite at Various 
Depths from the Surface for Two Strain Rates Stopped at an Engineering Strain of 40%

Strain Rate
(s'1) Surface 1% Removed 

from Surface Bulk

0.000125 34.2" 21.3 40.7
0.125 12.9 ” 7.0 9.4

Actual amount of a'-martensite was 49.5 but there was an 
average of 15.3% in the as-received condition.
**Actual amount of a'-martensite was 28.2%.

4.3 Effects of Strain Rate - Double Step Deformation

Both 309 and 304L responded similarly to the two step deformation with 15 

minute unloaded interval times with strain rates of 0.000125 s"1 in which there was 

yielding phenomena upon reloading but no change in UTS and uniform elongation when 

compared to the continuous tests. Upon reloading, the yield points are first continuous 

(Type 304L only), then yielding on a plateau and then upper and lower yield points are 

observed as the prestrain is increased. The difference between the upper yield point and 

lower point also increases with prestrain. But the relative increase in yield strength and 

upper yield point is constant. After yielding, when the material begins to work harden, it 

continues from exactly or just about the same stress as the extrapolated forward stress and 

consequently has the same ultimate tensile strength and uniform elongation. Samples of 

Type 304L evaluated via XRD show no additional martensite formation as a result of the 

double step deformation at 0.000125 s '1.

When tested with an applied strain rate of 0.125 s '1, the yielding phenomena upon 

reloading for Type 309 has upper and lower yield points. For Type 304L, as the prestrain 

increases the yielding phenomenon changes from continuous yielding to upper and lower
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points. For both materials there is an increase in the difference between the yield 

strength/upper yield point with respect to the predicted forward curves, and an increase in 

the relative yield strength/upper yield points as well as an increase in the difference of 

strength when work hardening continues ( A g Wh ) .  It is believed that that the increase in 

Aowh is a result of the temperature of the specimen cooling back to room temperature, 

thus upon reloading the specimen is cooler then it was at the end of the first deformation.

The absence of the temperature rise during the 0.000125 s '1 tests gives insight into 

why there was no significant change in the Agwh as well as ultimate tensile strength, 

uniform elongation and in the case of the 304L no additional martensite formation. It is 

interesting to see that for the 309 the increase in ultimate tensile strength closely 

corresponds with the increase in stress at which work hardening continues while the 304L 

has an increase in ultimate tensile strength that is significantly greater than the increase in 

Aowh- The increase in martensite for the 304L gives reason for the extra increase in 

ultimate tensile strength and uniform elongation. It is suspected that extra martensite 

formation is due to the interrupting of the test and which allowed the specimen to cool to 

room temperature. Thus, upon reloading the austenite to martensite transformation is no 

longer hindered by the increase in temperature that occurs due to deformational heating. 

Although the kinetics of the martensite transformation during the second deformation 

was not investigated, each of the prestrained tests results in the same amount of 

martensite (at engineering strain of 30%). It is suspected that the equivalent amount of 

martensite occurs because as the prestrain increases so does the amount of shear bands, 

hence during the second deformation there is a greater chance for new shear bands to 

intersect pre-existing shear bands and form nucléation sites for martensite. Also, as 

prestrain increases it evident that the martensite has a tendency to form in the incipient 

neck and prolongs the uniform elongation. What is interesting is that the Type 309 also 

experiences an increase in uniform elongation. Neff et al. (22) observed that stable 

austenitic stainless steels have greater uniform elongation at lower temperatures due to
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greater strain hardening, which is presumed to be due the hindering of dynamic recovery. 

The 309 also undergo cooling during the interruption, which could increase work 

hardening as well as increase flow stress an incipient neck that has previously heated and 

softened locally during the initial deformation step.

Haasen and Kelly (56) performed a series of quasi-static unloaded tests of single 

crystals of pure aluminum and nickel at temperatures ranging from 20K to 300K. They 

investigated the term defined in the present study as A c j l y p  but performed an 

extrapolation from the second deformation back to the prestrain, which will be denoted as 

ÀOl. They observed an increase in Aol as the strain increased. They found that there 

was no effect on the yielding phenomenon for interval times from 1 minute to several 

hours for both types of crystals. It was concluded that strain aging does not occur because 

of the rearrangement of dislocations during unloading. They proposed that the relaxing 

dislocations are anchored due by the formation of sessile dislocations and/or the elastic 

interaction of dislocations. They explained that a rise in temperature during unloading 

will facilitate the dislocation rearrangement and increase the yield point. Bullen and 

Hutchison (57) performed a two step deformation study with an unloaded interval time 

with high purity (99.999%) copper and super-purity (99.99%) aluminum. The tests were 

first performed at an elevated temperature and then cooled to 77K. They used a term 

similar to A g Ly p /  g l y p , Theo and found that as the prestrain increases so does A g Ly p /  g Ly p , 

Theo but they observed that an increase in ATs contribute to an even greater A g l y p /  g l y p , 

Theo- These results are consistent with the results of the present study because it was 

observed that there is an increase in the yield drop (upper minus lower yield point) as the 

strain rate increases, which occurs because the deformational heating at 0.125 s '1 

increases the temperature, which facilitates the dislocation rearrangement.

Rose and Glover (58), who investigated austenitic stainless steels and ran a series 

of double deformation tests with the samples held under load for various interval times. 

They observed an increase in strength for ageing times greater than 15 minutes. They
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calculated that a carbon atom jumps only once every 1010 seconds at 20°C and is 

therefore is not responsible for the increase in strength. They explain the effect as a 

modification of the Snoek locking. During deformation, vacancies are produced and are 

able to diffuse through the lattice at 20°C making one jump per second. If a vacancy 

jumps into a site adjacent to a carbon atom, they will form a stable “carbon-vacancy 

pair” . In order to reach the lowest energy configuration the “pair” will flip. Eventually 

there will be sufficient “pairs” that vacancies will migrate into the ordered regions 

surrounding the dislocations. As prestrain increases, both the dislocation density and the 

amount of vacancies increase. Therefore, dislocations will be more readily surrounded by 

the increased number of “carbon-vacancy pairs”. Hannula et al. (59) investigated Type 

316 stainless steel and observed the overshoot when the second deformation commenced 

after load relaxation tests and agreed with the explanation given by Rose and Glover.
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5.0 CONCLUSIONS

This chapter gives a summary and conclusions to the study. The comparison of 

the 309 and 304L reveal the effects of strain rate on the austenite as well as role of the 

martensite. Martensite has different transformation rates on the surface and just below the 

surface as compared to the bulk. At high strain rates the double deformation causes 

increases in UTS and uniform elongation.

5.1 Effects of Strain Rate - Single Step Deformation

• Both 309 and 304L experience increasing yield strengths and flow stresses as 

strain rate is increased. The flow stresses increases dramatically at strain rates 

above 10 s"1. The mechanism responsible for this increase in strength is believed 

to be an increase in dislocation density.

•  The ultimate tensile strength (UTS) of Type 309 increases as strain rate increases. 

Whereas the 304L has a maximum UTS at the slowest strain rate which then 

decreases until a minimum occurs at 0.125 s"1 followed by an increase. The 

maximum UTS is a result of the austenite to martensite transformation that that 

occurs during incipient necking. As the temperature of the specimen increases due 

to deformational heating the amount of martensite decreases, as does the UTS, but 

at high strain rates the UTS increases similar to the fully austenitic 309.

• Uniform elongations of both steels follows the same trend of high ductility at low 

strain rates, with a minimum at 0.125 s"1 followed by a slight increase. At low 

strain rates the 309 has correspondingly low UTS. As the strain increases, the 

temperature rises due to adiabatic conditions and promotes greater uniform 

elongation. The 304L has a significant amount of martensite forming during
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incipient necking at low strain rates. As the strain rate increases and the specimen 

temperature rises due to deformational heating, the austenite becomes more stable 

and less martensite is formed. At the higher strain rates the 304L acts similarly to 

the 309.

• Work hardening is affected by stacking fault energy and martensite formation. For 

309 the lowest strain rates are parabolic and then as strain rate increases (as does 

the temperature) there is more dynamic recovery that changes the shape of the 

curve to a sigmoidal one. For 304L, the tests at slow rates have a substantial 

increase in work hardening during the slow rate tests that begin to increase at an 

approximate strain of 0.17. As the strain rate increases the increase in work 

hardening disappears and the stress-strain behavior becomes sigmoidal. The work 

hardening rate decreases more rapidly for the 309 because of the greater stacking 

fault energy, which promotes dynamic recovery.

•  Volume percent martensite slowly increases up to a strain of approximately 0.17, 

where there is an abrupt increase in transformation rate. The martensite 

transformation at both low strain rates and high strain rates has been successfully 

modeled.

• Calculations indicate that for every percent of martensite present, there is an 

increase in strength of 4 ± 1 MPa.

5.2 Martensite Variation with Depth from the Surface (Type 304L only)

•  The temper roll pass induced approximately 15 volume percent martensite on the 

surface. This layer penetrated less than 1 percent of sheet thickness in depth in 

depth.
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• Apparently, the inherent nature of the temper roll pass facilitated the growth of 

the martensite on the surface.

• As strain rate increases, the amount of martensite that forms at a depth of 1 pet 

from the surface increases relative to the bulk. The higher strain rate lessens the 

effect of the lower constraint near the surface.

5.3 Effects of Strain Rate - Double Step Deformation

Strain Rate of 0.000125 s '1:

• No change in UTS is observed. Uniform elongation for both grades are similar 

and similar martensite formation in 304L occurred independent of the type of 

interval between steps.

• Yielding phenomena are observed upon reloading after both interval conditions.

Strain Rate of 0.125 s '1:

• For both interval conditions equivalent UTS and uniform elongations are 

observed for each grade, respectively. At this strain rate there is an increase in 

UTS and uniform elongations. For 304L there is an increase in martensite 

formation.

• Type 309 has an increase in UTS and uniform elongation as the prestrain 

increases, which is due to the cooling of the specimen during the interval time. 

The flow stress is increased upon reloading and the lower temperatures promote 

greater ductility.

C,
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• Type 304L has an increase in UTS, uniform elongation as the prestrain increases, 

but is greater than the 309. The amount of martensite is approximately twice that 

of the continuous tests regardless of the prestrain. During the first strain the 

temperature in the specimen increases, during the interval time the specimen cools 

to room temperature. Upon reloading the austenite is less stable with respect to a 

transformation to martensite.
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6.0 FUTURE WORK

• Perform tests with Type 304L that have had 1% of the total sheet thickness 

removed from both surfaces.

• Apply the Johnson-Cook model to both grades.

• Determine texture evolution of both grades as a function of strain and strain rate.

• Apply notch filter data analysis technique to high strain rate data to remove beat 

oscillations.

• Perform isothermal tests with different strain rates.

• Perform rolling experiments to see the effects of rolling on martensite 

transformation as a function of depth from the surface. Then perform tensile tests 

to study how the initial martensite further evolves. With an additional 

investigation of the martensite transformation as a function of depth. XRD, 

metallography and TEM should be used in the analysis.
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APPENDIX A - SPECIMEN DIMENSIONS

Specimens were machined using standard machining techniques to the 

specifications shown in Figure A.l and Table A.I. This design was implemented so that 

the grip section can fit into the grip fixtures in the high strain rate system and that the grip 

section would not deform during the test. There was a gradual decrease in width from the 

ends to the center, each width did not vary more than 1 % larger than the width at the 

center. This taper is in accordance ASTM standards E 8M-01 (60).

D 1
R (4 places)

J  K °-H w—

B — H

Figure A. 1 : Specimen design (not to scale).

Table A .l - Specimen Specifications

Symbol Region Dimension
G Gage Length 1.000 ±0.003 in.
W Width of Center of Reduced Section 0.200 ± 0.005 in
T Thickness Thickness of Material
R Radius of Fillet 0.25 in.
L Overall Length 6.0 in.
A Length of Reduced Section 1 !4 in.
B Length of “Short” Grip Section 1.76 in.
C Length of “Long” Grip Section 2Vi in.
D Width of Grip Sections 0.600 ± 0.005 in.
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APPENDIX B - HIGH STRAIN RATE DATA ANALYSIS

In this section, step-by-step procedures will be outlined on how the raw data from 

the high strain rate data was converted to true stress-strain curves. The load washer data 

for strain rates equal or less that 10 s '1 produce “clean data”, while the higher rates have 

“ringing” in the data. Thus, the type of analysis performed depended on the applied strain 

rate.

Strain Rates less than and equal to 10 s '1:

1. Plot engineering strain versus time. When there is an inconsistency in the curve 

then the strain gage has either partially or fully debonded. The strain up to this 

point (debonding) is used.

2. From the above data of the engineering strain versus time plot, the engineering 

strain rate is determined. First remove the initial time that it takes the system to 

reach a steady state strain rate, then regress a linear trend line through the linear 

part of the engineering strain versus time plot. The engineering strain rate is the 

slope of the regressed line.

3. Since the actuator velocity is essentially constant, it can be assumed that the 

engineering strain rate throughout the remainder of the test will be the same that 

was determined in step 2. Recall the specimen was designed so that there would 

not be any deformation in the grip section. Thus, the strain can be extrapolated for 

times after the final good strain data point. Subsequently, the following equation 

can be used:
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ex — cx-i + è (tx — tx-i) [B.l]

where,

ex = engineering strain at data point x

ex_i = engineering strain at data point (x -  1)

é = engineering strain rate

tx = time at data point x

tx-i = time at data point (x -  1)

4. Calculate the engineering stress using: 

F

where,

5 = engineering stress

F  = load from the piezoelectric load washer 

w = width of the gage section 

t = thickness of gage section

Strain Rates of 100 s '1 and 400 s '1:

Steps 1-3 are identical to those used at the lower rates.

4. Plot the load from the piezoelectric load cell versus time. An example of the Type 

309 with an applied strain rate of 100 s"1 can be seen in Figure B .l. Determine the 

points for the first minimum and the second maximum load peaks. The first peak 

is ignored because it has the largest amplitude due to the initial shock of the slack 

adapter contacting the actuator. Find the load for the point half way between the 

first valley and the second peak. From this, start a smoothing algorithm :.
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|  200 

oni  ĵ+i-ioo201 a
[B.3]

where,

Fj = is the load at point j

When both grades were tested at 400s'1 the algorithm was changed, as seen in 

Equation [A.3]. This was a result of the increase in amplitude of the “ringing”.
2 200 

F ' = 4Ôï5F'+'"200 [B.4]
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Figure B .l: Load versus time plot for a specimen of Type 309 tested
with an applied strain rate of 100 s '1.
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5. Convert the average load into engineering stress using Equation [B.2]. Then plot 

engineering stress versus engineering strain. Regress a fifth order polynomial to 

fit the data. Find the ultimate tensile strength and uniform elongation from the 

polynomial fit, Figure B.2.
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Figure B.2: Engineering stress-strain curve for a specimen of Type 309
tested with an applied strain rate of 100 s '1. The 
engineering stress was calculated using the average force.

6. Convert engineering stress and engineering strains to true stress and true strains 

using the following equations

a  = s (1 + e) [B.5]

£ = In ( 1 + e) [B.6]
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where,

G  =  true stress 

s  =  engineering stress 

e = engineering strain 

E = true strain

7. Knowing the uniform elongation, it is now possible to plot true stress-strain curve. 

For both materials tested with an applied strain rate of 100 s '1 a fourth order 

polynomial fit was used to fit the data and for an applied strain of 400s"1 a third 

order polynomial fit was used. An example of a Type 309 tested with an applied 

strain rate of 100 s"1 can be seen in Figure B.3.
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Figure B.3: True stress-strain plotted for a specimen of Type 309 tested
with an applied strain rate of 100 s"1. A fourth order 
polynomial was fit to the plot.
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8. Use the polynomial to predict the true stress for the strains below the values at 

which the force calculation started. This represents the predicted parts of the true 

stress-strain curves for the strain rates in Figures 3.1 and 3.5 (in the result 

section).

9. From the low strain region convert the predicted true stress to engineering stress. 

Then plot the calculated engineering stress-strain curve with the elastic region 

(from load cell data) of the engineering stress-strain curve. Figure B.4. Drawing a 

line through the elastic region from 120MPa to 220MPa to obtain the modulus of 

elasticity, it is now possible to determine the yield strength. The yield strength is 

the intersection of the engineering stress and the 0.002 strain offset line, which 

has the slope of the elastic modulus.

600

140
500 —

120

400 - 0 .0 0 2  O ffse t Y S
100%

« 3 0 0 - 80

40

100 -
Original Elastic Stress 
Calculated Plastic Stress

20

0 .030.010 0.02
Engineering Strain

Figure B.4: Engineering stress-strain plot using the load cell data for
the elastic region and the predicted plastic stress for a 
specimen of Type 309 tested with an applied strain rate of 
100 s '1. This is a plot of one representative test.
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APPENDIX C - X-RAY DIFFRACTION METHODS FOR QUANTITATIVE 

ESTIMATION OF PHASE FRACTIONS

The integrated intensity of diffraction peaks were used to calculate the volume 

fraction of that phase. The integrated intensity of any diffraction peak is given by (61),

jhki = f f l-  % [C.l]
2/ /

The K  and Rhkl factors are described by.

where,

7,m/ = integrated intensity for (hkl) plane of /-phase (y, a ' or e)

K  = the instrument factor

R**1 = material scattering factor that depends on 6 , interplanar spacing of hkl,

composition and the crystal structure of the phase i.

9 -  Bragg angle

Vi = volume fraction of phase /

v  = volume of unit cell

[C.2]

and

[C.3]
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Fhkl = structure factor for the reflecting plane {hkl) 

p = multiplicity factor
-2M

e = temperature factor

^  = wavelength of the incident X-ray beam

r = radius of diffractometer circle

e = charge of electron

m = mass of electron

^  = linear absorption coefficient

[( 1 +cos228)/sin26cos6) = Lorentz-polarization factor

For a steel containing austenite (y), bcc-martensite (a1) and hcp-martensite (e),

Equation [1.2] is rewritten for a particular diffraction line of each phase,

/ r = ^ & , /a. = ^ k a n d / £ = ^ i
Y a 2/z 2/z

Furthermore,

Vr +Va, + V£= l  [C.4]

Numerous peaks from each phase may arise during a scan. Using the above 

relations and knowing that K/2\i is constant, the volume fraction of austenite and 

martensite can be determined using,

vz.=_____________ _________________ [C5]
'  ± f l L +J L f l L +± f I L

nr %  R ’ na. R>a. nc R>c

where /  = y, a ' or e and n is the number of peaks examined.
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It is therefore possible to calculate all three of the phases present using 

Equation [C.5]. Although, when re = 0, the equation is simplified to the ASTM standard 

calculation for retained austenite (18).
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APPENDIX D - EXPERIMENTAL METHOD TO MEASURE THE RISE IN

TEMPERATURE

Tests were conducted with an applied strain rate of 0.125 s’1 to verify if the 

measured increase in temperature, due to deformational heating, is the same as the 

calculated values obtained by equation [2.1]. A standard type-T thermocouple was 

resistant welded onto the sample. The thermocouple was positioned in an off-center 

location on the gauge length due to the slight taper in the gauge width (end to center) in 

order to measure the temperature change in the uniformly deformed region of the sample. 

The type-T (copper-constantan) thermocouples are capable of measuring temperatures 

ranging from -129°C to 204°C. The thermocouple was connected to the conditioner 

(Omega model DRN-TC) and recorded. Clarke (62) used the same test setup and found 

the results to be reliable at this strain rate. There is a delay in the response time of 3 

seconds for the temperature recording system; Clarke rationalized that delay is due to the 

thermocouple wires and signal conditioner. Figure D. 1 shows the comparison of the 

measured temperatures with the calculated temperatures. The change in temperature was 

plotted as function of distance from the fractured surface. The calculated values are 

constant for each grade because the area under the entire true-strain curve is used for the 

calculation. To the left of the dotted line, the thermocouple was placed in the region that 

necked while to the right the thermocouples were placed in the area that underwent 

uniform deformation. For both materials the increase in temperature is greater in the 

necked region. Such behavior is expected due to localized deformation in the area of post 

uniform deformation. When the thermocouple is placed in the uniformly deformed region 

but close to the necked area the thermocouple recorded a significantly greater rise in 

temperature than the calculated. The delay in the response time delay is sufficient time 

for heat to be conducted from the necked region to the nearby uniformly deformed 

region. As the distance from the necked region increases the thermocouple values
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approach the values obtained by the calculations. This correspondence implies that 

equation [2.1] is valid for an applied strain rate of 0.125 s '1.
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Figure D. 1 : Comparison of the increase in temperature due to
deformational heating at stain rate of 0.125 s '1 by 
calculating the area under of the true stress-strain curve and 
thermocouple welded to specimens (a) 304L and (b) 309.
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APPENDIX E - COMPARISON OF TEST SYSTEMS

A comparison of the conventional 10 kip frame and the high strain rate system 

was conducted to verify if the test system influences the mechanical properties. The 

upper limit of the 10 kip capabilities is 1.25 s '1, therefore testing strain rates of 0.125 and 

1.25 s'1 were evaluated. Tables E .l and E.2 show the mechanical properties of 304L and 

309, respectively. The yield strengths and tensile strengths values of Type 304L appear to 

overlap for the two test systems but the uniform elongation appears to be slightly higher 

for the high rate system. This discrepancy may due to the strain gage that is applied to the 

specimen for high rate testing. It appears that 309 underwent yield point elongation 

(YPE) during the 0.125 s '1 tests on the high strain rate frame but YPE was not observed 

for the tests on the 10 kip frame at the same rate. It is believed that this is may not be 

YPE but a test artifact due to some start up variations in strain rate. A representative 

engineering strain as a function of time curve was plotted for both materials in Figure 

E. 1. It can be seen for each test that the strain rate slowly ramped up, overshot the target 

strain rate and then reached a steady state. It appears that the 309 overshot the target 

strain rate for only a small duration of strain. Consequently, this was at the 

commencement of plastic deformation and then the strain rate quickly slowed to the 

steady state rate. During the test with the 10 kip frame, it underwent initial yield when the 

strain rate was close to the target rate. Additionally, the smooth nature of the upper yield 

point was contrary to the traditional sharp spike.

The stress-strain curves for 304L had continuous work hardening. Although 

plastic deformation occurred when the strain rate was slightly greater than the steady 

state rate, the initiation of the strain induced martensite may have been dominant in the 

persistence of work hardening. The ultimate tensile strengths were fairly consistent 

between both frames while the uniform elongation was again greater for the high strain 

rate frame. At strain rates of 1.25 s '1, the ramp up time for both materials is significantly
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greater on the conventional frame. A representative engineering strain as a function of 

time curve for both materials on both frames can be seen in Figure E.2. Although, in both 

machines plastic deformation occurred when the strain rates were relatively close to the 

desired rate. Table E.3 shows the instantaneous strain rates that occur during yielding for 

the two steels. This comparison is important since upper and lower yield points can 

occur during the ramp up or overshoot time on these test frames.

Table E .l - Comparison of Mechanical Properties of Type 304L

Strain Rate
(s'1)

Frame Number 
of Tests

Yield
Strength
(MPa)

Ultimate 
Tensile 

Strength (MPa)

Uniform
Elongation

(%)
0.125 10 kip 3 351 ± 0 646 ± 2 42.1 ± 0 .3
0.125 HSR 3 344 ± 6 642 ± 2 45.3 ± 0 .5
1.25 10 kip 3 361 ± 5 661 ± 1 42.7 ± 0.4
1.25 HSR 3 359 ± 1 660 ± 1 45.3 ± 0.5

Uncertainty is ±  1 standard deviation

Table E.2 - Comparison of Mechanical Properties of Type 309

Strain
Rate
(s'1)

Frame Number 
of Tests

Yield
Strength
(MPa)

Upper 
Yield Point 

(MPa)

Upper Yield 
Point (MPa)

Ultimate
Tensile
Strength
(MPa)

Uniform
Elongation

(%)

0.125 10 kip 3 373 ± 2 N/A N/A 659 ± 2 31.2 ±0.6
0.125 HSR 3 N/A 372 ± 3 367 ± 3 667 ± 4 33.8 ±0.3
1.25 10 kip 3 393 ± 2 N/A N/A 684 ± 5 31.7 ± 0.3
1.25 HSR 3 390 ± 4 N/A N/A 685 ± 6 35.3 ±0.7

Uncertainty is ± 1 standard deviation
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Table E.3 - Comparison of Strain Rates During Yielding of Types 304L and 309

Steady State 
Strain Rate 

(s'1)
Frame Type Number 

of Tests

Strain Rate at 
Yield Point

(s'1)

Strain Rate at 
Upper Yield Point

(s'1)

Strain Rate at 
Lower Yield Point

(s'1)
0.125 lOkip 304L 3 0.19 ±0.02 N/A N/A
0.125 lOkip 309 3 0.29 ± 0.03 N/A N/A
0.125 HSR 304L 3 0.15 ±0.02 N/A N/A
0.125 HSR 309 3 N/A 0.21 ±0.01 0.13 ±0.00
1.25 lOkip 304L 3 0.78 ± 0.03 N/A N/A
1.25 lOkip 309 3 0.93 ± 0.05 N/A N/A
1.25 HSR 304L 3 0.97 ±0.01 N/A N/A
1.25 HSR 309 3 1.87 ±0.14 N/A N/A

Uncertainty is ± 1 standard deviation
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Figure E .l : Comparison of the test ramp up of 10 kip and high strain
rate machine with strain rate of 0.125 s’1 of Types 304L and 
309. One representative plot for each series of tests is 
presented.
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Figure E.2:
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Comparison of the test ramp up of 10 kip and high strain 
rate test with strain rate of 1.25 s '1 of Types 304L and 309. 
One representative plot for each series of tests is presented.



103

APPENDIX F - FRACTURE SURFACE MICROGRAPHS

Environmental scanning electron microscopy (ESEM) micrographs of both 

materials tested at 0.000125 s"1 and 100 s"1 show failure to be dimple with no indication 

of brittle cleavage. Figure F .l are the fracture surface for 309 and Figure F.2 are for 

304L.



Figure F. 1 :

(b)

ESEM micrograph of fracture tips of Type 309 tested with 
an applied train rate of (a) 0.000125 s’1 and (b) 100 s'1.
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ESEM micrograph of fracture tips of Type 304L tested 
with an applied train rate of (a) 0.000125 s '1 and (b) 100 s'1.
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APPENDIX G - HEAT TRANSFER

The Biot number can be calculated by:

= ^  [G.l]
k

where

h = heat transfer coefficient (Btu hr"1 ft'2 °F"1) and is equal to:

h = 0.29
AT

, valid when 10"2 < L3AT < 102
V L y

AT  = change in specimen temperature (°F)

L  = gauge length 0.104 ft (31.75 mm)

B = half of sheet thickness 2.46x10 3 ft (1.50 mm) 

k = thermal conductivity;

Type 309 = 9.0 Btu hr"1 ft"1 ° F 1,

Type 304L = 9.4 Btu hr"1 ft"1 ° F 1 

When Bi is less than 10"3 the heat-transfer process is controlled by convection in the fluid 

phase (air). This signifies that the difference between the temperature distribution of the 

solid phase is, within a specified tolerance, uniform (63, 64).


